INFORMATION TO USERS
This reproduction was made from a copy of a document sent to us for microfilming.
While the most advanced technology has been used to photograph and reproduce
this document, the quality of the reproduction is heavily dependent upon the
quality of the material submitted.
The following explanation of techniques is provided to help clarify markings or
notations which may appear on this reproduction.
1.The sign or "target" for pages apparently lacking from the document
photographed is "Missing Page(s)". If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages. This
may have necessitated cutting through an image and duplicating adjacent pages
to assure complete continuity.
2. When an image on the film is obliterated with a round black mark, it is an
indication of either blurred copy because of movement during exposure,
duplicate copy, or copyrighted materials that should not have been filmed. For
blurred pages, a good image of the page can be found in the adjacent frame. If
copyrighted materials were deleted, a target note will appear listing the pages in
the adjacent frame.
3. When a map, drawing or chart, etc., is part of the material being photographed,
a definite method of "sectioning" the material has been followed. It is
customary to begin filming at the upper left hand corner of a large sheet and to
continue from left to right in equal sections with small overlaps. If necessary,
sectioning is continued again—beginning below the first row and continuing on
until complete.
4. For illustrations that cannot be satisfactorily reproduced by xerographic
means, photographic prints can be purchased at additional cost and inserted
into your xerographic copy. These prints are available upon request from the
Dissertations Customer Services Department.
5. Some pages in any document may have indistinct print. In all cases the best
available copy has been filmed.

University'
Miacrilms
International
300 N. Zeeb Road
Ann Arbor, Ml 48106

1319208

CEPITS, JUDITH DIANE
A MODEL FOR RNA SPLICING OF OVALBUMIN MESSENGER-RNA.

THE UNIVERSITY OF ARIZONA,

University
Microfilms
International

300 N. Zeeb Road, Ann Arbor, MI 48106

M.S., 1982

A MODEL FOR RNA SPLICING OF OVALBUMIN mRNA
by
Judith Diane Cepits

A Thesis Submitted to the Faculty of the
DEPARTMENT OF AGRICULTURAL BIOCHEMISTRY AND NUTRITION
In Partial Fulfillment of the Requirements
For the Degree of
^
MASTER OF SCIENCE
In the Graduate College
THE UNIVERSITY OF ARIZONA

1 9 8 2

STATHMENT BY AUTHOR
This thesis has been submitted In partial fulfillment of re
quirements for an advanced degree at The University of Arizona and is
deposited in the University Library to be made available to borrowers
under rules of the Library.
1
Brief quotations from this thesis are allowable without special
permission, provided that accurate acknowledgment of source is made.
Requests for permission for extended quotation from or reproduction of
this manuscript in whole or in part may be granted by the head of the
major department or the Dean of the Graduate College when in his judg
ment the proposed use of the material is in the interests of
scholarship. In all other instances, however, permission must be
obtained from the author.
SIGNED:

APPROVAL BY THESIS DIRECTOR
This thesis has been approved on the date shown below;

" ttfcRY
A. McREYNOLDS
Assistant Professor, Biochemistry

To my Dad and Mom
for their continuous unsolicited love and support

•<

iii

ACKNOWLEDGMENTS
I would like to thank Dr. Larry McReynolds and Dr. David Mount
for their help in conducting this research.

iv

TABLE OF CONTENTS
Page
LIST OF ILLUSTRATIONS

vi

LIST OF TABLES

vii

ABSTRACT

viii

INTRODUCTION

1

MATERIALS AND METHODS

30

RESULTS

36
Part I
Part II
Part III

36
56
69

DISCUSSION

82

REFERENCES

90

v

LIST OF ILLUSTRATIONS
Figure

Page

1. Proposed secondary structure models for U1 RNA

37

2. Location of bases in U1 RNA involved in base pairing
with intervening sequence junctions

44

3. Matches of varying stabilities between snRNAs and the
80-base intervening sequence junction regions of
ovalbumin

49

4. Matches of varying stabilities between snRNAs and the
ovalbumin messenger RNA

57

5. Matches of varying stabilities between snRNAs and the
seven entire intervening sequences of ovalbumin
combined

70

6. Composite diagrams showing minimum stabilities of AG 5
-10.0 kcals of snRNAs base pairing within ±200 bases of
ovalbumin splice sites

73

7. Composite diagrams showing minimum stabilities of AG _
-15.0 kcals of snRNAs base pairing within ±200 bases of
ovalbumin splice sites

74

8. Matches of varying stabilities between snRNAs and
regions of the sequence of pBR322

76

9. Composite diagrams showing minimum stabilities of AG -10.0 kcals of snRNAs base pairing within ±200 bases of
constructed pBR322 splice sites

78

10. Composite diagrams showing minimum stabilities of AG £
-15.0 kcals of snRNAs base pairing within ±200 bases of
constructed pBR322 splice sites

79

11.

88

Proposed model for steps In RNA splicing

vi

LIST OF TABLES
Table

Page

1. Stability and location of single-stranded regions of
Ul RNA binding to Intervening sequence junctions

42

2. Comparison of the stability of binding of various Ul RNA
secondary structure models to ovalbumin intervening
sequence junctions

46

3. Comparison of stability of each snRNA binding across
intervening sequence junctions

52

4. Stability and location of each snRNA binding to exon
sequence of ovalbumin mRNA within ±100 bases of splice
sites

61

5. Percentages of matches of each snRNA to ovalbumin message
within ±50 bases of splice sites

68

6. Comparison of snRNA matching with pre-ovalbumin inter
vening sequences and pBR322 .-

80

vii

ABSTRACT
In this study the free energy of computer generated base
paired regions of six different small nuclear RNAs (snRNAs) and the
intron and exon regions of ovalbumin pre-mRNA was calculated. It was
found that only U-1RNA of all the six snRNAs was able to form stable
1
hydrogen bonded structures across all seven intervening sequence splice
junctions of ovalbumin pre-mRNA. For the exon portion of the splice
junction, however, no single snRNA was able to bind across more than
two splice junctions. This suggests that the splicing intermediates
may be stabilized by U~1 RNA forming a bridge structure by hydrogen
bonding to the intron sequences near the splice junction. A region of
U-l, bases 20-40, could form thermodynamically-stable structures with
intron sequences near the 5' side of the splice junction. A model for
RNA splicing is proposed which involves an initial recognition by U~1
RNA of the 5' side of the intervening sequence.
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INTRODUCTION
A surprising discovery in the late 1970s was the finding that
many eukaryotic genes had interruptions or intervening sequences that
were not found in the mature messenger RNAs. The question immediately
arose concerning the mechanism by which these mRNAs were produced.
Four theories were suggested: (1) the DNA from which the mRNA is
transcribed could possibly undergo a rearrangement which would eliminate
the unnecessary sequences; (2) the RNA polymerase transcribing the mRNA
would skip over the DNA sequences not appearing in the primary trans
cript; (3) the exon regions appearing in the message would be
individually transcribed, then properly ligated to create the functional
mRNA; and (4) the entire gene would be transcribed, then processed to
remove the intervening regions and join the exon portions, thus
forming the final mRNA transcript. Experimental evidence suggests that
the fourth theory is occurring in most cases. These "split genes" are
transcribed into a large mRNA precursor followed by RNA splicing which
removes the intervening sequences. The mechanism of RNA splicing
requires very precise cleavage and ligation steps, since even a singlebase error could alter the subsequent expression of the message (Crick,
1979).
One prominent model to account for specificity of RNA splicing
involves hydr.ogen bonding of small nuclear RNAs (snRNAs) to the pre
cursor mRNA molecule. The suggestion is that a stable duplex structure
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would result from base pairing of the snRNA to the pre-RNA, joining the
boundaries of the intervening segments to be removed and properly
aligning the regions to be ligated, therefore creating a substrate
recognition site for the splicing enzyme. The particular snRNA
proposed, U1 RNA, has shown significant sequence complementarity with
numerous intervening sequence regions at the boundaries of splice points
from a variety of species' (Lerner et al., 1980).
An entire class of small nuclear RNAs with characteristics
quite similar to U1 RNA has been discovered. Salient features of these
snRNAs include an unusual 5* terminus and sequences containing numerous
modified bases, primarily pseudouridine and 2,-0-methyl nucleosides.
Research on patients suffering from systemic lupus erythematosus
revealed that these individuals possess circulating antibodies against
a ribonucleoprotein complex found in many eukaryotic cell nuclei.
Characterization of this complex showed that the protein portion con
sists of a set of seven polypeptides with molecular weights ranging from
12,000 to 35,000. The RNAs found to be associated with these proteins
were the snRNAs (Ul, U2, U4, U5, U6) mentioned above. Common
characteristics of these snRNP molecules;are their sequence similarities
and their associated peptide complexes. Each-has been highly conserved
in evolution; they are found in greatest abundance in metabolically
active cell types; it has been shown that they cosediment in sucrose
gradients with higher molecular weight RNA species, probably hnRNA
(Roberts, 1980). Noting these similarities and the speculation of Ul
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RNA's role in RNA splicing, it is possible that the remaining snRNAs
(U2 through U6) also participate in the splicing mechanism.
Computer analysis of sequence complementarity between the
snRNAs and a precursor mRNA may facilitate the elucidation of the
splicing system. This is the basis of the research to be discussed
here. This study is a comparison of U1 RNA and the other small
nuclear BNAs in their potential hydrogen bonding interactions with a
precursor mRNA molecule. The stabilities of base pairing of the snRNAs
with the pre-mRNA within whole intervening sequences, within the exon
regions of the pre-mRNA, and across the intron splice junctions are
compared. In addition, a model based on this data is suggested as a
possible mechanism for RNA splicing. The ovalbumin precursor mRNA,
consisting of 7654 nucleotides, 75.5% of which are found in its seven
intervening sequences, is the pre-mRNA analyzed by sequence
complementarity searches with the small nuclear RNAs, U1 through U6, in
this work. Unfortunately, all the chicken URNAs have not been
sequenced; the Ul, U4, and U5 RNA sequences used are from chicken, the
remaining three are from Novikoff hepatoma cell nuclei.
Egg white proteins are produced in the magnum portion of avian
oviduct tissue.

In the chicken, three cell types are distinguished in

the magnum: epithelial cells, including goblet and ciliated cells,
tubular gland cells, containing prominent secretory granules, and '
interstitial cells, including fibroblasts and blood cells. Of the five
major egg white proteins, four of these, ovalbumin, conalbumin,
ovomucoid and lysozyme, which compose 85-90% of the total protein, are
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localized within the tubular gland cells. Avidin, the fifth protein,
is localized within the epithelial cells (Palmiter, 1972). The syn
thesis of the egg white proteins is controlled by at least four types
of steroid hormones, estrogens, progestins, androgens, and glucocorti
coids (Mulvihill and Palmiter, 1980). Regulation of protein
expression, particularly of those proteins synthesized within the
tubular gland cells, is complex. The regulation occurs at the level of
transcription; varying rates of protein synthesis, relative to rates
of mRNA synthesis, plus variations in mRNA activations and degradations
imply distinct regulation of each protein. At the same time, these
regulations are interrelated, having similar mechanisms of control
(Palmiter, 1972). The primary interest here is the regulation of
ovalbumin expression; therefore, the discussion will be limited to the
regulation of this protein.
Estrogen has the initial, if not major, role in the synthesis
of ovalbumin. Of the circulating steroid hormones, estrogen compounds
alone are responsible for cell division and differentiation of the
epithelial cells of the magnum portion of the oviduct into mature
tubular gland cells.

Epithelial cells with this potential are called

progenitor tubular gland cells (Palmiter and Wrenn, 1971). At sexual
maturity in chicks, between three to four months of age, the gonads
begin producing and secreting steroid hormones, which causes cell
differentiation in oviduct tissue, enabling it to synthesize the egg
white proteins. Protein synthesis is inducible in sexually immature
chicks by the administration of gonadal steroid hormones, estrogen
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having the most significant effect, progesterone and testosterone being
capable of modifying estrogen*s action. This inducible phenomenon
allows for extensive study of this regulatory system (Palmiter, 1972).
Significant morphological and biochemical changes occur within
the magnum upon primary stimulation with estrogen. Prior to hormone
stimulation, the surface epithelium of the oviduct consists of columnar
cells containing sparse endoplasmic reticulum, a small number of
polysomes, and no detectable secretory granules. By 36 hr of hormone
treatment, the epithelial cells now have a pronounced endoplasmic
reticulum and numerous polysomes; evaginations of the lumen into the
epithelium and of the epithelium into the underlying stroma are seen.
These evaginations mark the sites of eventual gland formation.
Secretory granules at the apex of epithelial cells are also apparent.
After 48 hr, definitive glands have formed; these are tubular
structures, composed of epithelial cells, which have migrated into the
stroma. At this point, the endoplasmic reticulum and the Golgi complex
appear much more developed; the secretory granules are larger and
greater in number. At 72 hr, there are more and larger glands, more
secretory granules; the endoplasmic reticulum is highly dilated. After
five days, the tubular glands are enlarged and are actively secreting
protein; other salient components are large secretory granules,
condensing vacuoles, and a dilated endoplasmic reticulum. Clearly,
estrogen plays a key role in oviduct development.
An interesting phenomenon occurs within the oviduct magnum
during the early stages of estrogen administration (between 24-36 hr).

Tubular gland cell cytodifferentiation, the synthesis of speci'fic
secretory proteins, commences and proceeds to an intermediate point
called protodifferentiation. At this stage, tubular gland cells in the
surface epithelium are synthesizing low levels of secretory proteins
(ovalbumin) before the morphogenetic formation of actual glands.
Detectable concentrations of ovalbumin are observed at this stage.
Protodifferentiated cells can potentially develop into cell types other
than into mature tubular gland cells. This does occur when primary
hormonal stimulation is not restricted to estrogen alone.
Progesterone, administered in conjunction with estrogen, has
obvious developmental effects on chick oviduct magnum. Growth begins
normally for three days then essentially stops. Initially, there
appears to be a synergistic relationship between estrogen and pro
gesterone regarding early ovalbumin synthesis and accumulation. With
administration of these hormones in combination, ovalbumin is detected
earlier and its concentration is higher for the first 48 hr than when
estrogen is administered alone.

The rate of ovalbumin accumulation

declines markedly after this point. Major differences in the gross
morphology and in theultrastructure of the epithelial cells are
noticeable. Glands have not developed, although luminal evagination of
partially differentiated tubular gland cells has occurred. Eventually,
these protodifferentiated cells appear to transform into different cell
types; cell death is not seen, and the protodifferentiated tubular
gland cells become increasingly difficult to find (Palmiter and Wrenn,
1971).
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Secondary hormonal stimulation of the oviduct, following tissue
maturation, is regarded as having the direct regulatory effect on
protein expression. Oviduct magnum is a target tissue for steroids and
their role here is linked to RNA transcription. Originally thought to
be quite different from primary stimulation, based on the theory that
the tissue must undergo a critical cell division in the presence of
estrogen before syntheses of the egg white mRNAs commence, secondary
steroid stimulation now appears to vary mainly in its greater magnitude
of response. Receptor-induced mRNA transcription is suboptimal during
primary stimulation. Estrogen prepares the oviduct magnum for protein
synthesis during development by enhancing the tissue's responsiveness
to continued estrogen administration (secondary stimulation); it also
extends the oviduct's responsiveness to other hormones, the progestins,
the androgens, and the glucocorticoids. This effect begins after 36 to
48 hours of estrogen treatment, the same period in which progesterone
inhibition of tubular gland formation occurs. Progesterone binding
proteins, their accumulation being under estrogen control (Toft and
O'Malley, 1972), increase in number 2-5 fold during this time. After
this, oviduct tissue remains responsive to progesterone, even in the
absence of estrogen. Glucocorticoids also become as effective a
secondary stimulant for mRNA production as estrogen during this period
(Moen and Palmiter, 1980). Testosterone is reduced to dihydrotestosterone in the oviduct magnum; as with progesterone and the
glucocorticoids, it is inactive alone as a primary stimulant, but acts
synergistically with estrogen to stimulate magnum development. It also
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appears to increase the accumulation of egg white proteins by enhancing
the rate of protein synthesis. It is likely that this effect can be
attributed to an enlargement of the mRNA pool, rather than the augmentaof mRNA translation directly; the components of protein synthesis are
increased proportionately by administration of dihydrotestosterone. It
is thought that this steroid enhances SNA synthesis by increasing the
number of active SNA polymerase molecules per genome (Palmiter and
Haines, 1973). There are distinct hormone-receptor acceptor sites for
each hormone on the chromatin, each showing little competition for the
other sites. Hormonal interactions affecting protein synthesis of all
the egg white proteins probably occur after receptor binding to the
chromatin (Palmiter, Catlin and Cox, 1973).
The actual mechanism of action of steroid regulation on
ovalbumin mSNA synthesis in the oviduct is not entirely defined.
Following hormonal stimulation, there is a lag period of 3 hours before
the accumulation of ovalbumin ,mSNA is apparent. This lag period is
strictly a characteristic of the tissue itself and it is not due to a
delayed entrance of hormone into the cell. It has been determined that
there are high affinity estrogen receptors in the oviduct cytosol, the
concentration of which depletes concomitantly with its accumulation in
the nucleus. There is an overall enhancement of chromatin template
activity as a result of increased chromatin-binding sites for RNA
polymerase. Within 30 minutes of estrogen administration, there is a
marked increase in the concentration of nuclear receptor (about 8,000
molecules per tubular gland cell); there is a 100% increase in the
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number of RNA chain initiation sites on the chromatin, reaching a
maximum plateau level by 1 hr, then remaining steady for at least 4 hr
(Kalimi et al.,.1976). Since mRNA

ov

induction is not immediate after

nuclear acceptor saturation, the delay must occur due to yet unknown
nuclear events, preceding initiation of gene transcription (Mulvihlll'and
Palmiter, 1980). An interesting phenomenon of ovalbumin synthesis is
the dose-response relationship of the hormone and its nuclear receptor.
With 50% saturation of the receptors, only 15-25% of maximal ovalbumin
induction is achieved, indicating a complex relationship within the
steroid-transcription response (McKnight and Palmiter, 1979). One
postulation of this relationship is the necessity that multiple
acceptor sites be filled to activate mRNAov transcription (Mulvihill and
Palmiter, 1980). Following the lag phase, ovalbumin mRNA accumulates to
a concentration of approximately 70,000 molecules per tubular gland
cell after five days of secondary stimulation (Palmiter, 1973). Under
hormonal protection, the half-life of ovalbumin mRNA is approximately
20 hours or greater. Upon withdrawal of the hormone, it appears that
the rate of mRNA

transcription drops, and the mRNAQv is degraded

more rapidly. Therefore, either estrogen or progesterone is necessary
in secondary stimulation to maintain mRNA^ transcription and stability
(McKnight and Palmiter, 1979).
The study of hormone action on ovalbumin production in oviduct
tissue required extensive knowledge of the ovalbumin gene itself. Much
work has been done to elucidate this system of gene expression.
Ovalbumin comprises 60-65% of the total protein synthesized in the

oviduct; in spite of this high degree of protein expression, the
ovalbumin gene is found to be present as a single copy per haplold
genome. In addition, the prominent synthesis of ovalbumin is not due to
gene amplification but rather to an estrogen-induced, increased
transcription of mRNAQv from this single copy ovalbumin sequence (Harris
et al., 1973; Sullivan et al., 1973). To study this effect more
extensively, the complete structure of the natural ovalbumin gene was
sought, and interesting features of the gene, along with ovalbumin
mRNA, have been determined.
Specific
characteristics of mRNA
have been determined and
r
ov
found to be coincident with other eukaryotic mRNAs. The presence of a
"capped" 5' terminus, in which a 7-methylguanosine residue is linked by
a 5'-triphosphate group to the 5' hydroxyl of the adjacent nucleotide,
involved in translation initiation, was found through an in vitro
inhibition assay using 7-methylguanosine-5'-phosphate (Sharma, Hruby
and Beezley, 1976). Techniques involving the use of purified mRNAs as
templates for the synthesis of complementary DNAs (cDNA) by reverse
transcription not only have been extremely useful in eukaryotic gene
analysis, but also contributed to mRNA analysis. The dependence of
this complementary DNA synthesis on ollgo (dT) signified the existence
of a poly (A) region on the 3' terminus of the template RNAqv
(Sullivan et al., 1973). Also in this 3' noncoding region, within 20
nucleotides of poly (A) is a six-nucleotide sequence (A-A-U-A-A-A)
homologous with sequences in five other eukaryotic mRNAs, indicating
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that it has been highly conserved in evolution (Proudfoot and Brownlee,
1976).
Reverse transcription using RNA-directed DNA polymerase,
coupled with molecular hybridization, first allowed for synthesis and
partial purification of the coding region for ovalbumin approximately
9,600-fold (Woo et al., 1976), then 180,000-fold (Woo et al., 1977)
over total chick DNA. Subsequently, the anticoding region of the
ovalbumin gene was purified 150,000-fold from total chick DNA (Woo,
Monahan and O'Malley, 1977). It was also observed that many singlestranded cDNAqv molecules contained a short hairpin loop at their 3'
termini; these double-stranded sequences were capable of acting as
primers for the reverse transcriptase enzyme. Using the singlestranded cDNA^v as the template, complete synthesis of the second
strand of the ovalbumin structural gene was accomplished (Monahan,
McReynolds and O'Malley, 1976). Further purification and amplification
of the ovalbumin gene was effected by insertion of the DNAqv into
bacterial plasmids by the poly (dA)-poly (dT) tailing procedure, and
cloning of the bacterial transformants. Initially, plasmids were syn
thesized containing portions (680 to 1090 bp) of the ovalbumin
structural gene (McReynolds et al., 1977). Subsequently, the entire
double-stranded CDNAqv (1940 bp) complementary to mRNA^, was
inserted into the plasmid pMB9 (McReynolds, Catterall and O'Malley,
1977).
The use of restriction endonucleases has aided in the
sequencing of DNA, and in the insertion of genes or specific DNA

regions Into bacterial plasmids (Monahan et al., 1977). Resulting from
the construction of restriction maps of the ovalbumin gene came the
knowledge that the structural sequences in the ovalbumin coding region
were split into several fragments by inserted regions (intervening
sequences) not found in mature mRNAQv (Breathnach, Mandel and Chambon,
1977; Lai et al., 1978). At this point, the entire sequence and
additional structural features of the mature ovalbumin mRNA were also
determined. A highly-stable hairpin loop (-AG (25°C)• 11.4 kcals)
close to the 5' cap region, which may be involved in initiation, was
postulated; the coding region was found to be A+U rich (55.3%); the
3' noncoding region was determined to be much longer than the same
region in other eukaryotes. There was also found to be a high degree
of homopolymeric and repeat sequences in this 3' region. The sequence
was thought to be 1859 residues in length, excluding the terminal cap
and the poly (A) (McReynolds et al., 1978); it has since been determined
to contain 1872 nucleotides (O'Hare et al., 1979).
The restriction enzyme EcoRl, because it does not cleave the
structural ovalbumin DNA sequences, has been very useful in studying
the natural ovalbumin gene. By cleaving within the intervening
regions, it produces fragments of 2.A, 1.8, and 9.5 kb pairs in length
(Woo et al., 1978). Successful cloning of the EcoRI fragments,
followed by the construction of a detailed restriction map and its
comparison to the sequenced mRNAov, revealed the existence of a total
of seven intervening sequences in the cDNAqv f all located within the
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left half of the sequences coding for mRNA . between residues 47 and
ov
830 (Dugaiczyk et al., 1978).
The question that arose next was the actual mechanism of
mRNAQv synthesis from this extensively split gene. It was discovered
that the intervening sequences (also referred to as Introns) were
transcribed in equimolar amounts to the structural gene sequences
(exons)'; their decreased concentration in the nuclei was due to
preferential processing and degradation. Therefore, a large precursor
mRNAov was synthesized, followed by an enzymatic cleavage and ligation
process producing the mature mRNA^v (Roop et al., 1978). Because this
splicing mechanism had to be highly precise in its action, clues within
the exon-intron junctions were sought for elucidation of .'this process.
The 5' extremities of introns can be derived from the sequence
5'-T-C-A-G-G-T-A-3', and the 3' extremities of introns from the con
sensus sequence 5'-T-X-C-A-G-G-3' (Breathnach et al., 1978). It was
determined that the first cut occurs immediately adjacent (5') to a
G-T doublet in an intervening sequence and the second cut occurs
immediately adjacent (3') to an A-G doublet at the other end of the same
intervening sequence (Catterall et al., 1978). An interesting observa
tion was the presence of a pyrimidine-rich region preceding the 3' end
of the introns, although the significance of this is unknown. A
proposed "leader" sequence (nucleotides 1-45), which may be involved in
the initiation of translation, is contained in the 5' nontranslated
mRNAQv (Breathnach et al., 1978). The first splice found in mRNAov

occurs in this 5' region, indicating the significance of this "leader"
region (Catterall et al., 1978).
The length of the entire ovalbumin transcription unit was
estimated to be approximately 7.7 kilobases, four times the size of
mature mRNA (Gannon et al., 1979). Following extensive sequence
ov
determination, a thorough analysis of the ovalbumin gene has been
accomplished. The exact size of the gene is 7654 bp in length, coding
for mRNA
of 1872 nucleotides; therefore, 75.5% of the ovalbumin gene
ov
is contained in the intron sequences. The composition of the gene is
this: 2465 adenines, 1450 cytosines, 1418 guanines, and 2251
thymines, both the intervening and structural regions being A-T rich
(61-68%, 54-60%, respectively)(Woo et al., 1981).
The ovalbumin gene is not unique in containing intervening
sequence regions that are not found in its mature mRNA. The discovery
that this and other eukaryotic genes are split and that their products
must therefore undergo significant alterations before becoming func
tional, has led to numerous theories on this type of RNA processing.
Called splicing, this process involves first the excision of the
intervening sequences from precursor RNAs, then ligation of the
remaining regions to produce a covalently closed, mature RNA. At the
present time, the exact mechanism of splicing is unknown; the enzyme or
enzymes for cleavage and ligation have yet to be uncovered. There is
some speculation that the endonuclease and the ligase activities may
act independently of each other (Abelson, 1979). Soluble yeast
extracts of Saccharomyces cerevisiae have been shown to exhibit

splicing activity by a two-stage process on several species of tRNA
precursors. The first enzymatic step, endonucleolytic cleavage, is
ATP-independent and can be uncoupled from the ligation step which is
ATP-dependent. Evidence for this can be seen in the absence of ATP, or
in the presence of mature tRNA which will competitively inhibit
splicing. Reaction intermediates accumulate; these half-tRNAs, which
can be isolated and purified, have been shown to ligate in a subsequent
ATP-dependent reaction (Peebles et al., 1979).
Until the actual splicing enzyme(s) is determined, the exact
mechanism of action will be speculation. The question of substrate
recognition is a difficult one, and probably differs between various
classes of the RNAs that are spliced. Sequence homologies at a number
of known splice points imply some significance of primary structure in
specifying the enzyme recognition sites. More specifically, Chambon's
Rule (Breathnach et al., 1978) shows that all splice points, excluding
those found in tRNAs, have a common sequence at the 5' end (G-U) and
the 3* end (A-G) of the intervening sequences. Although this is true,
in many cases the intervening sequence boundaries have a duplication of
one or both of these sets of sequences; consequently, if based soley
on this sequence recognition, the exact placement of the splicing enzyme
would be ambiguous (Sharp, 1981). Some sequence homology has also been
found in the exon regions bordering the splice sites. It has been
observed in various a and $ hemoglobin genes that these sequences
adjacent to splice sites have been highly conserved, whereas sequences
within the introns show no conservation. Perhaps these homologies have

greater importance than those limited ones at the extremities of the
intervening regions. It is quite likely that secondary and tertiary
structures play a key role in RNA splicing, as in prokaryotic RNA
processing (Abelson, 1979). For exact scission and proper alignment for
ligation to occur, conformations yielding spatial proximity between the
nucleotide sequences to be joined, and structural stability to allow
ligation to begin are essential (Nussinov, 1980).
Random versus orderly removal of intervening sequences, along
with complete versus partial excision of introns in a stepwise fashion
are also questions to be answered. In studying splicing events in both
the early and late phases of transcription in Adenovirus 2 mRNA
formation, evidence for a sequential order of intron removal is found.
The splicing pattern for early region 2, coding for a DNA binding
protein, shows an excision of the intervening sequence nearest the 5'
end of the molecule to occur first, before removal of a second inter
vening sequence near the 3' end (Goldenberg and Raskas, 1979; Weber
et al., 1980). In processing late Adenovirus 2 RNAs, a pathway of
sequential excision in the 5' to 3* direction has also been described,
one in which complete removal of the 5' terminus spliced segment
precedes elimination of the next intervening region (Berget and Sharp,
1979). Contrary to these examples of sequential excision, evidence for
multiple splicing pathways, with no consistent starting point (i.e.,
•T.

5' or 3' terminus of the precursor RNA), has been seen in Xenopus
vitellogenin mRNA processing, although removal of intervening sequences
does^not appear to be completely random. In considering stepwise

versus complete one-step excision of intervening sequences from pre
cursor RNAs, it has been found that evidence exists for both. In the
system just described, the size of each intron remains unchanged in the
splicing event (Ryffel et al., 1980). Cleavage and removal of the
intervening region in yeast pre-tRNAs is also shown to be a one-step
excision by analysis of the reaction intermediates, half-tRNAs and the
excised intervening sequence (Knapp et al., 1979). In comparison, in
mouse 6-globin precursor mRNA, a stepwise elimination of large inter
vening sequences occurs; each step involves a cleavage-ligation
reaction of a portion of the intron until complete removal is
accomplished (Kinniburgh and Ross, 1979). Taking into consideration
all of these factors, numerous theories of RNA splicing have evolved
and will be briefly discussed here.
For precise splicing to occur in the processing of RNA
molecules, the significance of secondary and tertiary structural inter
actions can not be ignored. The existence of a stable structure at the
time of splicing is highly likely to ensure proper ligation of the exon
sequences. This conformation must allow the borders of the exons to be
sufficiently close for adjoinment, without steric interference which
would disrupt the linear alignment for ligation (Trapnell, Tolstohev
and Crystal, 1980). Precursor RNA molecules experience internal base
pairing which contributes to the formation of compact threedimensional structures. Common features of these structures which
could aid both in proper alignment and in enzyme recognition sites are
these: stable helical internal regions, hairpin loops, and stable

base-paired sections (referred to as "closing" stems) at the base of
these helices and loops holding them together (Nussinov, 1980).
Coupled with significant primary sequence regions at the exon-intron
junctions, which enhance the conditions for correct alignment perhaps
through intramolecular stacking, and, as in mouse immunoglobulin light
chain RNA, the high degree of GC base pairs within spliced regions
contributing to secondary thermodynamic stability, the involvement of
secondary and tertiary interactions is particularly appealing. Models
adhering to these conditions have been proposed for SV40 early and
late mRNAs, mouse immunoglobulin light chain mRNA (Khoury et al., 1979;
Nussinov, 1980), mouse B-globin mRNA, and other eukaryotic mRNA pre
cursors (Trapnell et al., 1980). An interesting proposal for the
involvement of secondary structure in splicing is based on similarities
between 5'- and 3'-terminal nucleotide sequences of some eukaryotic
mRNAs (Naora, Deacon and Fry, 1979), and their sequence similarities
with exon-intron or intron-exon sites. The formation of doublestranded structures between a terminal end of the RNA and an exon-intron
joint site would allow for cleavage and displacement of the intervening
region, leaving the opposite terminal region of the exon within close
proximity for the ligation to occur. In the case of the ovalbumin
precursor mRNA, such nucleotide sequence similarities are seen between
the 5'*-terminus region and each exon-intron and intron-exon site. A
system such as this would permit intron excision to follow a sequential
pattern. This model can also be suggested as the splicing mechanism in
mouse B^^globin mRNA (Naora, Deacon and Buckle, 1980).
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Involvement in splicing of the poly (A) tract of mRNAs has also
been proposed. It is known that regions of Intervening sequences have
been found to be adenine- and uridine-rich, adenine predominantly at
the 5' end and uridine at the 3* end of the introns. Based on this and
the knowledge that poly (A) can complex on itself, the alignment of
splice junctions by the formation of a triple-stranded structure
involving the poly(A) tail and the 5', and 3' ends of intervening
sequences is suggested. The structure has several favorable features.
It would be fairly stable due to stacking of adenine residues; the
combination of a stable, tertiary structure and the limited sequence
conservation at splice points would provide an appropriate recognition
site for the splicing enzyme (Bina, Feldmann and Deeley, 1980); polyadenylation of mRNA is found to precede splicing of precursor mRNAs
(Weber et al., 1980). In addition, mRNAs that are not poly-adenylated
are also rapidly degraded in the nucleus; interestingly, too, the
histone genes that have been studied do not contain intervening
sequences and their corresponding mRNAs are generally not polyadenylated (Bina et al., 1980). The possible involvement of this
poly (A) tract in splicing may be quite significant.
Secondary structure seems to have a critical role in the posttranscriptional splicing of tRNAs. In those tRNAs containing
intervening sequences, which range in size from 14 to 60 nucleotides,
all intervening sequences appear to have the same positioning within
the anticodon stem (Knapp et al., 1979), although there are no obvious
homologous regions within these introns. These structures utilize

maximum base pairing, determined by their thermodynamic stability
(Knapp et al., 1978). The excision and ligation of the sequences to
form mature tRNA takes place in two steps as mentioned above. The
exact cleavage occurs at separate single-stranded regions of the pre
cursor molecules, cutting uniformly to produce 3'-phosphate and
5'-hydroxy1 termini. This is unique endonuclease activity, all known
endonucleases leaving 5'-phosphate termini. It also appears mandatory
that the 3'-phosphate generated on the 5' half-tRNA be present for
ligation to occur (Knapp et al., 1979).
The splicing system for the early transcripts of Simian Virus
40 is not known, but the significance of a small region of the primary
sequence at the splice junction, probably used for enzyme recognition,
can be illustrated. During the early infection stage, two proteins
called the T antigen (90,000 MW) and the t antigen (^20.000 MW) are
synthesized (T for transformation). Their corresponding mRNAs are
transcribed from the same DNA sequence on the gene, and splicing is
the SNA processing mechanism responsible for the varied expression. The
mRNAs are quite similar, having the same 5' end; the mature mRNA for the
t antigen is slightly larger, though, than that of the T antigen,
because of the fact that a segment which is translated in the t antigen
is removed by splicing in the T antigen mRNA. This nucleotide sequence
contains a series of termination codons which, when expressed, cause
translation termination for the t antigen (hence its smaller size), and
when eliminated, allow for total expression of the T antigen (Abelson,
1979). Mutant strains of SV40, shown to have deletions within the
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larger spliced segment of the T antigen transcript, have been napped
and sequenced. In each case, these deletions have no effect on the
region coding for the T protein, but do alter the region coding for the
t protein (Thimmappaya and Shenk, 1979). Sequences deleted from the
large intervening sequence of the T antigen mRNA came as close as 12-13
nucleotides from the splice junction; this indicates that for proper
splicing to occur, the sequence recognition site is quite small, and
is limited to that region near the splice point. Most of the sequence
contained within the large intervening sequence of the T-gene is not a
factor in specifying splice sites (Volckgert et al>, 1979).
A very interesting, very complicated splicing system is found
in the interrupted genes of the yeast mitochondrion. It may involve two
different mechanisms of action, one perhaps based on three-dimensional
mRNA structures (Halbreich et al., 1980), the other based on protein
synthesis coded by intron sequences. The systems would occur
coordinately, because all intervening sequences are not removed by the
same mechanism. It has been observed that novel proteins are syn
thesized in cases where mutations are found in the box gene coding for
the 44,000 dalton apoprotein of cytochrome b. This is the result of
a single splice being made which joins the first exon of cytochrome b
to the subsequent exon, translation proceeding until terminated by a
nonsense mutation in the second intron. This protein would somehow
specify the removal of the second intron (the one coding for this
protein) and permit ligation of the first two exons to the third. This
splicing event then terminates additional synthesis of this protein.

Transcription and translation occurring in the same mitochondrial
compartment make a system such as this possible; the same method Is
probably not applicable for splicing events within the nucleus (Lewin,
1980b).
The last method of splicing to be discussed here Involves
RNA-RNA interactions for specification of and stability of cleavage and
ligation sites. The possibility exists that another RNA sequence,
complementary to the regions surrounding introns and exons, could form
a duplex structure with these splice junctions, creating an enzyme
recognition site for proper RNA splicing (Lewin, 1980a). A correlation
supporting this theory can be drawn with Ribonuclease P activity.
Ribonuclease P (RNase P) is involved in the processing of the 5' end of
precursor tRNA molecules in Escherichia coll. Its activity is based on
structural recognition of the tRNA rather than sequence information
per se; an essential RNA component in RNase P must be present for the
enzyme to function. It is proposed that this RNA component, through
nucleotide-nucleotide interactions with the precursor tRNA, maintains
the tertiary structure of the tRNA and positions the enzyme's nucleolytic subunit, the peptide portion of the enzyme structure, for exact
cleavage to occur (Stark et al., 1978). A similar mechanism has been
suggested for RNA splicing, involving small nuclear RNA molecules,
those most abundant in eukaryotic cell nuclei being complexed with
proteins. These snRNPs (small nuclear ribonucleoproteins) have
several significant aspects indicating their role in RNA processing:
they are highly conserved in most species, both in RNA sequence and the

proteins they are associated with; they are found in greatest
abundance in metabolically active cell types; and, they have been found
to be associated with larger nuclear structures, such as the 30S
particles that bind hnRNA. One snRNP in particular, containing the
U1 RNA, is suggested to be involved in UNA splicing. This snRNA has
significant complementarity at its 5' end (nucleotides 1-22) to
regions of intervening sequences at splice junctions of precursor
mRNAs. It is feasible that base pairing between the U1 RNA and the
nucleotide residues at the two ends of an intervening sequence could
occur simultaneously, permitting proper alignment for cleavage and
ligation (Lerner et al., 1980). Supporting this proposal is the fact
that a good consensus sequence, for both the exon-intron and intronexon sites, derived from numerous nuclear and viral genes, shows
sequence complementarity with U1 RNA. The sequence at the exon-intron
site (^AG/GT^AGT) was based on 139 boundaries at the 5' end of interT C
vening sequences, and the intron-exon site ((^)nN^AG/G) was derived from
130 boundaries at the 3' end of intervening sequences (Mount, 1982). In
addition, studies have shown that RNA splicing does not appear to occur
when U1 snRNPs are inhibited by antibodies (Yang et al., 1981).
Another snRNA has been proposed to function simultaneously with
U1 RNA in the specification of a splicing recognition site. This
theory suggests that U2 RNA, which is present in almost the same
abundance in the nucleus as U1 RNA (about 10^ copies per nucleus)
(Lerner and Steitz, 1981), base pairs with sequences at splice points
along the exon region of the mRNA precursor. At the same time, U1 RNA

becomes associated with the sequences within the lntron region of the
mRNA molecule. Not only would this model have enhanced thermodynamic
stability for recognition and cleavage, due to the interactions of the
small RNAs with both the intron and exon regions of the pre-mRNA, the
exon portions would remain in exact alignment for ligation once the
intervening sequence is displaced. This model would remove the
likelihood of mismatched exon-intron and intron-exon sites specified
only by U1 RNA because the complementarity involved across the exon
region would be more stringent than that following a consensus sequence.
The base pairing with U2 RNA would facilitate correct matching of
splice junctions (Ohshima et al.f 1981). Keeping this in mind, the
involvement of the remaining snRNAs and their associated proteins in
RNA splicing, although found in smaller quantities in cell nuclei
(approximately lO"* copies per nucleus)(Lerner and Steitz, 1981), is
quite feasible. Perhaps these snRNAs may also interact with the exon
regions of a precursor mRNA, in the same manner suggested for U2 RNA.
The primary sequences for the small nuclear RNAs (U1 to U6)
have been determined from a variety of species. U1 RNA has been
sequenced from rat, chicken and man; a high degree of conservation is
seen, 96% from chicken to rat, 99% from rat to human, and 94% from
chicken to man. In each species, the sequence is 165 nucleotides in
length (Branlant et al., 1980). Analysis of the U1 RNA in solution led
to postulations of several stable secondary structures, each
characterized by four hairpin loops and single-stranded regions. It is
suggested that these single-stranded segments, and those Involved in

less-stable hairpins, i.e. G-U rich, are those capable of Interaction
with intervening sequences. Perhaps noncontiguous regions of U1 UNA,
due to its actual secondary structure and to partial dissociation
during base pairing, are capable of hybridization with introns
(Branlant, Krol and Ebel, 1981; Ohshima et al., 1981). Interestingly,
the chick U1 gene has been determined to be colinear with the chick U1
RNA and thus, contains no intervening sequences. This is consistent
with the reasoning that an RNA molecule involved in the splicing of
precursor RNAs would not itself contain any intervening regions (Roop
et al., 1981).
The U2 RNA. has been isolated and sequenced from Novikoff
hepatoma cell nuclei. Its total length is 196 nucleotides; a
significant feature of its primary structure is the number of modified
nucleotides it contains, particularly at the 5'-terminal segment
(Shibata et al., 1975). The residues of U2 RNA proposed to base pair
across the exon regions to specify splice points extend from nucleo
tides 117 to 143 (Ohshima et al., 1981). U3 RNA, located in the
nucleolus rather than in the extranucleolar region of the nucleus or in
the nucleoplasm, actually consists of three distinct molecular weight
RNAs (U3A, U3B, U3C) of which U3B RNA is in greatest abundance. Both
U3B and U3A RNAs from Novikoff hepatoma cells have been sequenced and
comparisons in primary structure have been made. This RNA is 216
nucleotides in length, and has considerable modifications in its 5'
end. It was shown that 18 bases were different between U3B and U3A,
but large regions were conserved (Reddy, Henning and Busch, 1980). A

secondary structure model for U3B was proposed, having several hairpin
loops and three significant single-stranded regions (Reddy, Henning and
Busch, 1979).
The primary and secondary structures in solution of U4 SNA from
chicken, rat, and man have been determined. Again, U4 RNA was present
in three individual molecular weight RNAs (U4A, U4B, U4C), consisting
of 146, 145, and 142 nucleotides respectively, the variations occurring
at the 3' ends. The U4 RNA has been well conserved during evolution,
having only one substitution between chicken and man; its conservation
is better than that found in both U1 RNA and U5 RNA, this snRNA having
several substitutions and insertions between its subspecies (Krol and
Branlant, 1981). Two U5 RNA species (U5A, U5B) have been determined
and sequenced in chicken, rat and human cells. U5 RNA is 117 nucleotide
residues in length (Krol et al., 1981). Because the sequence
homologies among Ul, U4, and U5 RNAs are so strong, the likelihood
exists that they have evolved from a common ancestor. Common conforma
tional properties of their secondary structures also are noticeable.
In each model, the stabilities of the 51 and 31 domains of the
molecules vary, the 5' region exhibiting lesser stability in all three.
The 3* domain of each contains two hairpin loops separated by a region
of single-stranded nucleotides; it has greater stability than the 5'
region, probably due to tertiary interactions between the two hairpins
(Krol and Branlant, 1981; Branlant et al., 1981; Krol et al., 1981).
U6 RNA has been isolated from Novikoff hepatoma cell nuclei, and its
nucleotide sequence (106 residues in length) has been determined. A

significant feature of the primary sequence is the high number of
modified nucleotides, all located between residues 32 and 86. A
secondary structure, maximizing hydrogen bonding between bases, has
also been suggested (Epstein et al., 1980).
Much speculation and some experimental evidence indicate that
RNA-RNA interactions, specifically involving snRNP molecules, are key
factors in the processing of precursor RNA transcripts. The
significant complementarity of U1 RNA to intron regions near splice
points of hnRNAs can not be ignored. Although such sequence comple
mentarity between other snRNAs and regions of precursor RNAs have not
been found to the degree of U1 RNA, basic similarities of the snRNAs,
including their high conservation in evolution and their concentrations
in metabolically active cell types, imply that they, too, may be
involved in RNA splicing.
Because of the vast amount of information now known about
nucleic acids and the rapid rate of new discoveries through advanced
methods of DNA and RNA technologies, manual handling of the data is
not practical. For instance, within 10 years, the lengths of known DNA
sequences has jumped from a 20-base tract from the filamentous
coliphage fd, to thousands of bases, as, in the pre-mRNA sequence for
ovalbumin, 7654 nucleotide residues. Therefore, computer analysis has
been used in this field of research (Gingeras and Roberts, 1980). Much
of the work being done is centered around the knowledge and manipulation
of the primary sequences of RNAs and DNAs. Systems have been developed
that perform a number of tasks using this sequence data. Computers
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have the ability to store and edit large numbers of sequences.
Programs exist for converting nucleotide sequence Information into the
corresponding amino acid sequence. Codon usage and base composition can
also be calculated. Restriction sites in DNA can be determined by
string (oligonucleotide) sequence searches with the appropriate
recognition site. Sequence homologies and symmetries can also be
calculated (Staden, 1977). Some computer programs will have procedures
for determining regions of a particular base-pair richness. Overall,
the programs are generally designed to allow the user to choose the
most stringent criteria for each analysis routine in an attempt to
best suit the biological question (Korn, Queen and Wegman, 1977).
Secondary structure analysis, based on information found within the
primary sequence of RNA, is also aided by the computer. Helical regions
that can be derived through base pairing within a sequence (or between
two sequences) can be found through these computer searches and their
likelihood of occurrence can be determined from probability and free
energy calculations. A method such as this has been used for predicting
SNA. structures, with tRNA sequences as the basis of accuracy (Pipas
and McMahon, 1975).
Advances have been made to permit the use of the computer by
individuals with little or no computer experience. Interactive
programs have been developed based on a conversational relationship
between the user and the computer. The computer prompts the individual
with a series of questions concerning the sequences and the nature of
the format of the data desired. This method therefore functions in a

tutorial capacity (Sege et al., 1981). Considering all the favorable
aspects of the computer method of analysis, its usefulness is hardly
exaggerated.

MATERIALS AND METHODS
The program used In this study is Stanford's Sequence Analysis
System (referred to as SEQ). It is an interactive program, designed for
use by individuals having only a limited knowledge of computers. The
format is conversational, prompting the user with short questions to
supply the information needed for operation. SEQ performs numerous
types of nucleotide sequence analyses, totaling to 13 different pro
cedures, with greater than 25 different sub-procedures. It also
provides the user with a set of adjustable parameters which regulates
each nucleotide analysis procedure. A brief description of these
procedures follows.
Option 1, Printing the Sequence, will print the desired
sequence in groups of ten nucleotides, numbering on every tenth residue.
This option allows for single-stranded or double-stranded printing,
showing the inverse complement upon request.
Option 2, Printing Comments, lists any comments concerning the
sequence that have been included in the sequence file.
The third numerical option, Nucleotide Frequencies, tabulates
and lists nucleotide frequency tables in response to those specified by
the user. These tables can be printed as mononucleotide, dinucleotide,
trinucleotide, or codon frequencies, both as absolute quantities and as
percentages of total base composition of the sequence. In addition, if
trinucleotide frequencies are requested, the amino acids associated
30
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with each trinucleotide will also be given. A response by the user of
"all" will list every frequency table described above.
The next option, number 4, is the Richness Option. Regions of
the sequence containing greater than 75% of a specific pair of
nucleotides will be marked. No region less than 8 nucleotides, 6 of
which must be those specified, will be shown.
Option 5, Oligonucleotide Dictionaries (lexicography) will
produce three types of dictionaries based on a complete oligonucleotide..
dictionary and its sub-oligonucleotides, depending on the user's
request. Dictionary option 1 will list only enough nucleotides to dis
tinguish a subsequence from all others. It prints these subsequences
in alphabetical order, also giving a numerical listing with each to
indicate the first nucleotide in the string. The second dictionary
option is restricted to a particular sequence length (as specified in
the adjustable parameters); it prints a set of subsequences that are
identical except for their final residue. The third suboption removes
sub-oligonucleotides from the Type 2 dictionary list. As with „
suboption 1, numerical listings accompany each suboligonucleotlde
given. A request of "all" will print all three dictionaries.
The sixth option, Restriction Site Search, enables the user to
look for a particular sequence of bases within a larger sequence.
Several suboptions are available here: M will print out a complete
sequence with recognition sites indicated with the site name; N will
give a list of all restriction site names and sequences not found in
the large sequence; S allows the user to specify subsets of

restriction sites, for instance, restriction enzymes known to have
cohesive ends or sites that are a particular length; F will institute
the Fragment Mode, which gives the user the opportunity to create a
fragment list generated by specific restriction enzymes. The enzymes
are listed, along with the locations of the recognition sites, and the
length of the fragment.
Option 7, Translation, prints a translation of a sequence
specified again by several suboptions. The first, M, gives a transla
tion of the sequence using the mitochondrial genetic code. Suboption 1
translates the sequence into the one letter amino acid code; suboption
2 translates both strands; suboption 3 prints a translation for all
three reading frames of the sequence. The remaining suboptions are
F (Full) and P (Partial); F will print suboptions 2 and 3 combined,
P will permit translation of certain sections of the sequence.
The last six numerical options are the homology and symmetry
options. The same algorithm is used in each of these searches; it
begins at a given position in the two sequences or at two positions
within the same sequence, then searches for the longest exact match
from those. The match is extended further by the algorithm looking
bey.ond a mismatched region for a significant region of exact match.
This aspect of the algorithm is dependent upon five of the parameters
set by the user: AFTERDIS, specifying the number of matches out of
three that must follow a mismatch or a loopout in the sequence search;
LOOPOUT, regulating the maximum length of a loopout in a dyad symmetry
run or the maximum insertion-deletion loop size In a homology run;
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MISMATCH, giving the required number of exact matches; PERCENTMATCH,
giving the minimum percent of exact matches to total length of the
match; EXPECT, approximating the number of matches to be found. These
last options will be reviewed in pairs.
Option 8, Homologous Regions, and Options 11, Intersequence
Homology, search for homologous segments within a specified sequence or
between two sequences. For Option 8, the parameter MAXDIST must also
be specified. This represents the maximum distance between the
starting nucleotide of matching regions. Along with printing the
homologies, the percentage of exact matches, the probability of this
occurring based on a random distribution of bases, and the expected
number of matches of this significance or greater found in a random
sequence of the same length are also shown.
The next pair of options (9 and 12) search for symmetric
regions within a sequence or between two sequences, respectively.
Option 9 requires specifications of parameters MAXLOOP and MINLOOP,
regulating the maximum and minimum distances between the starting
nucleotides of -the matches. True alphanumeric palindromes are sought
by these procedures. As with homology searches, the percentage match,
probability, and the expectation values are determined.
The final options 10, Intra-, and 13, Intersequence Dyad
Symmetries search for regions of the specified sequences that are
%

capable of forming standard Watson-Crick base pairs, A's match with T's
(U's), C's match with G's, and, if requested in the parameter setting
GUPAIR, which determines if G-U pairs will be considered, G's with U's

(T's). MAXLOOP and MINLOOP also specify Option 10, as with Option 9.
In addition to the values given for percentage match, expectation, and
probability, total free energy of base pairing is included.
Accompanying the numeric options are several alphabetic options,
allowing the user to alter the performance of the program. Option P
permits adjustment of the values of each parameter. Ten of the eleven
parameters have already been discussed (AFTERDIS, L00P0UT, MINMATCH,
PERCENTMATCH, MINLOOP, MAXLOOP, GUPAIR, MAXDIST, MATCHLENGTH, and
EXPECT). The remaining parameter is called RESTFILE. It stores the
name of a file that the program uses when directed to do a general
sequence search (Option 6). The second alphabetic option (Option S)
allows the user to enter additional sequence files not originally
requested for analysis. Option F gives the user the opportunity to
start or stop output to a file. Option T will start or stop terminal
output, and Option Q permits the user to exit the program.
The values given for total free energy in the dyad symmetry
searches are assigned to two sets of base pairs at a time, rather than
to each base pair separately, because of the effect of the nearest
neighbor sequence on the thermodynamic stability of the structure. The
energy values given per set of base pairs are considered accurate to
+10%. In addition to the stability estimate of base pairs, interior
loops, bulge loops, and hairpin loops are also assigned free energies.
The values for these unpaired regions are dependent upon their size,
the number of unbonded bases, the base content of the loops, and the
base pairs surrounding (as with Interior loops) or closing (as with

hairpins) the unbonded regions. The accuracy of the loop energies is
evaluated at ± 1 kcalorie (Tinoco et al., 1973).
The calculations of the probabilities and the expectation
frequencies for the homology and symmetry searches follow the Markov
chain theory; the search procedure is considered a series of events,
the probability of the next step depending on the present state, not on
the steps that led to that state. The system was designed to calculate
the probability of each homology occurring by chance alone (Korn et al.,
1977). The expect value limits the homologies or symmetries to those
most statistically significant. Unfortunately, statistically signifi
cant may not always reflect biological significance. The probabilities
given by the SEQ program are good to 1 part in 10,000 (Brutlag et al.,
1982).
Data used in this study was derived primarily using Option 13,
Intersequence Dyad Symmetry Searches. The RNA sequences analyzed were
these: chick ovalbumin precursor mRNA; chick U1 RNA, U4 RNA, and
U5 RNA; Novikoff hepatoma U2 RNA, U3 RNA, and U6 RNA.

RESULTS
Part I
It has been proposed that U1 KNA participates in mRNA splicing
by hydrogen bonding within the intervening sequence regions, spanning
the site of cleavage and ligation. Hydrogen bonding between U1 RNA and
and junction regions may provide thermodynamically-stable structures
that would specify or enhance enzyme recognition for splicing, and also
maintain the structure for proper alignment of the exon regions during
ligation. This theory assumes that the splice junction is formed prior
to the splicing process, although the mechanism of its formation is
unknown.
Several secondary structure models have been suggested for
U1 RNA, each having single-stranded regions that could be involved in
base-pairing within intervening sequences at the splice sites
(Underlined in Figure la,b,c,d). Model I consists of bases 1-22 of Ul.
Common to all four models are bases 1-11; three of the four singlestranded regions also contain portions of the Ul sequence between
bases 124 and 138 (Model II contains bases 124-138, 165; Model III
contains bases 125-137; Model IV contains bases 131-137). To aid in
determining which model has greater complementarity to intron regions
around splice junctions, linear sequences of 80 bases, 40 bases
immediately adjacent to the 5' end of the exon-intron junction and 40
bases immediately adjacent to the 3' end of the intron-exon junction,
for each of the seven ovalbumin intervening sequences were constructed.
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Figure 1. Proposed secondary structure models for U1 RNA.
Each secondary structure model for U1 RHA contains these
bases: A = adenosine, U = uridine, G • guanine, C • cytidine, U* »
pseudouridine, Am and Urn 111 2'-0-methylated adenosine and uridine
residues, and m3G = terminal guanosine residue modified in the 3
position, attached by a triphosphate linkage to the adjacent nucleo
tide. The underlined region denotes single-stranded sequences used
in the base pairing analysis. Hydrogen bonding is indicated by (—);
base pairing between G-U residues is illustrated by (• ). Figure la
represents Model 1 (Leraer et al., 1980); Figure lb represents Model
II (Mount and Steitz, 1981). This secondary structure was determined
with U1 RNA from Drosophila melanogaster: the sequence shown in the
figure is chicken U1 RNA (Roop et al., 1981). The chicken sequence
did not alter the proposed secondary structure. Figure lc represents
Model III (Branlant et al., 1981): Figure Id represents Model IV
(Ohshima et al., 1981).
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Figure 1. Proposed secondary structure models for U1 RNA.
la.. Represents Model I (Lerner et al.( 1980).
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Figure 1.

Proposed secondary structure models for U1 RNA.

Each secondary structure model for U1 RHA contains these
bases: A • adenosine, U • uridine, 6 • guanine, C • cytidine, U* pseudouridine, Am and Um • 2'-0-methylated adenosine and uridine
residues, and 1113G = terminal guanosine residue modified in the 3
position, attached by a triphosphate linkage to the adjacent nucleo
tide. The underlined region denotes single-stranded sequences used
in the base pairing analysis. Hydrogen bonding is indicated by (—);
base pairing between G-U residues is illustrated by (• ). Figure la
represents Model I (Lerner et al., 1980); Figure lb represents Model
II (Mount and Steitz, 1981). This secondary structure was determined
with U1 RNA from Drosophila melanogaster: the sequence shown in the
figure is chicken U1 RNA (Roop et al., 1981). The chicken sequence
did not alter the proposed secondary structure. Figure lc represents
Model III (Branlant et al., 1981): Figure Id represents Model IV
(Ohshima et al., 1981).
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lb. Represents Model II (Mount and Steitz, 1981). This
secondary structure was determined with U1 RNA from Drosophila melanogaster; the sequence shown in the figure is chicken U1 RNA (Roop et al.,
1981). The chicken sequence did not alter the proposed secondary
structure.

Figure 1.

Proposed secondary structure models for U1 RNA.

Each secondary structure model for U1 RHA contains these
bases: A • adenosine, U • uridine, G • guanine, C • cytidine, U* •
pseudouridine, Am and Um ~ 2'-O-methylated adenosine and uridine
residues, and 1B3G • terminal guanosine residue modified in the 3
position, attached by a triphosphate linkage to the adjacent nucleo
tide. The underlined region denotes single-stranded sequences used
in the base pairing analysis. Hydrogen bonding is indicated by (—);
base pairing between G-U residues is illustrated by (• ). Figure la
represents Model I (Lerner et al., 1980); Figure lb represents Model
II (Mount and Steitz,.1981). This secondary structure was determined
with U1 RNA from Drosophila melanogaster: the sequence shown in the
figure is chicken U1 RNA (Roop et al., 1981). The chicken sequence
did not alter the proposed secondary structure. Figure lc represents
Model III (Branlant et al., 1981): Figure Id represents Model IV
(Ohshima et al., 1981).

39

_C A™
G
C
U
U
C
C
C
C-75
C-G

TOM

C-G
U•G
A-U
C-G

C GC

U

AGr

U
-

m

.

*

ft
G

c'- u
rG / U U

15

G-C

rG

6"c

rC x
U nnGg
U x G

G

A

AV

AA

e c

6

AAA

100 C

G-C r G A V
A • C
r r r
C
C
A
U
V6/ /C \ U*«C
^G CC i!
AC G
f
l
G
5 0

3MSGpQ p
Q Qp
A _U ACU U'ACCUGGCA

UC
U

G-C

G
/G6 r
UA C ' / U'P
< V Gn

m

U

C-G

A

p/

150

U

C-G

U

U

C C
A_U

G-C
G-C
G-C
G-C
G - U

UAAUUUGUGGUAGU- G

125

Figure 1. Proposed secondary structure models for U1 RNA.
lc. Represents Model III (Branlant et al., 1981).
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Figure 1.

Proposed secondary structure models for U1 RNA.

Each secondary structure model for U1 RHA contains these
bases: A - adenosine, U • uridine, 6 - guanine, C • cytidine, U* pseudouridine, Am and Um - 2'-0-methylated adenosine and uridine
residues, and m3G * terminal guanosine residue modified in the 3
position, attached by a triphosphate linkage to the adjacent nucleo
tide. The underlined region denotes single-stranded sequences used
in the base pairing analysis. Hydrogen bonding is indicated by (—);
base pairing between G-U residues is illustrated by (• ). Figure la
represents Model I (Lerner et al., 1980): Figure lb represents Model
II (Mount and Steitz, 1981). This secondary structure was determined
with U1 UNA from Drosophlla melanogaster: the sequence shown in the
figure is chicken U1 RNA (Roop et al.,1981). The chicken sequence
did not alter the proposed secondary structure. Figure lc represents
Model III (Branlant et al., 1981): Figure Id represents Model IV
(Ohshima et al., 1981).
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Figure 1. Proposed secondary structure models for U1 RNA,
Id. Represents Model IV (Ohshlma et al., 1981).
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Intersequence dyad-symmetry searches were run between these junctions
sequences (IVS.A-IVS.G) and each single-stranded Ul RNA sequence (I-IV).
Results are shown In Table 1.
It can be seen In Table 1 that thermodynamlcally-stable base
pairing can occur between all Intervening sequence regions and the
four Ul models. For Model I, all of Its 14 matches have AG

s

-10 kcals,

5 of 14 with AG ^ -15 kcals. Of the 22 matches for Model II, 10 have
AG 4 ~10 kcals, 5 have AG
having AG

s

s

-15 kcals. Model III has 26 matches, 17

-10 kcals, 5 having AG - -15 kcals; Model IV has 12

matches, 8 having AG * -10 kcals, 4 having AG

s

-15 kcals. Model III

has the largest number of matches across the intervening sequence
junction regions. Comparison of overall stability indicates that
Model II forms the highest number of stable matches across the junction
sequences, four out of seven of these matches having lower free energy
values than those of the other models (IVS.A, IVS.B, IVS.C and IVS.E).
Model I has greatest ability in two out of seven matches across inter
vening sequence junctions (IVS.F and IVS.G), and Model IV forms the
most stable match at IVS.D. A comparison of all models indicates a
common region involved; the matches involving the 5' section of Ul,
specifically bases 5-12, rather than those containing five or more
bases from region 124-137, are considerably higher in stability.
Therefore, it is likely that it is this region of Ul RNA that con
tributes most to the formation of stable matches across intron
junctions. Figure 2 illustrates this point; the numbers indicate the
frequency of inclusion of the particular bases in each intervening
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Table 1. Stability and location of single-stranded regions of Ul RNA
binding to Intervening sequence junctions.

Model I (1-22)

Model II (1-12,124-138,164-5)

AG

position
in IVS

position
in Ul

IVS.A

-13.1
-11.8
-11.6
-10.2

(-10,+5)
(-6,+3)
(-4,+11)
(-6,+2)

5-20
7-16
1-13
8-16

-15.1

(-5,+5)

5-12,124

IVS.B

-13.2
-12.9

(-3,+5)
(-3,+9)

5-12
3-12

-17.9
-17.6
- 4.2
- 3.5

(-8,+5)
(-8,+9)
(-7,+2)
(-9,+2)

5-12,124-129
3-12,124-129
127-135
127-138,164

IVS

«

AG

position
in IVS

position
in Ul

IVS.C

-13.0

(-3,+6)

5-12

-15.3
- 4.0
- 0.7

(-7,+6)
(-3,+6)
(-7,+2)

5-12,124-126
10-12,124-131
127-136

IVS.D

-17.3
-14.0

(-13,+6)
(-8,+5)

4-22
5-18

-15.2
-13.0
- 4.3
- 0.8
- 0.5

(-7,+6)
(-6,+2)
(-9,+2)
(-5,+7)
(-3,+7)

4-12,124-126
8-12,124-127
127-138
12,124-133
126-133

IVS.E

-11.3

(-2,+8)

3-11

-12.1
- 9.7

(-6,+8)
(-2,+7)

3-12,124-127
4-11

IVS.F

-19.5
-18.7

(-7,+6)
(-7,+3)

2-17
7-17

-13.5
-11.0
- 5.3

(-3,+6)
(-9,+3)
(-3,+9)

2-12
7-12,124-128
9-12,124-131

IVS.G

-19.8
-19.6

(-14,+3)
(-10,+3)

7-22
7-20

-10.9
0.4
2.6
3.5

(-6,+3)
(-5,+6)
(-9.+1)
(-13,+2)

7-12,124-127
10-12,124-133
128-136
127-138,164
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Table 1. Stability and location—Continued.

Model III (1-15,125-137)

Model IV (1-11,131-137)

position
in IVS

position
in U1

IVS.A -14.4
-13.9
-11.7
-11.6

(-10,+5)
(-4,+5)
(-8,+3)
(-4,+11)

5-15,125-127
5-13
7-15
1-13

-11.0

(-6,+5)

5-11,131-133

IVS,.B -12.9
-12.8
-10.7
-10.7
- 9.1
0.2

(-3,+9)
(-7,+5)
(-7,+4)
(-7,+3)
(-7,+7)
(-7,+9)

3-12
-15.3
5-15,125
-15.0
6-15,125
6-15,125
12-15,125-135
11-15,125-135

(-7,+5)
(-7,+9)

5-11,131-135
3-11,131-135

IVS.,C -13.9
-13.0
- 0.7

(-7,+3)
(-3,+6)
(-7,+2)

7-15,125-126
5-12
127-136

-13.0
-11.3

(-3,+6)
(-7,+3)*

5-11,131
7-11,131-136

IVS.D -19.0
-18.1
-16.0
- 4.3
- 1.3
- 0.5

(-6,+6)
(-3,+6)
(-3,+5)
(-8,+2)
(-5,+7)
(-3,+7)

4-15,125-127 -20.3
4-12
-20.3
5-12
- 8.0
127-137
12-15,125-133
126-133

(-5,+11)
(-8,+6)*
(-9,+3)

1-11,131-133
4-11,131-137
7-11,131-136

IVS.E -11.3

(-2,+8)

3-11

- 9.3

(-5,+8)

3-11,131-133

^S.F _!8.3
-15.8
- 5.6

(-4,+6)
(-9,+3)
(-3,+7)

2-13
-13.5
7-15,125-128
14-15,125-131

(-3,+6)

2-11,131

IVS.G _14.8
- 9.5
0.3

(-5,+3)
(-5,+8)
(-9,+5)

7-15
- 8.0
12-15,125-133 - 7,4
14-15,125-136

(-9,+3)
(-5,+5)

7-11,131-136
7-11,131-133

IVS

AG

AG

position
in IVS

position
in U1

Figure 2. Location of bases in U1 RNA involved in base pairing with
intervening sequence junctions.
Frequence of involvement in base pairing of bases 1-22 of U1
RNA with the seven intervening sequence junction regions of ovalbumin
precursor mRNA. Forty bases on each side of the splice sites compose
the intron junction sequences. 3* region shown in the figure is
adjacent to 5' portion of the message* 5' region shown is adjacent to
3' portion of the message.

51

* *

3MeGpppA UACUUACCUGGCAGGGGAGA

Intervening
Sequence 51

I 2 55 77 7 I
676224432 1 I I I

Figure 2. Location of bases in U1 RHA involved in base pairing with
intervening sequence junctions.

3'

sequence natch. Using Model I as an example, since this was the first
region of U1 proposed to base pair within intervening sequences
(Lerner et al., 1980), it is easily seen that bases 5-12 are most often
Involved. It is also shown in Fig. 2 that hydrogen bonding of this U1
region occurs on the 31 end of the intron junctions for bases 5-9, and
on the 5* end of the intron junctions beginning at base 10.
The question arises whether one half of the intron junction
sequence, specifically those bases proximally located within the
sequence, is preferentially matched to U1 RNA. Table 2 gives a
listing of the most stable matches across each of the seven intron
sequences for all of the U1 RNA models. The free energy calculations
of the base pairing of both the 5' and 3' sections involved per match
are also given, along with the average values of the 5' and 3' halves
for each model. The distributions of matching shown in Table 2 favor
the 51 end of each model, which hydrogen bonds to the 3' halves of the
junction sequences. The differences in the average values are not
substantially significant, though. Model I has a free energy dif
ference between the halves of -0.14 kcals, Model II has a difference of
-0.8 kcals, and Model III varies by -0.25 kcals. The exception is
Model IV; the free energy difference between the averages of the 3' and
5' halves of the junction sequences is -2.52 kcals, 5' half having
greater stability.
With the exception of Model I across the junction sequences
IVS.F and IVS.G (Table 2), there are no other matches on either side
of the sequences for any of the U1 models in which the free energy

Table 2. Comparison of the stability of binding of various U1 RNA secondary structure models
to ovalbumin intervening sequence junctions.

5'

3'

AG

5'

3'

AG

5*

3'

AG

5'

3'

IVS.A

-13.1 -7.4

-1.6 -15.1 -7.4 -3.6 -14.4 -7.4

-4.8

-11.0 -7.4

-1.4

IVS.B

-13.2 -4.4

—4,4 -17.9 -4.4 -9.6 -12.9 -7.4

-4.4

-15.3 -4.4

-6.6

IVS.C

-13.0 -4.4

-4.4 -15.3 -4.4 -7.2 -13.9 -4.0

-6.0

-13.0 -4.4

-4.4

IVS.D

-17.3 -9.6

-3.8 -15.2 -7.2 -1.6 -19.0 -9.6

-5.6

-20.3 -9.8
-20.3 -9.6

i i
ON
• «ON
00 ON

AG

IVS.E

-11.3 -5.0

-2.2 -12.1 -5.0 -3.2 -11.3 -5.0

-2.2

—9.3 -5.0

-0.2

IVS.F

-19.5 -5.4

-10.8 -13.5 -5.4 -4.4 -18.3 -5.4

-9.4

-13.5 -5.4

-4.4

IVS.G

-19.8 -4.0

-14.0 -10.9 -4.0 -2.6 -14.8 -4.0

-8.6

-_8.0 -4.0

0.6

AVERAGE AG

-5.74 -5.88

-5.4 -4.6

-6.00 -5.86

-6.25 -3.73

of base pairing is less than or equal to -10.0 kcals. A comparison of
the free energy values for the matches spanning the splice sites with
those for matches on either half, standard for all models, suggests
that the base pairing of U1 RNA to a part of the intervening sequence
near the splice junction, prior to the formation of the splice
junction, is insufficient for the construction of a stable RNA-RNA
duplex. To illustrate, the free energy values for the least stable
match and the most stable match will be considered. The least stable
match shown in Table 2 is between Model IV and the junction sequence
IVS.G. Taken individually, the stability of base pairing on either
side of the splice junction is quite low, the 3' side of the inter
vening sequence having a free energy of -4.0 kcals, the 5' side having
a free energy of 0.6 kcals. In contrast, the match spanning the
junction has a free energy of -8.0 kcals, the stability being twice as
much as for the 3' side alone. For the most stable match, between
Model IV and the junction sequence IVS.D, the individual sides have
stabilities of -9.8 kcals and -6.6 kcals, 3' and 5' halves of the
intron sequences, respectively. The match spanning the junction has a
free energy of -20.3 kcals, again twice as low as for the 3' half
alone. In view of this, it seems likely, then, that U1 RNA hydrogen
bonds within these regions after the splice junctions have already
formed, creating a stable RNA-RNA duplex structure. The G-G base pair
at the splice junction helps to account for this increased stability.
In addition to dyad symmetry searches involving the singlestranded regions of U1 RNA, devised from the proposed secondary

structure models, similar intersequence complementarity searches
between the remaining snRNAs (U2 through U6) in their entirety, along
with the whole U1 sequence, and the seven intron junction regions were
run. In this case, each snRNA was analyzed as a linear molecule,
making the whole sequence available for base pairing and restricting
the possible hydrogen bonding to straight sequential segments of the
snRNAs, since no secondary structures are present which would bring
different regions together. Figures 3a,b,c are histograms showing the
regions of each snRNA involved in matching with regions of the intron
junction sequences and their stabilities of base pairing. It is
obvious from Figs. 3a,b,c that U1RNA has the greatest number of stable
matches, the emphasis being at the 5' end of Ul. The other snRNAS show
some stable base pairing. Regions 100-110 and 120-130 of U2, region
120-140 of U3, regions 10-20 and 130-140 of U4, regions 30-40 and
60-70 of U5, and region 60-80 of U6 are those base pairing within the
junction sequences with the greatest stability, AG * -15.0 kcals. With
free energy values higher than -15.0 kcals, there is an even distribu
tion of regions involved in base pairing for each snRNA.
A comparison was made between all snRNAs and how they paired
across the splice junction (Table 3). Ul RNA again has the greatest
number of stable matches. In addition, in agreement with the results
of the Ul single-stranded regions base pairing with the junction
sequences, the bases involved are all located at the 5' end of Ul,
region 5-12 always being included. Moreover, Ul RNA shows stable
matching across the splice site for each intervening sequence. In

Figure 3. Matches of varying stabilities between snRNAs and the
80-base intervening sequence junction regions of
ovalbumin.
Criteria used for complementarity analysis were these:
PERCENTAGE MATCH = 80%, L00P0UT = 2, MINMATCH - 8, and GUPAIR - 1
(allowing for G-U base pairing)• Matches with J2_Eftlues
less
than _5.0 kcalsL___J, -10 feral giro 11II, -15 kcalsffiSB, and
-20 kcalsBHI*

49

U4
(0
ui
4

z
u.

o

trrm
20

40

nm
•0

80

i—i—i
iiiiiuiiii
100

MB

33
ISO

140

BASE8

Figure 3. Matches of varying stabilities between snRNAs and the 80"
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Figure 3. Hatches of varying stabilities between snRMAs and the
80-base intervening sequence junction regions of
ovalbumin.
Criteria used for complementarity analysis were these:
PERCENTAGE MATCH - 80%, LOOPOUT - 2, MINMATCH - 8, and GUPAIR - 1
(allowing for G-U base pairing). Matches with G values of less
than _5.0 kcalsl__J, -10 kcalsIniillJ, -15 kcalstUsi), and
-20 kcalsBHT
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Figure 3. Matches of varying stabilities between snRNAs and the
80-base intervening sequence junction regions of
ovalbumin.
Criteria used for complementarity analysis were these:
PERCENTAGE MATCH - 80%, L00P0UT - 2, MISMATCH - 8, and GUPAIR - 1
(allowing for G-U base pairing), Matches with G^lues of less
than _5.0 kcalst__3, -10 kcals IHLLLlj, -15 kcalsSsIS, and
-20 kcalslHI.
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Table 3. Comparison of stability of each snRNA binding across intervening sequence junctions.

IVS

U1RNA
AG

U2RNA

position
in IVS

position
in U1

position
in IVS

position
in U2

-14.9

(-9,+4)

156-169

(-4,+10)

129-143

AG

IVS.A

-13.1

(-10,+5)

5-20

IVS.B

-13.2

(-3,+5)

5-12

IVS.C

-13.0

(-3,+6)

15-12

IVS.D

-17.3

(-13,+6)

4-22

-5.3

IVS.E

-11.3

(-2,+8)

3-11

-10.8

(-4,+9)

9-19

IVS.F

-19.5

(-7,+6)

2-17

-6.2

(-12,+3)

79-91

IVS.G

19.8

(-14,+3)

7-22

-12.4

(-12,+3)

79-92

Table 3. Comparison of stability of each snRNA—Continued.
IVS

U3RNA
1

U4RNA

AG

position
in IVS

position
in U3 .

IVS.A

-12.5

(-10,+10)

33-50

IVS.B

- 1.5

(-11,+3)

204-216

IVS.C

position
in IVS

position
in U4

-11.6

(-13,+4)

53-69

- 7.7

(-9,+2)

95-106

AG

IVS.D

-11.1

(-9,+5)

56-70

- 7.0

(-5,+10)

12-26

IVS.E

-11.6

(-2,+13)

133-146

.- 0.4

(-10,+2)

120-131

IVS.F

-10.2

(23,+l)

176-201

IVS.G

-29.3

(-4,+24)

114-141

-10.7

(-8,+8)

35-47

Ln

3. Comparison of stability of each snRNA—Continued.

IV S

U5RNA
AG

IVS.A

7.3

position
in IVS
(-6,+4)

U6RNA
position
in U5
53-63

position
in IVS

position
in U6

- 6.1

(-18,+2)

30-48

0.2

(-17,+2)

30-47

AG

*

IVS.B

178,C

IVS.D

-11.8

(-13,+6)

52-67

IVS.E

- 6.4

(-7,+7)

85-98

- 6.8

(-4,+6)

98-107

_i4.3

(-8,+5)

102-114

-18.4

(-9,+6)

61-73

IVS.F

IVS.G

contrast, no specific region for any of the five remaining snRNAs is
commonly involved in the matching. At best, two of the matches for
several of the snRNAs will involve the same region (bases 79-92 or U2,
114-146 of U3, 52-67 of U5, and 30-48 of U6). The stability of these
matches is quite varied, though, again perhaps with the exception of U3.
The free energies are -6.2 and -12.4 kcals for U2, -7.3 and -11.8 kcals
for'U5, -6.1 and 0.2 kcals for U6. There is also a marked difference
in the free energy values of the base pairing for the matches
containing bases 114-146 of U3, -11.6 and -29.3 kcals, but both are
considered thermodynamically stable. It must also be pointed out that
no snRNA, excluding Ul, exhibits hydrogen bonding with each inter
vening sequence across the splice site.
Reviewing the significant base pairing of all the snRNAs with
the ovalbumin intervening sequence junction regions, and specifically,
single-stranded regions of Ul RNA, it does appear that Ul's involvement
in RNA splicing occurs within the intron portions of precursor RNAs.
Moreover, Ul may be the only snRNA participating in splicing in this
maimer. Ul RNA shows stable base pairing across each splice junction;
in four of seven of these matches it has the highest stability in
comparison with the matches of the other snRNAs; one specific region
(bases 5-12) is always involved in the hydrogen bonding. These
features support Ul RNA's role in splicing over the other snRNAs,

Part II

In Fart I, intersequence base pairing between the small nuclear
RNAs and the 80-base intron regions surrounding the splice junctions of
the ovalbumin precursor mRNA were studied. This section explores the
possibility of the snRNAs hydrogen bonding across each splice junction
within the exon portion of the pre-mRNA molecule to specify splicing, a
as suggested by Ohshima (Ohshima et al., 1981). Base pairing with the
exon region may aid in enzyme recognition for cleavage, and would
permit proper alignment of the message sequence, facilitating the
ligation step in splicing. To study this, intersequence dyad symmetry
searches were run between the ovalbumin messenger SNA sequence and the
snRNAs. A linear search of each sequence was used, excluding any
secondary structure.
In Figures 4a,b,c, regions of each snRNA are seen to form stable
base pairs, i.e., AG ^ -15.0 kcals, with the ovalbumin message.
Within U1 RNA, regions 10-20, 30-40, 50-60, 80-90, and 130-140 are all
involved in stable matching. The regions of U2 that stably base pair
are bases 10-20, 60-70, 100-120, and 130-150. For U3, regions 10-40,
60-70, 80-90, 130-170, and 200-210 are involved. U4 shows stability
in matching in its regions 20-30, 90-100, and 130-140; U5 shows
stability of hydrogen bonding in regions 10-20 and 60-90; for U6,
regions 0-10 and 70-80 form stable base pairs. U3 RNA appears to have
the greatest affinity for matching with the message sequence, more of
its sequence base pairing with free energy values of G * -15.0 kcals;
it also has the greatest number of stable matches, 19, in comparison

Figure 4. Matches of varying stabilities between snRNAs and the
ovalbumin messenger RNA.
Criteria used for complementarity analysis were: PERCENTAGE
MATCH = 80%, L00P0UT - 2, MINMATCH - 8, and GUPAIR - 1 (allowing
for G_U base pairing). Matches with G values of less than
-5.0 kcalstZZH, -10.0 kcalstUHID, -15.0 kcalsflEHIH, and ..20.0M
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Matches of varying stabilities between snRNAs and the
ovalbumin messenger RNA.

Aa. Histograms of Ul and UA RNAs.

Figure 4. Matches of varying stabilities between snRNAs and the
ovalbumin messenger SNA..
Criteria used for complementarity analysis were: PERCENTAGE
MATCH - 80%, L00P0UT - 2, MINMATCH - 8, and GUPAIR - 1 (allowing
for G-U base pairing). Matches with G values of less than
-5.0 kp-alsl
Ij -10.0 kcalstmUD, -15,0 kcalsB&SB, and -20.0lHI
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Figure 4. Matches of varying stabilities between snBNAs and the
ovalbumin messenger RNA.
<
Criteria used for complementarity analysis were; PERCENTAGE
MATCH - 80%, L00P0UT - 2, MINMATCH - 8, and GUPAIR - 1 (allowing
for G-U base pairing). Matches with G values of less than
-5.0 kcalsCZZl, -10.0 kcalsttUmi, -15,0 kcalsfflffl, and -20.0H1
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Figure 4. Matches of varying stabilities between snRNAs and the
ovalbumin messenger RNA.
4c. Histograms of U5 and U6 KNAs.

with the other snRNAs (U1 has 8, U2 has 7, U4 and U5 have 6, and U6,
considerably lower, with 3 stable matches).
Although somewhat indicative of significant base pairing,
Figs. 4a,b,c illustrate matching throughout the whole message sequence.
Table 4 summarizes regions of base pairing between the snRNAs and the
message within 200 bases of each splice point. The positions and
distances of the matches from the splice sites are shown; those matches
that are starred span the splice junctions.
Examining Table 4, it is easily seen that six of the seven
splice junctions form at least one match with an snRNA region,
AG

&

-10.0 kcals, with the exception of IVS.D having a free energy of

-8.6 kcals. The exon segment surrounding the splice site for inter
vening sequence C is the only one excluded. Although several of the
snRNAs have base pairing regions that span two or more of the splice
junctions, there is very little overlap of the Individual regions that
hydrogen bond. Therefore, no particular sequence within an snRNA is
singly involved. The stability of these matches shows that those of
U1 and U2 RNAs (free energies ranging from -3.2 to -11.3 kcals) are
considerably lower on the average than those involving U3, U4, and U5
(free energies ranging from -9.0 to -20.7 kcals). U6 RNA ds the only
snRNA not base pairing across a splice junction; it also has the
poorest number of matches within these exon junction regions, as
suggested in Fig. 4c.
The distances of the matches from the splice points are
generally much closer than 100 bases on either side of the splice
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Table 4. Stability and location of each snSNA binding to exon sequence
of ovalbumin mRNA within $100 bases of splice sites.

U1RNA
AG

region in region in
position in
U1
mRNA
splice junction

IVS.A

-15.5

128-146

143-124

3'(76)

1VS.B

-23.0
- 7.2
- 6.0
-10.7
-20.6
-10.2
*- 5.9

7-24
68-87
71-84
126-147
130-146
133-152
30-46

190-71
202-182
199-187
163-145
170-153
157-142
247-230

5'(42)
5'(30)
5'(33)
5'(69)
5'(62)
5'(73)

IVS.D

-11.0
*- 8.6

122-136
69-85

387-370
427-411

5*(25)

IVS.E

- 2.4

126-149

586-562

3'(31)

IVS.F

- 7.3

40-59

616-596

5*(57)

IVS.G

-15.4
-21.4
• 3.0
• 7.2
• 6.1

30-42
49-64
128-152
128-146
129-146

808-797
824-806
889-867
777-75P
777-757

5'(21)
5'(5)
3*(37)
5'(50)
5*(52)

IVS.C

Table 4.

Stability and location of each snRNA binding—Continued.

U2RNA
region in
mRNA

AG

region in
U2

position in
splice junction

IVS.A

- 7.8
1.3
- 2.5
- 1.4

31-50
86-110
90-108
102-120

28-10
112-91
111-92
113-95

5*(20)
3'(43)
3'(44)
3'(47)

IVS.B

- 8.5
*- 4.0

106-123
28-47

267-249
247-226

3'(16)

IVS.C

- 8.0
- 8.5

53-69
106-123

280-261
267-249

5*(3)
5'(16)

IVS.B

- 8.0
- 7.0

46-62
54-72

446-427
458-439

3'(14)
3*(26)

IVS.E

-15.9
- 5.8
-15.3
-10.3
-20.7
*- 3.2

15-34
19-39
100-117
106-124
108-125
44-63

496-479
594-575
601-582
518-502
575-554
544-526

5*(34)
3*(44)
3*(51)
5'(12)
3'(23)

IVS.F

- 5.1
-10.6
- 3.1
*-11.3

50-65
98-115
106-123
13-31

712-693
719-700
744-724
684-666

3'(19)
3*(26)
3*(50)

IVS.G

-14.1
-11.3
-13.0

60-79
85-103
180-196

908-891
805-787
807-789

3*(61)
5'(24)
5'(22)

Table 4.

Stability and location of each snRNA binding—Continued.

AG

region In
U3

U3RNA
region in
mRNA

position in
splice junction

IVS.A

- 7.7
- 2.9
-26.3

2-19
47-70
56-73

28-9
121-99
83-66

5*(20)
3'(51)
3'(18)

IVs.B

-25.6
-21.9

125-144
142-162

216-196
190-172

5'(16)
5'(42)

IVS.C

-10.5

207-216

319-310

3'(26)

IVS.D

- 8.6
- 8.4

14-42
51-69

457-428
397-380

3'(15)
5'(15)

IVS.E

-14.3
*-19.7
*-19.6
*- 9.2

5-23
18-43
19-40
158-175

522-504
550-522
549-527
540-522

5'(8)

IVS,.F

- 5.8
- 6.7
- 0.3
-11.9
- 9.6
- 9.4
- 3.9
- 4.2

22-40
27-46
31-51
112-130
123-146
124-141
151-169
207-216

699-680
621-603
728-711
733-715
634-610
636-616
741-724
721-712

3\(6)
5'(52)
3'(37)
3*(41)
5*(39)
5'(37)
3'(50)
3'(38)

IVS.,G

-14.8
- 2.3
- 7.7
-14.4
-26.6
*-19.6
_20.3

2-20
23-44
126-146
136-156
139-156
3-25
162-177

850-830
893-877
913-896
896-880
788-769
848-823
902-886

3*(0)
3'(47)
3'(66)
3'(50)
5'(41)
3'(56)
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Table 4.

Stability and location of each snRNA "binding—Continued.

U4RNA
AG

region in region in
position in
U4
mRNA
splice junction

IVS.A

- 7.7

96-113

115-98

3'(50)

IVS.B

- 9.5
*-18.6

32-53
86-104

256-233
289-271

3'<0)

4-22

434-415

3'(3)

1VS.C
IVS.D

- 6.9

IVS.E

- 3.3
-15.6
-13.4
-12.2
-11.8
-11.8
-11.8
-15.1
-24.1
-19.0
-11.0
*-10.4

10-28
11-30
97-118
98-118
104-118
105-118
106-118
122-141
123-146
124-144
101-118
116-136

597-578
602-582
609-590
608-590
603-590
602-590
601-590
575-559
575-534
574-557
606-590
548-529

3^(47)
3'(51)
3'(59)
3'(59)
3'(59)
3'(59)
3'(59)
3'(28)
3'(23)
3'(26)
3'(59)

IVS.F

- 5.0
-13.9
-15.7

30-42
63-81
123-143

717-706
633-615
620-602

3'(32)
5'(40)
5'(53)

IVS.G

- 5.1
- 7.8
- 4.5
- 6.7

11-28
13-30
106-119
114-131

806-786
803-783
801-789
864-846

5'(23)
5'(26)
5'(28)
3'(16)

Table 4.

Stability and location (jf each snRNA binding—Continued.

U5RNA
AG
IVS.A

-18.0
*-20.7
*-9.0

region in
U5

region in
mRNA

position in
splice junction

70-79
4-21
90-105

60-51
59-40
48-33

3*(3)

IVS.B
IVS.C

-17.8

53-69

321-302

3*(18)

IVS.D

-16.6

11-23

397-384

5'(15)

IVS.F

-15.8

82-92

715-705

3'(31)

IVS.G

- 6.7
-12.8

2-19
94-112

908-892
94-112

3*(62)
5*(11)

IVS.E
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Table 4.

Stability and location of each snRNA bindings-Continued.

UfjRNA
AG
IVS.A

region in
U6

region in
mRNA

position in
splice junction

- 3.6

31-39

105-97

3'(49)

IVS.C

_ 8.1

89-107

282-265

5*(1)

IVS.D

-22.4
-26.3

63-80
62-83

378-360
375-358

5'(34)
5*(37)

- 6.7

96-107

621-609

5'(52)

IVS.B

IVS.E

IVS.F
IVS.G

junctions, 75.6% are within 50 bases of the junctions. Table 5 shows
the percentages of matches within 50 bases of all the splice sites
combined. When considered as a 100-base segment of the ovalbumin
message (±50 bases of each splice point), the total number of bases
surrounding the intervening sequence junctions is 700. Therefore,
37.4% of the message is within the junction regions, 62.6% is outside
these regions. As seen in Table 5, U2 through U5 RNAs have a greater
percentage of their matches falling within those junction regions than
would be expected at random (55.3%, 41.8%, 53.6%, and 50.0%,
respectively). Table 5 also shows percentages of stable matches
within the 100-base regions.
Although six of seven splice sites had snRNAs that could form
hydrogen bonds across them, these regions of base pairing were not
localized to a specific snRNA or with a unique region of an snRNA,
unlike U1 binding within the intervening sequences across the splice
junctions. It does appear, though,.that base pairing across or near
splice sites on the message portion of the precursor RNA may not be
occurring at random; in four of the six snRNAs, significantly higher
percentages of total matches than expected fell within 100 bases of the
splice points. In proposing that snRNAs, either individually or in
combination, are splicing signals when bound to the exon portion of a
precursor RNA molecule, several points must be kept in mind. None of
the snRNAs alone were capable of base pairing with more than three of
the seven ovalbumin exon junction sequences. Even in combination,
one of the seven junction regions is not represented in base pairing

Table 5. Percentages of matches of each snRNA to ovalbumin message within ±50 bases of splice
sites.

snRNA

Total number
of matches

Percentage
within ±50

Percentage
within ±50
G - -10.0 kcals

Percentage
within ±50
6 - -15.0 kcals

U1

34

32.25

11.76

8.82

U2

38

55.26

18.42

5.26

U3

55

41.82

21.82

12.73

U4

28

53.57

21.43

14.28

U5

14

50.00

42.86

35.71

U6

12

33.33

16.67

16.67

with an snRNA. From these results, It seems unlikely that a single
snRNA will act as a bridge on the mRNA side of ths splice junction.
It is possible that this type of interaction may be occurring
simultaneously with intron matching of U1 RNA, or with some other
mechanism to aid in precise splicing.
Part III
Farts I and II investigated the stabilization of the splicing
intermediate through RNA-RNA interactions between the snRNAs and both
the intron and exon regions of the precursor mRNA molecule, primarily
at the splice sites. Unfortunately, this investigation did not help to
answer the question of how this structure was formed. Part III
explores the possibility that one snRNA may bind near the splice site
and act as a marker to establish the 5' or 3' boundary of the splice
junction. Intersequence dyad symmetry searches were run between the
snRNAs and each entire intervening sequence of the ovalbumin precursor
mRNA to consider this possibility. Figures 5a,b are histograms
illustrating regions of each small nuclear RNA that are Involved in .
stable base pairing (AG * -10.0 kcals, AG * *-15.0 kcals). It is
easily seen that regions of each snRNA are capable of forming stable
matches with the intervening sequences. U1 RNA and U3 RNA have the
greatest number of significant matches, both with 31 matches having
AG * -15.0 kcals, in comparison with 15 for U2, 20 for U4, 16 for U5,
and 7 for U6. Even though matches with the introns were found over
the entire sequence of U1 (Fig. 5a), by far the greatest number of

Figure 5. Hatches of varying stabilities between snRNAs and the seven
entire intervening sequences of ovalbumin combined.
Criteria used for complementarity analysis were these:
PERCENTAGE MATCH - 75%, 80%, L00P0UT = 2, MINMATCH - 8, and GUPAIR - 1
(allowing for G-U base pairing). Matches with G values of less than
— 10 ,kc.a1 si
I and less than -15 kcals mi ml are shown.
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Figure 5. Matches of varying stabilities between snRNAs and the seven
entire intervening sequences of ovalbumin combined.
5a. Histograms of Ul, U4, U5, and U6 RNAs.

Figure 5. Matches of varying stabilities between snRNAs and the seven
entire intervening sequences of ovalbumin combined.
Criteria used for complementarity analysis were these:
PERCENTAGE MATCH - 75Z, 80%, L00P0UT » 2, MINMATCH - 8, and GUPAIR - 1
(allowing for G-U base pairing). Matches with G values of less than
-10.ke.alsl
land less than -15 kcals HHHD are shown.
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Figure 5. Matches of varying stabilities between snRNAs and the seven
entire intervening sequences of ovalbumin combined.
5b. Histograms of U2 and U3 RNAs.
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matches, 48.4%, are at the 5' end of the sequence (bases 1CL40). The
5' end of U4 RNA, bases 10-40, also contains a significant portion of
its stable matches, 60.0%. The distribution of base pairing for the
remaining snRNAs is more even throughout each sequence.
Each stable match was plotted against the intervening
sequences to illustrate the sections of the introns involved in the
base pairing, and the stability of each match. Those graphs showing the
whole intervening sequences are not given, but composites of the intron
matches with the snRNAs, falling within 200 bases on each side of the
exon-intronj intron-exon junctions, AG--10.0 kcals, are shown in Fig. 6.
The composites of Fig. 7 are more stringent (AG--15.0 kcals).
In both Figs. 6 and 7, the composites all appear to have an even
distribution of matches on either side of the junction region. U6 RNA
has the fewest number for both free energy values (9 and 2 for -10.0 and
-15.0 kcals), the others being fairly equal for AG--10.0 kcals, ranging
from 21 to 28 matches. Fig. 7 shows that Ul, with 17, and U3, with 19,
have a significantly greater number of matches within this region than
U2, U4, and U5 RNAs with stabilities of G--15.0 kcals (9, 12, and 10
matches, respectively). In comparing Ul to U3, the matches for U3 at
this free energy level are clustered in the first 100 bases of the 5'
part of the 200 base regions.
In an attempt to determine the random base pairing occurring
within the snRNA-intervening sequence matches, intersequence
complementarity runs were performed between the snRNAs and segments of
the pBR322 sequence, constructed to have the same lengths as the

Figure 6. Composite diagrams showing minimum stabilities of
AG £ -10.0 kcals of snRNAs base pairing within ±200 bases
of ovalbumin splice sites.
Diagrams for each snRNA and ±200 base regions of intervening
sequences are numbered with positive values indicating bases adjacent
to 5' region of message and with negative values indicating bases
adjacent to 3' region of message. Vertical bars show location and
stability of matches.
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Figure 6. Composite diagrams showing minimum stabilities of
AG * -10.0 kcals of snRNAs base pairing within ±200 bases
of ovalbumin splice sites.

Figure 7. Composite diagrams showing minimum stabilities of AG -15.0 kcals of snRNAs base pairing within ±200 bases of
ovalbumin splice sites.
Diagrams for each snRNA and ±200 base regions of intervening
sequences are numbered with positive values indicating bases adjacent
to 5' region of message and with negative values indicating bases
adjaceiit to 3' region of message. Vertical bars show location and
stability of matches.
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ovalbumin intron regions. Figs. 8a,b show the regions of the snRNAs
forming stable base pairs with pBE.322.

It is obvious that all of the

snRNAs have regions capable of forming stable matches with this
sequence.

In comparison with Figs. 5a,b, different regions of the

snRNAs are involved in base pairing.
The regions of pBR322 base pairing with the small RNAs were
diagrammed in the same fashion as those with the ovalbumin intervening
sequences. Figs. 9 and 10 are the composite diagrams, with
AG—10.0 kcals, AG--15.0 kcals, respectively. In comparing the two
figures, it can be seen that the majority of the matches for each
snRNA have free energies of AG--15.0 kcals. 100% of the matches for
Ul, 83.3% for U2, 75.8% for U3, 72.2% for U4, 55.6% for U5, and 69.2%
for U6 all have free energy values of AG--15.0 kcals.
Table 6 shows a comparison of base-pairing stabilities between
the ovalbumin intervening sequences and the pBR322 sequence with the
snRNAs. The total number of matches is greater overall for the
ovalbumin intervening sequences, but the percentages of stable matches
(AGf-10.0 kcals, AG--15.0 kcals) are generally lower for these same
sequences. It should be noted, though, that there are limitations in
using pBR322 as a control. The base composition of pBR322 is quite
different than the base composition of the ovalbumin precursor mRNA.
Each region of pBR322 used in this dyad symmetry search had much higher
guanine and cytosine contents than the intervening sequences, all of
which are adenine and uracil rich. Also, the occurrence of the C-G
dinucleotide is much higher in pBR322 than in eukaryotic cells.

Since

Figure 8. Matches of varying stabilities between snRNAs and regions
of the sequence of pBR322.
Sequences equalling the length of the seven ovalbumin Inter
vening were arbitrarily chosen from the sequence of pBR322 and
constructed to form random intervening sequences. Criteria used for
complementarity analysis were: PERCENTAGE HATCH • 75%, 80%, L00P0UT 2, MISMATCH » 8, and GUPAIR = 1 (allowing for G-TJ base pairing. Hatches
with AG values of less than -10 kcals and less than -15 kcals are
shown.
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Figure 8. Matches of varying stabilities between snRNAs and regions
of the sequence of pBR322.
Sequences equalling the length of the seven ovalbumin inter,
venlng were arbitrarily chosen from the sequence of pBR322 and
constructed to form random intervening sequences. Criteria used for
complementarity analysis were: PERCENTAGE MATCH - 75Z, 80Z, LOOPOUT 2, MINMATCH - 8, and GUPAIR - 1 (allowing for G-U base pairing. Matches
with AG values of less than -10 kcals and less than -15 kcals are
shown.
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coo

Figure 9.

Composite diagrams showing minimum stabilities of AG -10.0 kcals of snRNAs base pairing within ±200 bases of
constructed pBR322 splice sites.

Sequences equalling the length of the seven ovalbumin inter
vening sequences were arbitrarily chosen from the sequence of pBR322
to form random intervening sequences. Diagrams for each snRNA and
±200 base regions of intervening sequences are numbered with positive
values indicating bases adjacent to 5' region of message and with
negative values indicating bases adjacent to 3' region of message.
Vertical bars show location and stability of matches.
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Figure 9. Composite diagrams showing minimum stabilities of AG ~
-10.0 kcals of snRNAs base pairing within ±200 bases of
constructed pBR322 splice sites.

Figure 10. Composite diagrams showing minimum stabilities of
AG - -15.0 kcals of snRNAs base pairing within ±200 bases
of constructed pBR322 splice sites.
Sequences equalling the length of .the seven ovalbumin inter
vening sequences were arbitrarily chosen from the sequence of pBR322
to form random intervening sequences. Diagrams for each snRNA and
±200 base regions of intervening sequences are numbered with positive
values indicating bases adjacent to 5' region of message and with
negative values indicating bases'.adjacent to 3' region of message.
Vertical bars show location of matches. Height of bar is proportional
to -AG of that particular match.
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Table 6. Comparison of snRNA matching with pre-ovalbumln Intervening sequences and pBR322.

snRNA match
with IVS
U1
U2
U3
U4
U5
U6

total matches
at 75%

% matches
of G< -10

% matches
of G* -15

44
41
48
51
24
21

61.36
65.85
62.50
74.51
87.58
71.43

52.27
29.27
41.67
39.22
41.67
9.52

26
29
39
45
29
25

76.92
75.86
64.10
82.22
89.66
80.00

57.69
62.07
41.02
60.00
58.62
64.00

total matches
at 80%

% matches
of G- -10

% matches
of G* -15

51
46
57
41
36
27

62.74
80.43
84.21
70.73
86.11
51.85

50.98
28.26
54.38
31.71
33.33
18.52

30
34
54
70
40
27

70.00
70.59
77.78
71.43
72.50
85.18

53.33
58.82
59.26
60.00
30.00
55.56.

snRNA match
with pBR322
U1
U2
U3
U4
' U5
U6
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base pairing involving C-G dinucleotides is very stable, the likelihood
of the pBR322 sequence forming more stable matches than the ovalbumin
sequences is expected.
The significance of the base pairing seen between the snRNAs
with the intervening sequences, outside the splice junction regions, at
this point is unknown. The presence of stable regions of matching
within 200 bases of either side of the splice site does suggest
possible snRNA involvement in splicing other than spanning the junction.
The lengths of the snRNAs are such that base pairing across the splice
site and, at the same time, with another region within 200 bases of
the junction could occur simultaneously. Since most of the U1
sequence shows stable matching throughout the intervening sequences
(Fig. 5a), regions other than bases 1-22, which are thought to
hydrogen bond across splice sites, may be base pairing elsewhere. In
this manner, the splicing recognition points may be generated.

DISCUSSION
Since the discovery that many eukaryotic genes and their
initial mRNA transcripts contain regions within their sequences that do
not appear in the mature mRNA, there has been much speculation on the
mechanism of removal of these "intervening sequences." This study
concentrates on two of the postulated splicing models. The first is an
intron model in which U1 RNA forms stable base pairs within the inter
vening sequences surrounding the splice sites. A comparison has been
made between the proposed secondary structure forms for U1 RNA, based
on their interactions with the seven splice junction regions of the
ovalbumin precursor mRNA. In addition, the other five small nuclear
RNAs have been considered in the same fashion, as potentially forming
stable base pairs with those junction regions. These have been
contrasted with U1 RNA to determine which RNA may be involved in these
RNA-RNA interactions in vivo.
The second model reviewed is an exon model in which the snRNAs
are thought to base pair across the splice sites with the nucleotides
contained in the exon regions of the precursor mRNA molecule. It was
suggested by Ohshima (Ohshima et al., 1981) that the nucleotide
sequence 126-146 of U2 RNA may be capable of hydrogen bonding to exon
regions of various pre-mRNAs, specifying the splicing enzyme recognition
site and maintaining the exon sequence for proper alignment in ligation.
Expanding on this proposal, each snRNA, in its entirety,^ is examined
through intersequence dyad symmetry searches for areas within their
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sequences that stably base pair across the splice junction along the
exon sequences of pre-mRNA.
The remaining portion of this section is devoted to discussing
the possible base pairing of the snBNAs near an intro-exon junction
prior to the formation of the splicing intermediate. The 5' end of
U1 RNA, in region 20-40, beyond the 5-12 sequence suggested to be
involved in hydrogen bonding across the splice junctions, shows
significant base pairing with nucleotide residues of the intervening
sequences within 200 bases of each splice point. The idea that
splicing may be processive, and may involve the 5' end (bases 20-40) of
U1 will be discussed here.
The potential involvement of U1 RNA in RNA splicing is
supported by the results discussed in Fart I. Of all the snRNAs, U1
is the only one that shows successful matching, i.e. with free energy
values less than or equal to -10.0 kcals, across each of the ovalbumin
intervening sequence junction regions. Even without the free energy
limitation, the other snRNAs do not hydrogen bond with all seven of the
ovalbumin intron splice junctions. Therefore, a definite preference for
U1 RNA exists.
When U1 is viewed as a linear sequence for base pairing with
the intron splice junctions, as it is in the snRNA comparisons shown
above, it is obvious that the 5' end of the sequence, particularly
nucleotides 5-12, are commonly involved in the matching. It is hot
surprising, then, that the secondary structure models, all having this
region of U1 free for possible hydrogen bonding, show matches of
substantial stability (AG^-10.0 kcals). As mentioned in the Results

section, the matches with the greatest thermodynamic stability rely
heavily on this 5' end of the sequence, rather than the bases closer
to the 3' end of Ul. Model II is chosen as the best secondary structure
for Ul, when based on its potential for hydrogen bonding within these
splice,junction regions. In addition to the region 1~12 on the 5* end
of Ul, Model II also contains bases 124-138, 165 from the 3' end. All
of the nucleotides contained in the single.stranded area of Model II,
though, are not base pairing across the intron junctions. Bases 3-12 of
the 5* end and bases 124-129 of the 3' end are the nucleotides from this
model that form the stable matches. In questioning whether the
secondary structure actually does enhance base pairing within these
intron sequences over the 5' linear sequence of residues 1-22, a
comparison of Models I and II shows that in matching across IVS.A,
IVS.B, IVS.C, and IVS.E, this 3' region does add to the stabilization of
the matches. For IVS.D, IVS.F, and IVS.G, elimination of this 3*
region and extension of the 5' bases through nucleotide 22 yields
matches that have lower free energy values. In view of this, it does
appear that inclusion of this 3' sequence, due to secondary structure
formation, may contribute to binding stability in the RNA-KNA
interaction.
From the data obtained in Part II, it is unlikely that all
splicing events in ovalbumin are stabilized by snRNA binding across
the exon portion of the splice junction. No single snRNA base pairs
across each splice site along the exon portion of the precursor
molecule; even in combination, one of the seven splice junctions shows

no interaction with any of the snRNAs. It is possible, though, that
this model could work simultaneously with the Intron model to help in
stabilizing the U1 matches within the intervening sequences. As seen
in Table A, there is some stable hydrogen bonding across exon junction
regions, free energy values ranging from -8.6 to -20.7 kcals. When
coupled with the intron model in which U1 SNA base pairs across the
intron splice junctions, the stability of the RNA-RNA structures would
greatly increase, with possible free energy values as low as -31.5 kcals,
from those stabilities studied here. Perhaps this type of interaction
is occurring in vivo.
Sequence complementarity between the small nuclear RNAs and
each of the seven entire intervening sequences of ovalbumin has been
considered in Part III. As mentioned in the Results section, all
snRNAs have stable matches within the intron regions, for G4-15.0 kcals'.
U1 RNA may be the most enticing in its possible involvement in splicing.
A large portion of its sequence is capable of hydrogen bonding with
regions of the intervening sequences, region 10-40 containing 48.4% of
these matches. Interestingly, 13 of the 15 matches involving nucleo
tides 10T40 of U1 (87.7%) lie within 200 bases of the splice points,
the majority of matches, 9 of 13, being on the region adjacent to the
5' ends of the splice sites.
Based on the results cited above and on the known complementarity
of the region at the 5' end of U1 RNA with intervening sequence splice
junctions, a processive mechanism of RNA splicing can be suggested.
This type of mechanism would require the splicing complex to have at
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least two binding sites. The activity would be such that one site would
bind near the 5' end of the intervening sequence as the other site
advanced in a processive manner along the intervening sequence until
reaching the 3' splice site. The movement of one portion of the
complex along the RNA chain would result in a loop out of the inter- .
vening sequence.
An alternative model involves recognition elements at the 5' and
3* ends of the intervening sequence that become associated through
diffusion, forming a looped out structure that allows cleavage and
ligation for intron removal. This non-processive model may be dif
ficult for cases in which pre-mRNAs contain large numbers of intervening
sequences. An example is <*2 collagen that has over 50 introns.
Diffusion of the snRNA-protein complexes to form splicing intermediates
could often produce mismatching of the proper 5' and 3' Intron border
sequences, resulting in the loss of an exon. Intron removal from
precursor mRNAs such as that of collagen favors a processive model as
previously described. Advancement through a linear search of this premRNA would permit the splicing signals to be found in their proper
sequence, decreasing the chance of mismatching and accidental exon
excision (Awedimento et 41., 1980).
We propose that hydrogen bonding with U1 RNA near the 5' end of
an intervening sequence may be the start of a recognition sequence for
a splicing complex that will make a linear search until finding the 31
end of the intron. At this point, hydrogen bonding of the U1 RNA
across the splice junction would stabilize the cleavage and ligation

of the mRNA, as described in the first two sections of this proposal
(Fig. 11).
In support of 5'- 3' polarity for this process, in addition to
the frequency of base pairing between bases 20-40 of U1 UNA and the 5'
ends of the intervening sequences, is the occurrence of atypical
splicing in B+thalessemia. It has been discovered that there is a
single base substitution near the 3' splice junction of the first
intron in the $+thalessemia pre-mRNA (21 bases from the 3' splice site),
in comparison with the normal B-globin pre-mRNA. If splicing were
process!ve, as suggested here, the point mutation could create an
additional splicing recognition point, causing premature excision of a
portion of intron I. This point mutation may be generating incorrectly
spliced B-globin mRNA., resulting in the g+thalessemia (Busslinger,
Moschonas and Flavell, 1981).
From this study, several conclusions concerning the possible
roles of the small nuclear RNAs in RNA splicing can be drawn. U1 RNA,
in comparison with the other snRNAs, definitely exhibits the best
hydrogen bonding with the ovalbumin intervening sequences across the
splice sites. Not only is U1 preferred, but a specific region at the
5' end of U1 RNA, nucleotides 5-12, is commonly involved in the base
pairing. Secondly, snRNA-RNA interactions with the exon sequences of
the precursor mRNA are possible, but appear to be insufficient alone for
the specification of splicing. The possibility does exist, though, that
this type of interaction may help to stabilize an enzyme recognition
site. Thirdly, additional hydrogen bonding within the intervening

Figure 11. Proposed model for steps in RNA splicing.
The figure shows the proposed steps involved in RNA splicing.
The 5' end of the RNA molecule is shown on the left side of the
page and the 3' poly (A) on the right side. The message is denoted
by wavy line; the intervening sequence is denoted by a bold line.
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mRNA
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Figure 11. Proposed model for steps in RNA splicing.
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sequences at regions near but not spanning the splice junctions, is seen
with nucleotides 20-40 of U1 RNA. This type of base pairing, coupled
with the binding of bases 5-12 of U1 across the splice junctions,
supports the idea of a processive splicing mechanism. The criteria of
such a model can be fulfilled with these suggested snRNA-RHA inter
actions: (1) the presence of a 5' recognition site (bases 20-40 of Ul),
(2) migration along the intervening sequence (perhaps through a
threading motion), (3) the location of the 31 recognition site (bases
5-12 of Ul), (4) stabilization of the splice junction (base pairing
interactions with Ul RNA, and perhaps the other snRNAs along the exon
region), and (5) cleavage and ligation for proper splicing. Therefore,
this study suggests that a region near the 5' end of the intervening
sequence may be necessary for the correct determination of SKA splicing.
This prediction should allow the design of experiments to determine
what sequences are necessary for splicing in vivo.
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