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A Genetic Analysis of 5' Splice Site Selection in Saccharomyces

cerevisiae

Cammie Faith Lesser

Abstract

A major challenge to the field of pre-mRNA splicing has been
to determine how the RNA and protein components of the
spliceosome identify splice sites and juxtapose the catalytic
residues of the spliceosome with the exon/intron boundaries. U1
snRNA helps to identify the 5' splice site, by interacting directly
with the splice site, and to commit the pre-mRNA to the splicing
pathway. However, in higher eucaryotes, other factors are involved
in the process of 5' splice site recognition. This thesis describes
work that implicates additional factors in 5' splice site selection in
~yeast. In order to screen for factors in both a sensitive and
quantitative fashion, a new genetic system was developed in which
CUP1 gene fusions are used to monitor pre-mRNA splicing efficiency
(Chapter 2). An analysis of several 5' splice site competition assays
demonstrates that the process of 5' splice site selection in yeast,
like higher eucaryotes, is complicated and involves many
determinants including (1) splice site sequence, (2) flanking
sequence, (3) proximity to branch point sequence and (4)
complementarity to U1 snRNA (Chapters 2, 3 and 4).

Previous work demonstrated that the U1 snRNA-5' splice
site interaction is not sufficient to define the exact site of

cleavage. This work demonstrates that both U6 and U5 snRNAs

vii



are involved in defining the site of §' cleavage. U6 snRNA base
pairs directly with the 5' splice site and serves to juxtapose
the 5 exon-intron boundary with the catalytic residues of the
spliceosome (Chapter 5). U5 snRNA can also interact directly
with the splice site (Chapter 6). Thus, it appears that U1, U5
and U6 snRNAs are involved in §' splice site selection. While
U1 snRNA appears to commit the pre-mRNA to the splicing
pathway and U6 snRNA juxtaposes the 5' exon-intron boundary
with the catalytic residues of the spliceosome, the role of U5
snRNA is unclear. Preliminary evidence suggests that U5
snRNA may serve to link commitment and &' splice site

cleavage.
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CHAPTER 1
The interactions of the 5' splice site

with snRNAs and proteins



Nuclear pre-mRNA splicing is the process by which introns are
removed from mRNA precursors to form functional mature mRNAs.
This process is carried out by the spliceosome, a complex
ribonucleoprotein machine composed of five small nuclear RNAs (U1,
U2, U4, US and U6 snRNAs) and numerous proteins. Introns are
removed by two consecutive transesterification reactions (Figure 1).
In step 1, the 2'-OH of the intron branch point adenosine attacks the
phosphodiester bond at the 5' splice site, resulting in the formation
of free exon 1 and lariat intermediate. In step 2, the 3'-OH of exon 1
attacks the 3' splice site resulting in ligation of exon 1 to exon 2
and the release of the excised intron lariat (for review see (Green,
1991; Guthrie, 1991; Moore, et al., 1993)).

The two-step mechanism of nuclear pre-mRNA splicing is
similar to the mechanism of intron removal from Group | and Group
Il self-splicing introns (for review, see (Cech, 1993)).

- Interestingly, many of the self-splicing introns encode all of the
information needed to perform their own excision and can be spliced
in the absence of proteins. Each group of self-splicing introns
shares a highly conserved secondary structure (Figure 2A). It is the
RNA:RNA interactions in these structures, that are often all that is
required to juxtapose the cleavage sites with the catalytic residues
of the intron and ensure accurate intron excision. In contrast,
nuclear pre-mRNA introns are defined solely by the sequence and
positioning of three short regions of RNA: the 5' splice site, the
branch point region and the 3' splice site (Figure 2B) (for review, see
(Green, 1991; Guthrie and Fink, 1991; Moore, et al., 1993)). Thus, a
major challenge to the field of pre-mRNA splicing has been to



determine how the RNA and protein components of the spliceosome
interact to identify the splice sites and correctly juxtapose the
intron-exon boundaries with the catalytic residues of the
spliceosome. The major focus of my thesis work has been to

understand the role of the 5' splice site in this process.

Roles of the 5' splice site in splicing. Sequence analysis of U1
and U2 snRNAs hinted at their roles in splicing. When a short region
of U1 was found to be complementary to the 5' splice site (Figure
3)(Lerner, et al., 1980; Rogers and Wall, 1980), it was proposed that
this snRNA could identify the intron by base-pairing with the pre-
mRNA (Keller and Noon, 1984). Indeed, genetic experiments,
confirmed that U1 and U2 both base pair with the pre-mRNA (Figure
3)(Parker, et al., 1987; Seraphin, et al., 1988; Siliciano and Guthrie,
1988; Wu and Manley, 1989; Zhuang and Weiner, 1986; Zhuang and

- Weiner, 1989). For example, in yeast, mutation of positions 1, 2 or 5
of the 5' splice site result in a decrease in the efficiency of the
first step of splicing, presumably as a result of their impaired
ability to base pair with U1. Restoration of Watson-Crick
complementarity between U1 and position 1 or 5 of the §' splice
site, by the introduction of compensating mutations in U1, increased
the efficiency of step 1 (Seraphin, et al., 1988; Siliciano and
Guthrie, 1988). Curiously, neither in yeast nor mammals did the
introduction of compensating mutations in U1 restore the level of
splicing of the mutated pre-mRNA to wild-type levels. Indeed, in
some cases in mammals, the restoration of complementarity

between the mutated 5' splice site and U1 had no effect on splicing



(Parker, et al., 1987; Seraphin, et al., 1988; Siliciano and Guthrie,
1988; Wu and Manley, 1989; Zhuang and Weiner, 1986; Zhuang and
Weiner, 1989). These observations suggested that recognition of the
5' splice site involves other factors in addition to U1.

Mutational studies of the 5' splice site also revealed that this
sequence is involved in several steps of the splicing pathway. For
example, all point mutations at intron position 1 (G1), the object of
attack of the 2'-OH of the branch point adenosine (see Figure 1),
result in a complete block to the second step of splicing but only
partially block the first step (Newman, et al., 1985; Fouser and
Friesen, 1986; Vijayraghavan, et al., 1986). The second step cannot
proceed if the branch point adenosine is covalently bonded to any
nucleotide but guanosine. Compensatory changes in U1 do not
alleviate the block to the second catalytic step (Siliciano and
Guthrie, 1988). This surprising result implies that intron position 1
- is examined at least twice in the splicing pathway, first in the pre-
mRNA by U1 and later, prior to or during the second catalytic step, in
the branched region of the lariat intermediate. Thus, at least one
nucleotide of the 5' splice site plays a role in both catalytic steps of
splicing.

Intron position 5 also plays at least two roles in the splicing
pathway. In Saccharomyces cerevisiae, all point mutations at intron
position 5 confer the unique phenotype of activating cleavage at an
aberrant site in addition to cleavage at the normal 5' splice site
(Figure 4A). The location and frequency of aberrant cleavage
depends on the particular intron mutated as well as the specific

nucleotide change (Jacquier, et al., 1985; Parker and Guthrie, 1985;



Fouser and Friesen, 1986). Interestingly, the lack of sequence
complementarity between the new aberrant 5' splice site sequence
and U1, argues that this aberrant cleavage site is not defined by a
U1-intron base-pairing interaction. In addition, the introduction of
compensatory changes in U1 does not prevent aberrant cleavage;
rather cleavage is increased at both the normal and aberrant sites
(Figure 4B)(Seraphin, et al., 1988; Siliciano and Guthrie, 1988). If
base-pairing between U1 and the 5' splice site is an important
determinant of cleavage site choice, then the restoration of
complementarity between these two RNAs is predicted to prevent
cleavage at the aberrant site. Thus, the observed increase in
aberrant cleavage indicates that intron position 5 plays at least two
roles in the splicing pathway. First, intron position 5 base pairs
with U1, as demonstrated by the improved cleavage efficiency seen
when U1 is mutated in a manner that restores base-pairing. Second,
- intron position 5 plays a role in defining the site of 5' cleavage
independent of its interaction with U1 snRNA, since compensating
U1 mutations do not suppress aberrant cleavage (Seraphin, et al.,
1988; Siliciano and Guthrie, 1988).

Previous experiments in the mammalian system had suggested
that the base-pairing interaction between U1 and the §' splice site
defined the cleavage site (Aebi, et al., 1987). Consequently, the
observation in S. cerevisiae that the location of 5' cleavage could be
uncoupled from U1 base-pairing was very surprising. Thus, these
early experiments raised the question of whether the splicing
apparatus of yeast and mammals had evolved different strategies to

determine the location of §' cleavage, an essential step in the



splicing pathway. A related question is whether 5' splice site
recognition and cleavage site choice are separate events in
mammals?

In summary, mutational studies of the §' splice site
demonstrated that this sequence is involved in several steps of the
splicing pathway. These experiments raised the possibility that
other factors in addition to U1 interact with this sequence (1) to
identify the 5' splice site, (2) to define the exact cleavage site and
(3) to determine whether the splicing apparatus should progress
through the second step of splicing after inspection of the branched
lariat intermediate. Thus, | set out to use genetic techniques to
further characterize the roles of the nucleotides of the 5' splice site
and to identify factors involved in distinct aspects of intron
recognition and/or cleavage site choice.

As mentioned earlier, at the outset of this thesis work U1
- snRNA was the only factor known to interact with the 5' splice site.
However, during the course of these studies it became clear that
this short consensus sequence interacted with additional snRNAs

and proteins throughout the splicing pathway.

interactions between the 5°' splice site and snRNAs. U1l is
the first snRNA to bind to the pre-mRNA and, in the case of S.
Cerevisiae, it is the U1-5' splice site interaction that commits the
pre-mRNA to the splicing reaction (Legrain, et al., 1988; Seraphin
and Rosbash, 1989a). Interestingly, this commitment step is
dependent on the presence of both a 5' splice site and a branch point

recognition sequence. Presumably, commitment of the pre-mRNA



requires one or more proteins. Only one U1 associated protein, U1-A,
has been implicated in commitment complex formation. However,
mutation of this protein only prevents commitment of the pre-mRNA
if U1 snRNA is also mutated (at a site distinct from the U1-A or §'
splice site binding regions) (Liao, et al., 1993). Mammalian in vitro
assays have demonstrated that the U1-C protein helps to stabilize
the U1/5' splice site interaction (Heinrichs, et al., 1990); however,
no role for this protein in commitment of the pre-mRNA has been
demonstrated. To date, no homolog for this protein has been
identified in yeast.

U1 and U2 are the only snRNAs that contain obvious stretches
of RNA that are complementary to the 5' splice site and branch point
recognition consensus sequences. Thus, the likelihood that other
snRNAs directly contact the pre-mRNA was presumed to be very low.
Consequently, it was very surprising when Newman and Norman
- (1991) showed that mutations in U5 snRNA could activate an
aberrant 5' splice site by base-pairing with the pre-mRNA. They
demonstrated that when the §' splice site was mutated at intron
position 1, mutations in the invariant loop of U5 could activate
cleavage at aberrant 5' sites. The location of these new cleavage
sites was determined by base-pairing interaction between U5 and
the sequence just upstream of the cleavage site (positions -2 and
-3)(Figure 5)(Newman and Norman, 1991; Newman and Norman,
1992). Notably, however, these special alleles of U5 only activated
cleavage at the cryptic sites when the §' splice site was mutated at
position 1. It was thus unclear whether this observation reflected

normal U5 function, given that there is no strong conservation of



exon sequence adjacent to normal 5' cleavage site. Interestingly,
however, crosslinking studies in mammalian systems demonstrated
that US is normally in proximity to the exonic region of the 5' splice
site (Wyatt, et al., 1992; Sontheimer and Steitz, 1993). It still
remains to be seen whether U5 plays an instructive role in normal 5'

cleavage site choice.

5' splice site interactions with proteins. Two families of
proteins, SR proteins and hnRNP proteins, have been demonstrated to
influence 5' splice site selection in higher eucaryotes. All six of the
well characterized SR proteins contain both an RNA recognition
motif (RRM) and a domain rich in Arg-Ser dipeptides (SR) (Ge and
Manley, 1990; Krainer, et al., 1990; Zahler, et al., 1993).
Interestingly, the first member of this SR family, ASF/SF-2, was
isolated independently as a factor involved in alternative 5' splice
- site choice (Krainer, et al., 1990) and as an essential splicing factor
(Ge and Manley, 1990). Curiously, the addition of any one member of
the family to a splicing fraction depleted for all the SR proteins can
provide the necessary function to allow splicing to proceed (Krainer,
et al., 1990; Zahler, et al., 1993). However, each protein
differentially affects the splicing of competing 5' splice sites
(Zahler, et al., 1993), suggesting that these proteins may play unique
roles in the regulation of alternative splicing.

SR proteins have been shown to commit mammalian pre-mRNAs
to the splicing pathway in the absence of U1 (Fu, 1993). This
important result argues that a factor interacts with the 5' splice

site prior to U1. Interestingly, SR proteins have been demonstrated



to promote U1 binding to the 5' splice site (Zuo and Manley, 1993).
No members of the SR family have been found so far in S. cerevisiae .
If the sole role of these proteins is to regulate alternative splicing,
then their absence in S. cerevisiae might not be surprising since no
examples of alternative splicing have been observed. On the other
hand, since, these proteins are essential for mammalian splicing in
vitro there may well be yeast homologs.

The mammalian hnRNP protein A1 has also been shown to
influence §' splice site selection (Mayeda and Krainer, 1992). hnRNP
proteins are involved in packaging nascent RNAs and presenting them
to the RNA processing apparatus. At least some hnRNP proteins have
been demonstrated to bind specifically to the polypyrimidine
sequence at the 3' splice site of the pre-mRNA (Buvoli, et al., 1988;
Gil, et al., 1991; Kumar, et al., 1987; Patton, et al., 1991; Swanson
and Dreyfuss, 1988). Interestingly, the crosslinking of two of these
- proteins to the pre-mRNA, hnRNP A1 and hnRNP C, requires the
presence of intact U1 and U2 snRNPs (Mayrand and Pederson, 1990).
These observations raise the possibility that interactions between
the hnRNPs and snRNPs are important in defining splice site signals.
Only recently have hnRNP proteins been found to exist in S.
cerevisiae (Anderson, et al., 1993), thus it is not yet known if they
play a role in yeast pre-mRNA splicing.

Setting up a new genetic system. At the outset, the two goals
of this thesis work were: a) to use genetic techniques to further
characterize the role of the nucleotides of the 5' splice site; and b)

to isolate second site suppressors of the phenotypes conferred by



intron mutations in an attempt to identify trans-acting factors
which interact with the 5' splice site. | hoped in this way to address
some of the following questions: How are introns recognized? Why
does an exon "look" different than an intron? How are the exact
cleavage sites chosen?

While second site suppressors of intron mutations are much
more difficult to obtain than are loss-of-function (conditional)
splicing mutants, one may gain direct insight into function by
analyzing the nature of the suppressor mutation. A laborious screen
to isolate suppressors of many intron mutations, performed in our
laboratory, uncovered only a single mutant allele, prp16-1, a
suppressor of an A to C branch point mutation (Couto, et al., 1987).
Conditional alleles of PRP16 have been isolated in screens for
general splicing mutants; however, it was only through the analysis
of branch point suppressor alleles that the role of PRP16 in
- maintaing the fidelity of splicing was revealed (Burgess, et al.,
1990; Burgess and Guthrie, 1993).

One reason why the previous genetic screens had only
uncovered a single suppressor of an intron mutation was because of
the inadequacies of the genetic reporter systems. Previous genetic
screens in the lab had utilized the actin intron fused to either the
HIS4 or LacZ (B-galactosidase) reporter genes. Many limitations
exist with each of these reporters. First, a high threshold
concentration of HIS4 protein needs to be produced in the cell before
any growth on media containing histidinol (the biosynthetic
precursor of histidine) can be detected (Parker and Guthrie, 1985;
Vijayraghavan, et al., 1986). Second, once the threshoid level is

10



obtained, only a small range of increasing amounts of HIS4 fusion
protein can be distinguished before the protein is no longer limiting
for growth (Vijayraghavan, et al., 1986). Third, when using ACT1-
LacZ gene fusions, many unrelated mutations were found to affect
the blue color used as an indicator of increased p-galactosidase
expression (J. Couto, J. Tamm and C. Guthrie, unpublished). For
example, the accumulation of a red pigment in yeast, due to a
mutation in the adei or ade2 genes, results in an artifactual
increase in the blue color of a yeast strain when assessed by plate
assays. Finally, LacZ gene fusions can not be used to select
suppressors directly; rather the P-galactosidase activity of each
mutant candidate must be screened.

Thus, | decided to set up a new reporter system using CUP1,
the gene for the yeast metallothionein homolog. CUP1 is normally a
non-essential gene, but it allows cells to grow in the presence of
- copper in a dosage-dependent manner (Hamer, et al., 1985). Previous
studies utilizing a CUP1 reporter to assay gene amplification had
demonstrated its great sensitivity (Fogel, et al., 1983; Welch, et al.,
1983). In addition to the low limit of detection for copper
resistance, the system can be used to monitor copper-resistance
levels over a large range (Fogel, et al., 1983; Hamer, et al., 1985).
Also, by altering the copper levels of media it is possible to select
for suppressors directly using CUP1 gene fusions.

Two different strategies were taken to genetically identify
factors involved in §' splice site selection. In addition to searching
for second site suppressors of some of the intron mutations

discussed earlier, screens were set up to identify factors which
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would affect the use of competing 5' splice sites. 5' and 3' splice
site competition assays have proven to be a powerful tool for
addressing the role of intron and exon sequences in splicing (Eperon,
et al.,, 1986; Fogel, et al.,, 1983; Hamer, et al., 1985; Nelson and
Green, 1988; Patterson and Guthrie, 1991; Reed and Maniatis, 1986;
Eperon, et al., 1986; Fogel, et al., 1983; Hamer, et al., 1985; Nelson
and Green, 1988; Patterson and Guthrie, 1991; Reed and Maniatis,
1986; J. Umen and C. Guthrie, unpublished). Notably, this type of
assay can reveal contributions of components which affect splice
site choice but are not normally rate-limiting for splicing. For
example, a 3' splice site competition assay was essential for
demonstrating a role for a modestly conserved polypyrimidine tract
in S. cerevisiae (Patterson and Guthrie, 1991).

Chapter 2 describes the construction of the ACT1-CUP1
reporter and a characterization of phenotypes conferred by
- previously described intron mutations in this new system. In
addition this chapter describes the development of a 5 splice site
competition assay in the ACT1-CUP1 reporter system in which the 5'
splice sites are in close proximity. Chapter 3 describes interactions
between U1 and the 5' splice site competition and raises the
question of whether yeast has SR-like proteins. Chapter 4 describes
two additional 5' splice site competition assays (in which the 5'
splice sites are far apart) and discusses the effects of U1 on 5'
splice site choice in each of the different assays. Taken together
these observations indicate that the process of 5' splice site

selection is very similar in both yeast and higher eucaryotes.
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snRNA-pre-mRNA interactions: influence on cleavage site
choice. The major turning point in my thesis work occurred as a
result of a series of in vitro crosslinking experiments in other
laboratories. Simultaneously, Wassarman and Steitz (1992)
analyzed psoralen induced RNA-RNA crosslinks in mammalian
splicing extracts and Sawa and Abelson (1992) characterized
ultraviolet (UV) RNA-RNA crosslinks in S. cerevisiae splicing
extracts. In particular, each group mapped a crosslink between U6
snRNA and the §' splice site (Figure 6A). Both crosslinks implied a
base-pairing interaction between intron position 5 and U6 snRNA.
Thus, these experiments raised the exciting possibility that U6 is an
additional factor which interacts with the 5' splice site.
Specifically, it was possible that disruption of a U6/5' splice site
interaction conferred the otherwise inexplicable phenotypes of
position 5 intron mutations in activating aberrant splicing.  That is,
“we were intrigued by the exciting possibility that a base-pairing
interaction between U6 and the 5' splice site could be a determinant
of 5' cleavage site choice. Chapter 5 describes the strategy of the
experiments conducted to prove that a base-pairing interaction
between U6 and the 5' splice site does indeed occur, and provides
evidence that this interaction is an important determinant of the
exact location of cleavage (Figure 6B).

Curiously, as discussed earlier, U5 snRNA point mutations can
also activate aberrant cleavage sites when the cyh2 intron is
mutated at intron position 1 (Newman and Norman, 1991; Newman
and Norman, 1992). In Chapter 6, | discuss preliminary experiments

that demonstrate that in the case of position 5 mutations in the
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actin intron, US mutations can increase cleavage at the aberrant site
activated by the intron mutation. Thus, in the context of the actin
intron, both U5 and U6 mutations have been identified that can alter
the amount of cleavage activated at the aberrant site. The epilogue

discusses how these snRNAs might be interacting.

Summary. In my attempts to identify factors which interact with
the §' splice site, | began with an unbiased approach using genetic
strategies that | hoped would result in the identification of novel
components which interact with the 5' splice site. Surprisingly, |
eventually identified novel activities of previously characterized
splicing factors (indeed, the first identified members of the
spliceosome), the snRNAs. However, it was not until the U5 and U6
snRNAs were crosslinked to the pre-mRNA that | realized that these
snRNAs might play important roles in cleavage site choice. In

- retrospect, it is not so surprising that | did not identify factors
involved in 5' cleavage site choice using genetics, since it is now
apparent that | was looking for a few very specific mutations in
very small molecules. Nevertheless, the original genetic strategies
resulted in the development of a new highly sensitive CUP1 gene
fusion system, which now has many applications. Happily, the
crosslinking experiments discussed above provided a very important
hint about a role for U5 and U6 in cleavage site choice and allowed
me to design experiments which demonstrate that U6 plays an
important role in defining the cleavage site. In addition, preliminary
evidence indicates that one function of U5 may be to maintain

definition of the §' splice site when U1 leaves and U6 arrives. Thus,
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the main contribution of my thesis work has been to characterize
the interactions of the 5' splice site with three of five snRNAs (U1,
US and U6). These studies have resulted in a deeper understanding
of how the splicing apparatus recognizes the 5' splice site and

chooses the exact cleavage site.
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Figure 1. Chemical mechanism of nuclear pre-mRNA splicing.
Depicted is the two step mechanism of pre-mRNA splicing. The open
boxes represent exons 1 and 2 and are labeled appropriately. The
thin black line represents the intron, while the thick black lines
with arrows originate from the nucleophilic attacking group and
point towards the phosphate bond to be broken. Both of the steps and

the splicing intermediates are labeled.
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Figure 2 A comparison of Group |, Group Il and pre-mRNA intron

structures. (A). Depicted are schematic representations of the RNA
secondary structure of Group | (top of figure) and Group Il (bottom of
figure) self-splicing introns. The cleavage sites are represented by
arrows. (B) Depicted is a schematic representation of a pre-mRNA.
Exons 1 and 2 are drawn as open boxes and are labeled appropriately.

The intron consensus signals are clearly demarcated.
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Figure 3. U1 and U2 snRNAs base-pair with the 5' splice site and
branch point sequence, respectively. Depicted is the base-pairing
interaction between U1 and U2 and the §' splice site and branch point
recognition sequence, respectively. Exons 1 and 2 are drawn as open
boxes and are labeled appropriately. The intron consensus signals

are clearly demarcated.
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Figure 4. 5' splice site mutations activate cleavage at an aberrant
site. (A). Mutation at actin intron position 5, X, results in the
activation of an aberrant cleavage site. (B). The restoration of
complementarity between U1 and the 5' splice site by the
introduction of compensating changes in U1 snRNA, Y, increases
cleavage at both the normal and aberrant cleavage sites. The
cleavage sites are indicated by arrows. The thickness of the arrows

represents the relative amount of cleavage at a particular site.
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Figure 5. U5 snRNA mutants can activate cleavage at aberrant
sites. Mutation at cyh2 intron position 1, X, when combined with
mutations in the invariant loop of U5 (depicted by open-faced C) can

activate aberrant cleavage sites (see text for details).
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Figure 6. U6 snRNA-5' splice site base-pairing interactions. (A)
Mammalian psoralen crosslinking studies have resulted in the
proposal, depicted on the top of the figure, that U6 snRNA positions
47-49 base-pair with intron positions 4-6 (Wassarman and Steitz,
1992). Yeast ultraviolet crosslinking studies have resulted in the
proposal, depicted on the bottom of the figure, that U6 snRNA
positions 42-44 base-pair with intron positions 4-6 (Sawa and
Abelson, 1992). In both of these models, the invariant and essential
ACAGAG sequence of U6 snRNA is at positions 47-52. (B) The base-
pairing interaction shown between U6 positions 47-49 and intron
positions 4-6 does take place and functions to define the cleavage

site (marked by the arrow).
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CHAPTER 2
Mutational Analysis of pre-mRNA splicing in Saccharomyces

cerevisiae using a sensitive new reporter gene, CUP1
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ABSTRACT

We have developed a new reporter gene fusion to monitor mRNA
splicing in yeast. An intron-containing fragment from the
S.cerevisiae ACT1 gene has been fused to CUP1, the yeast
metallothionein homolog. CUP1 is a non-essential gene that allows
cells to grow in the presence of copper in a dosage-dependent
manner. By inserting previously characterized intron mutations into
the fusion construct, we have established that the efficiency of
splicing correlates with the level of copper-resistance of these
strains. A highly sensitive assay for 5' splice site usage was
designed by engineering an ACT7-CUP1 construct with duplicated 5'
splice sites; mutations were introduced into the upstream splice
site in order to evaluate the roles of these highly conserved
nucleotides in intron recognition. Almost all mutations in the intron
portion of the 5' consensus sequence abolish recognition of the
- mutated site, while mutations in the exon portion of the consensus
sequence have variable effects on cleavage at the mutated site.
Interestingly, mutations at intron position 4 demonstrate that this
nucleotide plays a role in S' splice site recognition other than by
base pairing with UTsnRNA. The use of CUPT as a reporter gene may
be generally applicable for monitoring cellular processes in yeast.
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The goal of this work was to develop an improved genetic system
by which to monitor pre-mRNA splicing in vivo. Intron-containing
fragments of several S. cerevisiae genes have previously been fused
to reporter exons, including B-galactosidase (LacZ) from E.coli
(Larson, et al., 1983; Teem and Rosbash, 1983), HIS4 from
S.cerevesiae (Parker and Guthrie, 1985) and thymidine kinase from
the Herpes simplex virus (Fouser and Friesen, 1986). These gene
fusions have been used (1) to monitor the effects of intron
mutations on the production of mature mRNA by measuring the
activity of the fusion protein and (2) to genetically identify splicing
components involved in intron recognition. To date, there have been
only two reports of the successful use of the reporter genes for the
genetic identification of trans-acting splicing components (ACT1-
HIS4 and ACT1-LacZ gene fusions (Couto, et al., 1987) and CYH2-LacZ
gene fusions (Newman and Norman, 1991)).

The level of sensitivity and the range of detection of gene fusion
reporter products are two very important criteria for the design of
useful genetic schemes. HIS4 gene fusions have limited genetic
utility for both of these reasons. First, a high threshold
concentration of HIS4 fusion protein needs to be produced in the cell
before any growth on media containing histidinol (the biosynthetic
precursor of histidine) can be detected (Parker and Guthrie, 1985;
(Vijayraghavan, et al.,, 1986). Second, once the threshold level is
obtained, only a small range of increasing amounts of HIS4 fusion
protein can be distinguished before the protein is no longer limiting
for growth (Vijayraghavan, et al., 1986). In contrast, while LacZ
fusions are very sensitive and provide relatively linear indicators of
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splicing efficiency, these reporters fail a third criterion: they
cannot be used for the direct selection of suppressors; rather the R-
galactosidase activity of each mutant candidate must be screened.

In order to avoid many of these limitations, we have designed a
new gene fusion using CUPT as the reporter. CUP1 is normally a
non-essential gene (Hamer, et al., 1985), but it allows cells to grow
in the presence of otherwise lethal concentrations of copper by
chelating the metal in a dosage-dependent manner. CUP1T has been
demonstrated to provide a sensitive assay for studying gene
amplification (Welch, et al., 1983; Fogel, et al., 1983). The
threshold level of detectable CUP1 protein in a cell is very low and
there is a large range (0.1-6.0mM CuSO4) over which different
copper concentrations can be distinguished by monitoring growth on
copper-containing media (Fogel, et al., 1983; Hamer, et al., 1985). In
order to facilitate our studies of mRNA splicing, we constructed a
- gene fusion by combining the S' exon and intron-containing region of
the yeast ACT1 gene with the complete coding sequence of CUPT. In
this way we are able to study the efficiency of pre-mRNA splicing
by monitoring growth on copper-containing media.

We are interested in determining how introns are recognized. The
only common components of all introns are three consensus
sequences: the 5' splice site (5'ss), branch point sequence and 3'
splice site (3'ss). Mutations in these consensus sequences
demonstrate that they are important for both steps of splicing. In
step 1, cleavage at the 5' splice site results in the formation of free
exon 1 and lariat intermediate. In step 2, ligation of free exon 1 to
exon 2 results in the formation of mature mRNA and free intron in
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the lariat form (for review, see (Rymond and Rosbash, 1992; Green,
1991; Guthrie, 1991)). Our long-term goal is to employ the ACT7-
CUP1 fusion for the identification of trans-acting splicing factors
involved in intron recognition. To evaluate the efficacy of this
strategy, we have tested a set of previously characterized
mutations in the gene fusion. We find, overall, an excellent
correlation between growth on copper and the efficiency of splicing
in vivo.

We have focused in particular on mutations in the 5' splice site
consensus sequence, since this region of the intron is known to have
important roles in the earliest steps of spliceosome assembly. In
yeast and mammals, the 5' splice site is known to base pair with the
5' end of U1 snRNA, (Figure 1)(Zhuang and Weiner, 1986; Siliciano
and Guthrie, 1988; Seraphin, et al., 1988) and, in yeast, the U1 snRNP
is the first snRNP to interact with the intron (Ruby and Abelson,

- 1988; Seraphin and Rosbash, 1989a); if an intact branch point
sequence is present, this interaction commits the intron to the
splicing pathway (Legrain, et al., 1988; Seraphin and Rosbash,
1989a). Several lines of evidence suggest that the consensus
sequences at the 5' splice sites also play other roles in addition to
recognition by U1 snRNA. For example, recent genetic experiments
in yeast have revealed an interaction between the exon portion of
the 5' splice site and U5 snRNA which can influence the precise
location of 5' splice site cleavage (Figure 1)(Newman and Norman,
1991). By engineering duplicated 5' splice sites in an ACT7-CUP1
fusion, we have been able to probe the contribution of each
nucleotide in the S' consensus region to 5' splice site recognition.
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Interestingly, our results reveal a role for intron position 4 which
does not involve base-pairing with U1 snRNA. Based on these
findings, we conclude that the CUP1 reporter gene fusion,
particularly in the context of the splice site competition construct,
should provide a sensitive system for the genetic identification of

trans-acting components involved in splicing.
MATERIALS AND METHODS

Construction of the wild-type ACT1-CUP1 plasmid: Site-
directed mutagenesis techniques (Kunkel, et al., 1987) were used to
introduce a Sma | restriction site at the ATG of CUP1, such that the
ATG of CUP1 is now GGG(pBS-Cup-Sma). This modification makes it
possible to move all of the coding sequence and 167 nucleotides of
the 3' untranslated region of CUP1 (Karin, et al., 1984) on a 353

- nucleotide Sma I-Acc | fragment.

Site-directed mutagenesis techniques (Kunkel, et al., 1987),were
next used to introduce a Hpa | site 11 nucleotides downstream of the
ACT1 3' splice site (Ng and Abeison, 1980; Gallwitz and Sures,
1980). An ACT1-CUP1 fusion was made by cloning the CUPT Sma |-
Acc | fragment to the modified ACT7 gene. The sequence at the
actin-CUP1 junction is the following:
3'ss/AGGTTGCTGTT/GGGTTCAGCGAA.

The gene fusion was then removed from the ACT1 promoter and
placed under the control of the glyceraldehyde-3-phosphate
dehydrogenase (GPD) promoter on the 2u pG1 plasmid (Figure
2)(Schena, et al.,, 1990). Standard cloning techniques (Sambrook, et
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al.,, 1989) as well as PCR methods (Higuchi, 1989) were used to move
each of the 5' splice site mutations into the BamH | or Sal | site of
pG1. In addition, the selectable auxotrophy of pG1, TRP1, was
replaced by LEUZ in several clones. The following list specifies the
name of the plasmid, the intron mutation, the selectable auxotrophy
and the sequence of the junction region between pG7 and actin.
(NOTE: all restriction sites are underlined.)

pGAC1 (WT-TRPI):

GGATCGGTCGACCCAATTCGAGCTCGCCCTTTT

PGAC20 (AS-LEU2): GGATCGGTCGACCAATTCCTTTT
PGAC30 (US-LEU2): GGATCCTTTT

pPGAC40 (CS-LEU2): GGATCGGTCGACCAATTCGCTTTT
pPGAC60 (A1-LEU2): GGATCCTTTT

pGAC80 (C1-LEU2): GGATCGGTCGACCAATTCGCTTTT

pPGAC13 was constructed by making a fusion between pGAC1 and pG3
- (Schena, et al., 1990). The italic sequence now represents pG3
sequence.

pGAC13(WT-TRP1): GGATCCCCGGGTACCGAGCTOGCCCTTTT
pPGAC13AKpn was made by removing the Kpn | site from pGAC13.
pGAC13AKpn(WT-TRP1): GGATCCCCGGCGAGCTCGCCCTTTT
pPGAC14 was made by introducing a Kpn | (Asp 718) near the
actin/CUP1 junction so that the sequence there is:
3'ss/AGGTTGGTACC/GGGTTCAGCGA

PGAC24 was made by replacing TRP1 of pGAC14 with LEU2.
pGAC24(WT-LEU2): GGATCCCCGGCGAGCTCQGCCCTTTT
PGAC100(C259-LEU2): the C259 mutation was introduced by site-
directed mutagenesis techniques (Kunkel, et al., 1987) into pGAC24.
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PGACA3'ss(LEU2) was introduced into pGAC24 by site-directed
mutagenesis techniques. The junction sequence between ACT7 and
CUP1 was altered to be the following:
TACAATATTCATCTCCGAATTAA

The sequence at the 3' junction of the gene fusion between CUP1
and the pG vectors is the following in all of the clones:
TTATAGGTATGACCTGCAGCCCAAGCTGGTCGAC
pPM3: prp16-1 (TRP1) is described in (Burgess, et al., 1990)
pSE358: vector of pM3 (pSE358 was a gift from Dr. S. Elledge)

Construction of the Acup1 strain: The starting strain was

ABDE1 3 Acupl: MAT g, arg4, CUP1A ::URA3, thrl1, his4, leu2, ade2,
ade5, trp1, ura3, his7 . This strain was provided as a gift from the
laboratory of Dr. S Fogel. ABDE1g3 was backcrossed three times to
either TR23 or TR3a (gifts from the laboratory of Dr. P Hieter). This
- strain was then mated to a yPH399a  (gift from Dr. P Hieter) in which
we first deleted the ACT1 intron by an integrative transformation
(Rothstein, 1991). The intron deletion is marked by HIS3. The ACT1
intron deletion was confirmed by PCR techniques. The resulting
Acup1 strains are:

K3 aAcupl: MATa, cup1A::URA3, leu2, ura3, trpl, lys2, ade, GAL+
14 cAcupl: MATa cuplA::URA3, leu2, ura3, trp1 , lys2, ade, GAL+

Yeast transformations: Yeast lithium acetate transformations
were done as described by Becker and Guarente (1991).
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Copper growth assays: Copper-resistant growth was determined

by plate assays. Copper containing plates were made as described by
Sherman (1991); however, Phytagar (Gibco Laboratories) is
substituted for Bacto-Agar (Difco). Plates were made to a chosen
copper concentration by adding a dilution of filtered CuSO4 (50 or
500mM) solution to the agar solution after autoclaving and before
pouring the plates. Copper was always added to complete synthetic
media.

Copper resistant growth was determined by either liquid spotting
or replica plate assays. Liquid assays were done by growing up
saturated overnights of the strain of interest in synthetic media
which selects for the ACT7-CUP1 plasmid. 12.5 microliters of each
culture was then micropippeted onto a duplicate set of copper plates
of numerous concentrations and growth was assayed after three
days in order to determine the level of resistance of the strain.

- Replica plate assays were done as described by Sherman (1991).
Copper-resistant levels were determined three days after replica
plating.

RNA preparations: Cells were grown at 30°C in 10 mis of the
appropriate selective media to an OD(600) of 0.8-1.2 and then
harvested. RNA was then isolated by a scaled down version of the
method of Wise (1991). TNE (50mM Tris-HCl, pH 7.4, 100mM NaCl,
10mM EDTA) was substituted for GTE buffer.

Primer extensions: Primer extensions were performed by the
method of Frank and Guthrie (1992). The exon 2 primer (3'Cup-
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CTTCATTTTGGAAGTTAATTAATT) used is complementary to CUP1 and
lies 11-34 from the ACT7-CUP1 fusion junction. U1snRNA was

primer extended as an internal control for comparing the amount of
RNA in each lane. The U1 snRNA primer used is
(CAATGACTTCAATGAACAATTAT).

Mutagenesis of the upstream 5' splice site: A 38-nucleotide
oligonucleotide was synthesized (see Figure 6) which encodes two
S'splice sites separated by 13 nucleotides. A Dra site is located
between the two splice sites. The 5' end of the oligonucleotide
encodes a Bgl/ Il site while the 3' end of the oligonucleotide encodes

a Nhe | site. The nine nucleotides of the upstream 5'splice site were
synthesized at a low level of degeneracy (97.8% correct, 2.2%
mixture of the three incorrect nucleotides). The last six nucleotides
of the oligo were designed as a palindrome, to facilitate conversion

- to a double-strand form through mutually primed synthesis

(Oliphant, et al., 1986),. Hybridization and filling in (Oliphant, et al.,
1986) yielded a pool of synthetic 5' splice site competition
fragments, each one bearing two 5'ss competitions and a central Nhe
| restriction site. Cleavage with Bg/ Il and Nhe | resulted in

individual 5'ss competition fragments each with a 5' Bg/ Il end and a
3' Nhel end. 17% of the fragments theoretically should have a single
mutation in the upstream S'ss.

5' Splice Site Competition Plasmid Construction: Site-
directed mutagenesis techniques (Kunkel, et al.,, 1987;  Roberts and
Zakour, 1987) were used to introduce two restriction sites into
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pGAC14. A Bgl ll site was introduced upstream of the 5'ss and a Nhe
I site was introduced downstream of the 5'ss. A start codon (ATG)
was also engineered just upstream of the Bg/ I site.

This modified pGAC14 plasmid was digested with Bg/ Il and Nhe |
and the 5'ss competition fragments were cloned into this vector.
The ligation mixture was transformed into bacteria and a library
was made by isolating plasmid DNA from 2200 pooled transformants.
Since 159 colonies (27 [possible mutations]/.17[probability of
having a mutated 5'ss]) includes a complete genome of all possible
mutations, the probability that the DNA library contains all possible
mutations is 99.99% (Probability 1-e-N, where n= the number of
genomes=13.8).

Characterization of the wild-type competition: Plasmid DNA
was isolated from 22 independent bacterial transformants. 91%

- were of the correct restriction pattern. The wild-type 5'ss
competition sequence was identified in 18/20 of the isolated
plasmids. The wild-type competition plasmid was then transformed
into the Acup1 strain and analyzed by copper growth and primer

extension assays.

The genetic copper selection for 5'splice site competition
mutants: The DNA library was transformed into the Acup1 strain.
Several thousand yeast transformants were then replica plated onto
0.25mM copper plates to select for mutants. Library DNA was
isolated from approximately 120 transformants which grew on
0.25mM copper by the bead beating method of Strathern and Higgins
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(1991) and electroporated into bacteria by the method of Dower, et
al. (1988). Plasmids were isolated from bacteria and checked by
restriction digest to confirm that only one 5'ss competition

fragment had been ligated to the vector (50% of the plasmids had the
incorrect restriction pattern). Thirty plasmids which boked correct

by restriction map were then sequenced (Table 1) by the method of
Sanger, et al. (1977) and retransformed into the Acup1 strain.
Transformants were then assayed for copper-resistance levels. RNA
was isolated from these strains and analyzed by primer extensions.

Changing the reading frame of the 5'ss competition

plasmids: The 5'ss competition fragments were introduce into
pPGAC14 so that an Asp 718 site lies downstream of the 5' splice
sites in the coding sequence. When this restriction site is filled in,
the mature RNA, generated as a result of cleavage at the upstream

~ S'ss, is now in-frame.

Site-directed Mutagenesis: Intron position 6 and exon position
-1 were made via dut ung mutagenesis techniques (Kunkel, et al.,
1987; Roberts and Zakour, 1987). The exon position -2 mutants
were made by PCR-oligo directed mutagenesis (Higuchi, 1989).

Quantitation of Primer Extension Gels: All quantitation was

done by scanning with a Molecular Dynamics phosphoimager. Final
values were derived by averaging triplicate scans.
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RESULTS

Construction of the ACT1-CUP1 gene fusion: In order to

monitor pre-mRNA splicing by assaying levels of copper-resistant
growth, we cloned CUP1, the S. cerevisiae metallothionein homolog
(Karin, et al., 1984; Weser, et al., 1977), downstream from an
intron-containing fragment of ACT1. To maximize the range over
which to measure copper-resistant growth, the ACT1 promoter was
replaced by the strong constitutive glyceraldehyde-3-phosphate

- v\

dehydrogenase (GPD) promoter and the gene fusion was placed on a
high copy 2u vector (Schena, et al., 1990). Thus the fusion gene
contains most of exon 1, all of the intron and 11 nucleotides of exon
2 of ACT1 (Ng and Abelson, 1980; Gallwitz and Sures, 1980) fused to
the entire coding sequence of CUP1 (Figure 2). The start codon of
the gene fusion is that of ACT1, located ten nucleotides upstream of
- the intron.

A strain deleted for the chromosomal copy of CUP1, Acup1, is
able to grow on media that lack copper, but fails to grow on media
that contain >0.013mM copper. Yeast transformed with the wild-
type intron-containing gene fusion are able to grow on media that
contain 1.0mM copper (Figure 3). Thus, this system provides
approximately a 100 fold range in which to measure copper-
resistant growth.

Primer extension analyses with a primer complementary to the
CUP1 sequence of exon 2 allow us to quantitate the levels precursor
mMRNA, lariat intermediate and mature mRNA produced. Primer
extension analyses of RNA isolated from yeast containing the wild-
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type fusion gene demonstrate that the pre-mRNA can proceed
through both steps of splicing (Figure 4A).

Characterization of intron mutations: In order to determine

the relationship between splicing efficiency and levels of copper-
resistant growth, previously characterized ACT1 intron mutations
were subcloned into the fusion gene. Plasmids containing these
intron mutations were transformed into the Acup1 strain.

Mutations were made in all three intron consensus sequences : the S'
splice site (5'ss), branch point sequence and the 3' splice site (3'ss).

Mutations in the 5'ss at intron position 1 (G1A and G1C), as well
as mutations which delete the 3'ss (A3'ss), have previously been
demonstrated to result in a block to the second step of splicing;
mature product is not detected in these mutants (Newman, et al.,
1985); (Vijayraghavan, et al., 1986)Vijayraghavan, et al., 1986;

. (Fouser and Friesen, 1986). Acup1 strains containing ACT1-CUP1
gene fusions with G1, G1C or A3'ss mutations grew like strains
which contain no ACT7-CUP1 gene fusions. That is, they were
unable to grow on media which contain >0.013mM copper (Figure 3,
Table 2).

Primer extension analyses of RNA isolated from these strains
demonstrate that G1A, G1C and A3'ss are unable to undergo the
second step of splicing; they all accumulate lariat intermediate and
produce no mature mRNA (Figure 4A). Mutations at intron position 1
also accumulate precursor mRNA as a result of a decrease in the
efficiency of step 1. As shown previously (Vijayraghavan, et al.,
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1986), this effect is much greater with G1C than G1A. A3'ss has
only a slight effect on the efficiency of step 1 (Figure 4A).

All three intron position S mutations are able to grow on copper
plates, in the order: G5C > G5U > GSA (Figure 3, Table 2). These
mutations result in a decrease in the efficiency of both steps of
splicing (Parker and Guthrie, 1985; Jacquier, et al., 1985; Fouser and
Friesen, 1986; Lesser and Guthrie, unpublished). Primer extension
analyses with an exon 2 primer demonstrate that precursor, lariat
intermediate and mature products are present in each case (Figure
4A). Most importantly, when normalized to the amount of an
internal control, the amount of mature product correlates with
relative growth on copper plates: C5>U5>AS5. Thus, growthon -
copper-containing media accurately reflects the amount of spliced
ACTT1-CUPT mRNA.

The last intron mutation examined was the ACT7 branch point
~ mutation A259C, which has also been shown to result in a decrease
in the efficiency of both steps of splicing (Newman, et al., 1985).
Precursor, lariat intermediate and mRNA are observed by primer
extension analyses (Figure 4B), demonstrating that the blocks to
both steps of splicing are not complete. However, these strains
produce less mRNA relative to an internal control compared to the
strains transformed with intron position 5 mutations. Consistent
with these resuits is the observation that Acup1 strains containing
this plasmid are less copper-resistant than Acup1 strains

containing intron position 5 mutations (Figure 3, Table 2).
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Genetic suppressor reconstruction experiment: The above
results demonstrate that the phenotypes conferred by intron
mutations introduced into the high copy ACT7-CUP1 gene fusion
closely reflect the phenotypes conferred by the same intron
mutations on low copy ACT7-HIS4 and ACT1-LacZ fusions. The
increased sensitivity of the ACT1-CUPT system (see discussion)
and the facility of the copper growth assays demonstrate that the
ACT1-CUP1 system is a quick and sensitive assay for characterizing
cis mutations. To determine if the ACT7-CUP1 system could also be
used to find trans-acting suppressors of intron mutations, we asked
whether a known unlinked suppressor of an intron mutation could
suppress the same intron mutation in the ACT7-CUPT gene fusion.
prp 16-1 is a dominant suppressor of the ACT1 branch point
mutation, A259C; prp 16-1 was isolated in a genetic selection for
extragenic suppressors of the splicing defect conferred by the

- A259C mutation in an ACT1-HIS4 gene fusion (Couto, et al., 1987). A

plasmid containing the prp16-1 allele was cotransformed with the
A259C ACT1-CUP1 gene fusion into the Acup1 strain which contain
a wild-type chromosomal copy of PRP 16. Yeast containing the
prp16-1 allele were able to grow on media containing 0.18mM copper
while yeast transformed with a control plasmid grew only on media
containing 0.10mM copper (Figure 3). Primer extension analyses also
are consistent with suppression; approximately two-fold more

mature mRNA is produced in the presence of the second- site
suppressor (Figure 4B, Table 2).
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5' splice site competition assay: Next, we asked if this new
gene fusion system could be used to assess the relative
contributions of different nucleotides of the 5' splice site. An
extremely powerful strategy for addressing the role of sequences in
splicing has been to directly compare the activity of two sites in
competition (Reed and Maniatis, 1986). This type of competition
assay can reveal contributions to splice site choice of components
which affect this decision but are not normally rate-limiting for
splicing. For example, a 3' splice site competition assay was
essential for demonstrating a role for a modestly conserved
polypyrimidine tract in S.cerevisiae. (Patterson and Guthrie, 1991).

We thus established a 5' splice site competition assay to examine
the role of each of the nine nucleotides of the 5'ss consensus
sequence. The 5' splice site of ACT1-CUP1 was replaced with a set
of duplicated 5' splice sites separated by 13 nucleotides (Figure 5A).
- In the first construct (reading frame |, Figure 5B), cleavage at the
downstream 5' splice site places the ACT1 start codon in frame
with the CUP1 coding sequence. In a parallel construct (reading
frame Il, Figure 5C), only cleavage at the upstream splice site
results in an in-frame fusion mRNA. Thus, by adjusting the reading
frame it is possible to monitor use of either 5'ss by growth on
copper containing media.

When both sites in our competition construct are wild-type,
cleavage at the upstream site is favored. In reading frame I, when
cleavage at the downstream site results in an in-frame mRNA, the
ratio of the mRNAs generated by cleavage at the upstream site
relative to the downstream site is only 1.7:1.0. However, if cleavage
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at the upstream site results in an in-frame mRNA, then the relative
ratio is 6.6:1.0 (Figure SD). The apparent use of the upstream and
downstream sites depends on which of the two mRNAs generated is
in-frame; because MRNAs which contain stop codons near their 5'

ends have decreased stability (Lossom and Lacroute, 1979).

S' splice site competition mutagenesis: We created a bank of
random mutations in the favored upstream 5' ss by doped oligo
mutagenesis (Figure 6, see materials and methods). In order to

- v\

directly select for the mutations which affected 5'ss choice we
assumed that any mutation introduced into the highly conserved
upstream 5'ss that decreased or abolished use of that site would
consequently increase use of the competing unmutagenized
downstream wild-type 5'ss. Therefore, the mutated 5'ss
competition bank was cloned into reading frame | so that the level
- of copper-resistance of strains carrying the mutant bank would
reflect cleavage at the unmutagenized downstream site. Thus, we
were able to isolate mutants by selecting for an increase in copper-
resistance rather than screening for a decrease in copper-
resistance. Since the Acup1 strain containing the unmutagenized
reading frame Il construct can grow at 0.18mM copper, Acup1 strains
containing the mutagenized bank were screened for growth on media
containing 0.25mM copper. The DNA plasmids containing the
mutagenized 5'ss competition were isolated from the strains and
sequenced to identify the mutations.

As summarized in Table 1, all three possible nucleotide changes
were isolated at intron positions 1,2,3,4 and 5. No mutations were
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isolated at intron position 6 nor at the three exon nucleotides
adjacent to the intron (positions -1,-2,-3). All 15 of the mutants at
the first five intron positions can grow on some amount of copper
>0.18mM, but they vary in their upper tolerance (Table 3). In order
to determine whether the differences in growth on copper media
reflected the ability of different mutant 5' splice sites to compete
against the wild-type 5'ss, RNA was isolated from each of the
mutants and analyzed by primer extension with the exon 2 CUP1
primer. This primer is able to detect the two mature products
generated by cleavage at each of the competing 5' splice sites.

Primer extension analyses of mutants at positions 1,2,3 and 5 of
the upstream site revealed no mRNA products which result from
usage of that site (data not shown). However; since cleavage at this
mutated upstream 5'ss results in the production of an out-of-frame
mRNA, the failure to detect such products may be due to the rapid
- turnover of the out-of-frame ACT7-CUP1 mRNA. In contrast, all
three changes at position 4 are able to compete with the wild-type
site: wild-type> T4C > T4G > T4A (Table 3).

To increase the sensitivity of the assay, the reading frame of all
15 point mutants was changed so that cleavage at the upstream
mutagenized 5' splice site would result in an in-frame (more stable)
fusion mRNA. RNA was isolated from yeast transformed with each of
these constructs ahd then analyzed by primer extensions with the
exon 2 CUP1 primer (Figure 7). Indeed, altering the reading frame
made it possible to detect low level use of the mutant 5'ss in four
cases: intron positions T2C, A3T, A3C and G5C. All three mutations
at position 4 are still able to compete and in fact, they compete
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even better than before, presumably because cleavage now results in
an in-frame stable mRNA.

Mutagenesis of intron position 6 and exon positions -2 and

-1: Since no mutants were recovered at intron position 6 or in the
three exon positions, we used site-directed mutagenesis to
distinguish whether they have no effect in the competition or were
simply missed in the original selection.

The last exon 1 position, G-1, was mutated to T (G-1T) and C (G-
1C). These changes decrease the potential complementarity of the
S'splice site to the 5' end of U1snRNA (Figure 1). When use of the
downstream site is assayed by copper growth, strains containing the
mutant plasmids grow at the same copper levels as strains
containing plasmids containing the wild-type 5'ss competition
(Table 3), thus, these mutants were not detected in our genetic
- selection. Similarly, neither mutant has an effect when assayed by
primer extension (Figure 8).

Exon position -2 was mutated to an A (T-2A). This change
increases the potential complementarity of the 5'ss to the regions
of both U1 snRNA and U5 snRNA which have been demonstrated to
base pair with the 5'ss (Figure 1)(Siliciano and Guthrie, 1988;

Seraphin, et al., 1988; Newman and Norman, 1991). Primer extension

analyses (Figure 8) and copper-resistance levels of strains
containing this mutation (Table 3) demonstrate that the T to A
mutation at this position actually increases cleavage at the mutated
site relative to the wild-type site. Consequently, it is not
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surprising that this change was not detected by the genetic
selection scheme.

All three changes were made at intron position 6. When the wild-
type T at position 6 is mutated to G or C, primer extension analyses
reveal that the mutated 5'ss can still compete with the wild-type
5'ss, although not as well as the wild-type site (Figure 8).
Interestingly, these mutated 5' splice sites compete better than
changes at positions 1,2,3 and 5. When an A is introduced at this
position (T6A), cleavage at the downstream wild-type site
apparently results in the production of an unstable message due to
the introduction of a stop codon (Lossom and Lacroute, 1979). When
use of the downstream wild-type site is assayed by growth on media
containing copper, the strains transformed with T6C and T6G can
grow at 0.5mM copper while yeast transformed with 6A grow at
0.013mM copper. It is surprising that mutants 6C and 6G were not
- detected in the genetic selection.

DISCUSSION

Is the ACT1-CUP1 gene fusion a good reporter to monitor
pre-mRNA splicing?: The intron-containing fragment of the yeast
ACT1 gene was fused to CUP1 and the gene fusion was placed on a
2u vector under the control of the strong constitutive
glyceraldehyde-3-phosphate dehydrogenase promoter (Schena, et al.,
1990). A careful analysis of the phenotypes conferred by a number
of previously characterized ACT17 intron mutants illustrates some of
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the advantages of the ACT7-CUP1 system. First, it is extremely
sensitive; that is, very low levels of the fusion protein can be
detected by copper growth assays. This is in striking contrast to
ACT1-HIS4 fusions. For example, when the branch point mutation,
A259C, is introduced into the ACT1-HIS4 fusion gene, one cannot
detect the production of mature mRNA by in vivo growth assays on
media containing histidinol, although primer extension analyses
demonstrate that mature mRNA is produced (Vijayraghavan, et al.,
1986). However, a Acup1 strain containing an ACT1-CUP1-A259C
fusion can grow on media that contains 0.18mM copper, a
concentration at least ten-fold greater than that at which the Acup1
strain can grow. A second advantage to the ACT7-CUP1 system, is
the large range over which copper growth phenotypes can be
monitored. For example, whereas the Acup1 strain normally grows at
0.013mM copper, the Acup1 strain containing the wild-type ACT1-

- CUP1 fusion grows at 1.0mM copper. Therefore, the system provides
about a 100 fold range in which the phenotypes conferred by
different intron mutations can be compared. Third, the copper
growth phenotypes of different intron mutants generally correlate
with the amount of mRNA produced.

Finally, the CUP1 gene fusion provides a new and powerful tool
which can be used to design genetic selections and screens to
identify trans-acting components. The sensitivity of the system
allows the detection of even small changes in the copper growth
phenotypes. It is possible either to directly select for changes
which increase the ability of a strain to grow on copper-containing
media or to screen for changes which decrease the ability of a strain
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to grow on copper-containing media. As just discussed, CUPT gene
fusions are preferable to HIS4 gene fusions because of their high
sensitivity and large range of detection. in addition, CUPT gene
fusions have an obvious advantage over LacZ gene fusions in that it
is possible to directly select for improved growth rather than to
screen for increases in B-galactosidase activity.

Analysis of the role of the nucleotides of the 5'ss in yeast
introns: An application of ACT1-CUP1.

A 5'ss competition assay was developed in yeast in order to
further characterize the roles of the conserved nucleotides of the
splice site consensus sequence. A second copy of the 5'ss was
introduced 13 nucleotides upstream of the wild-type 5'ss of the
ACT1 gene. This cis-competition construct differs from that of
(Goguel, et al., 1991) where the 5' splice sites are separated by 75
- nucleotides. In the latter case, cleavage occurs equally at each of
the two 5' splice sites. In our competition assay, however, although
both of the 5' splice sites are utilized, cleavage at the upstream site
is significantly favored over the downstream site, 1.7 to 6.6 fold,
depending on the relative reading frames of the two mRNAs. One
explanation for this might be that in our construct the upstream site
is adjacent to an authentic exon sequence while the downstream site
is adjacent to a synthetic exon sequence; in the case of (Goguel, et
al.,, 1991) both sites are flanked by authentic exon sequence. Splice
site context has previously been demonstrated to affect splice site
choice in mammalian 5'ss competition assays (Reed and Maniatis,
1986; (Nelson, et al., 1990).
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Mutagenesis of the upstream 5' splice site: Single point
mutations were introduced into each of the conserved nucleotides of
the favored upstream 5'ss intron and exon sequences (ATG/GTATGT).
A copper growth selection was then used to identify those mutations
which reduce cleavage at the upstream site and thereby increase
usage of the wild-type downstream site. In this selection, all three
point mutation changes were recovered at intron positions 1,2,3,4
and 5. Most changes at intron positions 1, 2 ,3 and 5 resulted in
complete loss of cleavage at the mutated site. These are the most
highly conserved nucleotides of the consensus sequence (Woolford,
1989) and are complementary to the 5' end of UTsnRNA. A base
pairing interaction has been demonstrated between yeast UT1snRNA
and intron positions 1 and S (Siliciano and Guthrie, 1988; Seraphin,
et al.,, 1988). The most likely explanation for the effects of the
mutations at intron positions 1,2,3 and 5 is thus that these

- mutations decrease the ability of the 5'ss to stably bind to U1snRNA.
Consequently, when these splice sites are competing with a wild-
type splice site, U1snRNA binds more stably to the wild-type 5'ss
resulting in the commitment of this 5'ss to the splicing pathway.
This model is consistent with that derived from the results of
mammalian 5'ss competition assays where 5'ss choice appears to be
dependent on the overall complementarity of the splice site
sequence to U1snRNA (Nelson and Green, 1988; Lear, et al., 1991).

Sub-optimal 5' splice site sequences: Role in regulation of
gene expression: A striking correlation is that the three changes,
at positions 2 and 3, which retain the ability to compete with the
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wild-type splice site, albeit at low levels, are all found in wild-

type yeast introns. One gene, COX58B (Hodge and Cumsky, 1989)
deviates from the 5'ss consensus sequence at position 2 (/GT to /GC)
and two genes, MER2 (/GTAT to /GTTC, (Engebrecht, et al., 1991) and
RPL32 (/GTAT to /GTCA, (Dabeva, et al., 1986)), deviate at position
3. Interestingly, the two genes which contain the position 3

variants also deviate from the consensus sequence at position 4 and
these genes are the only two yeast genes whose expression is known
to be regulated at the level of splicing. These results thus make it
clear that yeast, like mammals, utilize sub-optimal splice site
sequences to regulate gene expression.

Intron position 6 influences S'splice site choice: Intron

position 6 is not as highly conserved as intron positions 1,2,3 and S
(Woolford, 1989) and single point mutations at this position do not

- confer a detectable phenotype in an otherwise wild-type intron
(Seraphin and Rosbash, 1989b). However, a base pairing interaction
can be demonstrated between position 6 and U1 snRNA in the
presence of a second intron mutation in the branch point consensus
sequence (Seraphin and Rosbash, 1989b). Mutations at position 6 in
the competition assay compete far better than mutations at
positions 1,2 and 5, though not as well as the wild-type 5'ss. This
result is consistent with the model that the longer a U1snRNP stays
bound to a 5'ss, the greater is the chance that this S'ss will be
utilized. By this view, base pairing between position 6 and the
U1snRNA is normally not rate-limiting; however, when competing
with a wild-type 5'ss which can base pair with UT1snRNA at an
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additional position, a role for this nucleotide is uncovered. These
results provide strong confirmation of the power of cis-competition
assays to reveal the role of sequences not normally rate-limiting
for splicing.

A novel role for intron position 4: The 5' end of the

S.cerevisiae U1 snRNA and the mammalian U1 snRNA are identical,
yet the 5'ss consensus sequences differ at position 4. In yeast this
position is almost invariably unpaired. If the main criterion for 5'ss
recognition in yeast is the ability to maximally base pair with
U1snRNA as in mammals (Nelson and Green, 1988; Lear, et al., 1991),
then a S'ss with a position 4 T to A mutation would be expected to
be favored over a wild-type site. Our results demonstrate that this
is definitely not the case. All three point mutations at this

position are able to compete with the wild-type site. In fact, the

- favored nucleotide at this position is the wild-type T and the
mutation which competes the best is a C, another pyrimidine.
Therefore, it is likely that intron position 4 is examined
independently of the base pairing interaction between the 5'ss and
the UTsnRNP. Alternatively, the presumed mismatch at position 4,
generated when the 5'ss and U1snRNP are base paired, may be
important for reasons of helical geometry. In either case, our
results indicate that, unlike mammals, the prime determinant of
5'ss choice in yeast is not simply maximal base pairing with
U1snRNA.
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The role of exon nucleotides in 5' splice site choice: No
mutations at any of the three exon positions tested were recovered
in the selection. In yeast, the exon nucleotide at position -1 is a G
in 53% of the 53 sequenced intron-containing genes (Rymond and
Rosbash, 1992). Our analyses of two mutations synthesized by
site-directed mutagenesis of position -1 of the upstream 5'ss
confirmed that mutations at this position confer no phenotype in the
competition assay. In mammals, however, position -1 is very
important since this G, along with the first invariant G at intron
position 1, is thought to define the cleavage site through its base
pairing interaction with the U1snRNA (Aebi, et al., 1987). Our
genetic result, together with the sequence information, leads to the
conclusion that in yeast, unlike in mammals, complementarity to
U1snRNA at position -1 is not very important. Taken together, the
intron position 4 and exon position -1 results indicate that, yeast, in
- addition to complementarity to U1snRNA, yeast must employ some
novel means to determine S' splice site choice.

Exon position -2 is the least conserved nucleotide of the

consensus sequence. It is often an A (36%) or a T (26%) (Rymond and

Rosbash, 1992). In our competition construct this nucleotide is a
T. When it is mutated to A, cleavage at the mutant S' splice site is
increased when in competition with the wild-type splice site. An A

at this position is complementary to U1snRNA (see Figure 1). This
result is in contrast with our data for position -1, since changes of
this nucleotide which should increase complementarity to UTsnRNA

do not affect 5'ss choice. However, the advantage of an A at position

-2 may not be due to a base pairing role with U1 snRNA. Recent
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results demonstrate that exon positions -2 and -3 can base pair
with U5 snRNA and that this interaction can be important in
cleavage site choice (Newman and Norman, 1991). The Tto A
mutation provides potential complementarity of this 5'ss nucleotide
to both U1 snRNA and US snRNA. Conceivably, the different effects
of mutations at positions -1 and -2 reflect the importance of the
complementarity between -2 and U5 snRNA in determining the
cleavage site choice. An alternative explanation is that when
complementarity is increased between U1snRNA and position -2, the
length of the continuous region of potential base-pairing between

U1snRNA and the 5'ss increases from 4 to 6 base pairs. In the case of

position -1 mutations, the wild-type splice site can base pair at
five adjacent positions while the mutated splice sites can only base
pair at three adjacent positions.

- Summary: The combined power of the S'ss cis-competition assay
and the sensitive ACT7-CUP1 reporter has allowed the genetic
selection of a large set of 5'ss mutants. The competition strategy
was essential in uncovering a role for intron positions 4 and 6 and
exon position -2, since mutations at these positions have no
detectable phenotypes on their own. These findings argue that the
CUP1 fusions will continue to be an extremely useful tool in our
genetic analysis of splicing. Moreover, in principle, CUPT can be
fused to any gene or regulatory region in order to study other basic
cellular processes. Presently, CUPT gene fusions are being used to
study mRNA stability (R. Parker, personal communication),

transcription (J. Lefstein and K. Yamamoto, personal communication)
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and protein translocation (D. Ng and P. Walter, personal
communication).
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Figure 1. Model of the proposed base-pairing interactions between
the §' splice site and U1 and U5 snRNPs. The numbers beneath the

5'ss designate each of the positions of the consensus sequence.
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Figure 2. Map of the ACT1-CUP1 gene fusion. B, S, X, K, A and SI
refer to sites for restriction endonucleases BamH |, Sac |, Xho |, Kpn

I, Asp 718, and Sal |, respectively.
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Figure 3. Copper growth phenotypes of strains containing intron
mutations. Strains containing each of the point mutations were
assayed for copper-resistance levels by the liquid spotting method
(see materials and methods). The specific mutation carried by each
strain is designated in the large circle. The specific copper

concentrations of the plates are designated in the smaller circles.
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Figure 4. Primer extension analysis of intron mutations. (A)
Primer extension analysis of 5'ss and 3'ss mutations. RNA was
prepared from strains carrying the intron mutation indicated at the
top of each lane. Wild type indicates a strain transformed with an
ACT1-CUP1 construct containing the unmutagenized intron while
negative indicates a strain that does not carry the ACT1-CUP1 gene
fusion. The sizes of the precursor and mature bands vary due to
differences in the lengths of the §' untranslated regions resulting
from variations in the cloning strategies for moving the intron
mutations (see materials and methods). (B) Primer extension
analysis of suppression of a branch point mutation. RNA was
isolated from a strain carrying the A259C intron mutation and either
prp16-1 (pM3) or a control plasmid (pSE358). The possible products
of the primer extension reactions are diagrammed on the side of the
gel. Each lane was primer extended with CUP1 and the U1 snRNA

- primers. The location of the exon 2 primer (3'Cup) is noted on the

diagrams by a line above exon 2.
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Figure 5. 5' splice site competition assay. (A) General map of the
5'ss competition assay. The exact sequence of the 5'ss duplication
is shown. The first ATG of the sequence is the new start codon of
the fusion gene followed by the Bg/ |l restriction site and the first
of the 5' splice sites. The second 5'ss is located 13 nucleotides
downstream from the first.

(B) and (C) Schematic representations of the mature messages
generated as a result of cleavage at each of the two possible 5'
splice sites. The relative reading frame of the competition
constructs determines which of the two possible mature mRNAs will
result in the production of a functional copper binding fusion
protein. (D) Primer extension analysis of the reading frame | and

reading frame |l 5'ss competition constructs.

67



A competing
5' s;lice sites

[[] =actin exon1
[] =actin exon 2

ATGAGATCTATGGTATGTTTAAATGGTATGT ....... B =cupr

S'ss

B. Reading Frame |

[ = non-coding
S'ss message

| s In-Frame = Copper-Resistant

B @ Out-of-Frame = Copper-Sensitive

C. Reading Frame Il (filedin Asp 718)

68



Precursor

Matures

in-frame

CIT==R
out-of-frame

U1snRNA

Ll

rrrn!

g1

w

Reading
Frame

[

|

out-of-frame

in-frame

69

-
po— ‘

A
"
1 A
|-
X &
"
‘;—l
A



Figure 6. Schematic representation of the strategy used to select
for 5'ss mutations which affect the competition assay. (see

materials and methods for details.)
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Figure 7. Primer extension analysis of 5'ss competition mutations.
RNA was prepared from strains carrying the 5'ss competition
mutation indicated at the top of each lane. The 5'ss competition
assays shown here are all in reading frame Il. The possible products
of the primer extension reactions are diagrammed on the side of the
gel. Each lane was primer extended with the CUP1 and the U1 snRNA
primers. The location of the exon 2 primer (3'Cup) is noted on the

diagrams.
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Figure 8. Primer extension analysis of positions -2, -1 and 6
mutations. RNA was prepared from strains containing the 5'ss
competition mutation indicated at the top of each lane. The 5'ss
competition assays shown here are all in reading frame |I. The
products of the primer extension reactions are diagrammed on the
side. Each lane was primer extended with the CUP1 and the U1
snRNA primers. The location of the exon 2 primer (3' Cup) is noted

on the diagrams.
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TABLE 1

Summary of the number of specific mutations

recovered at each position of the degenerate

§' splice site

5' splice site

-

0

Mutation

3

-2
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TABLE 2

Summary of copper-growth and primer extension

phenotypes of intron point mutations

Intron Mutation. Copper Growth  Mature/UISnRNA®?

wild type 1.0mM 325

no plasmid 0.013mM 0.0
Gl1A 0.013mM 0.0
GIC 0.013mM 0.0
A3'ss 0.013mM 0.0
GSA 0.30mM 24
GsU 0.30mM 34
G5C 0.50mM 69
A259C 0.15mM 1.6
A259C+
mpl6-1 0.25mM 2.7

2 the ratio in this column indicates the amount of mature nRNA

relative to the amount of Ul snRNA.
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TABLE 3

Summary of copper-growth and primer extension

phenotypes of S'ss competition mutations

INTRON COPPER WILD TYPE/
MUTATION GROWTH? MUTANT®
wild type 0.18mM¢ 1.0/1.7€
T-2A 0.05mM 1.09.7
G-I1T 0.18mM 1.0/1.6
G-1C 0.18mM 1.0/19
GIT 0.50mM
GlA 0.50mM
GIC 0.50mM
T2G 0.50mM
T2C 0.25mM
T2A 0.50mM
A3G 0.50mM
A3T 0.50mM
AYXC 0.50mM
T4G 0.25mM 1.0/.08
T4A 0.25mM 1.0/.06
T4aC 0.50mM 1.0/.25
GST 0.50mM
GSA 0.50mM
G5C 1.0mM
T6A 0.013mM
T6G 0.50mM 1.0/.26
T6C 0.50mM 1.0/.11

4 copper growth reflects the actin-CUP] fusion protein produced
as a result of cleavage at the downstream unmutagenized 5'ss.

b the ratios in this column indicate the amount of mature
message generated as a result of cleavage at the unmutagenized

downstream $5'ss relative to the mutagenized upstream 5'ss.
Cleavage at the unmutagenized 5'ss results in an in-frame
mRNA while cleavage at the mutant 5'ss results in an out-of-
frame mRNA.

both of the §' splice sites in this competition are wild type.
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CHAPTER 3
Effects of U1 snRNA point mutations

on 5' splice site mutations
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U1 snRNA was the first factor demonstrated to interact with
the 5' splice site. As discussed in Chapter 1, these two RNAs base
pair with one another and this interaction is important for the first
step of splicing. 5' splice site mutations can be suppressed by
compensating mutations in U1 snRNA, however, the restoration of
complementarity only partially suppresses the splicing defect.
Thus, other factors are involved in either establishing or stabilizing
the U1 snRNA-5' splice site interaction.

In order to further analyze the mechanism by which
compensating U1 snRNA mutations suppress the decrease in splicing
efficiency conferred by intron mutations, | decided to examine the
ability of U1 compensating mutations to suppress intron mutations
in  two new situations: (1) when the mutated pre-mRNA is

Overexpressed and (2) when a mutated 5' splice site is competing
with a wild-type 5' splice site. In addition, | characterized the

- Phvenotypes conferred by several U1 snRNA alleles that are mutated
in  the region that is complementary to the 5' splice site.
'nterestingly, these studies, like previous studies reviewed in
Chapter 1, indicate that other factors are involved in the process of
S° Splice site recognition. Furthermore, these studies suggest that

U snRNA is not the first factor to interact with the 5' splice site.

Su P pression of 5 splice site mutations by compensating U1
Muatations. Using low copy (cen) ACT1-HIS4 and ACT1-LacZ

"® P orter plasmids, Siliciano and Guthrie (1988) had demonstrated
thayt restoration of complementarity between U1 and the 5' splice
Sit® increases the efficiency of the first catalytic step.
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Suppression is semi-dominant; that is, suppression is observed in a
strain that contains both a wild-type and mutant copy of U1, but
suppression increases in a strain homozygous for the U1 mutation
(Siliciano and Guthrie, 1988; Seraphin, et al., 1988).

As shown in Chapter 2, the phenotypes conferred by intron
mutations in the high copy ACT1-CUP1 reporter system were similar

to those phenotypes observed when the same mutations were studied

on low copy reporters. Thus, | expected that compensating U1

mutants would be able to suppress the decrease in splicing
efficiency conferred by 5' splice site mutations when the 5' splice
site mutations were expressed in the high copy ACT1-CUP1 reporter

Sy stem. Surprisingly, however, when the intron position 1 or 5
mutations were cloned into the high copy (2u) ACT1-CUP1 reporter
Sy stem, suppression by compensating U1 mutations was not
observed if a wild-type copy of U1 was also expressed in the cells.

- Suppression by the compensating U1 mutants was only observed if
the strain was homozygous for the compensating U1 suppressor.
Notably, even in these cases, suppression could not be detected by
CO P> per resistance assays; but was observed only by primer extension
analyses (Table 1). The failure to observe suppression by copper

'® ssistance assays may be due to the poor growth of U1-C4U and U1-

Cau suppressor strains, resulting in a decrease in the apparent

'GVels of copper resistance.
The inability of the U1 mutations (in a heterozygous

background) to suppress the 5' splice site changes could be the
result of expressing the new reporter genes at very high levels, i.e.
on 2 plasmids under the control of the very strong constitutive GPD
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promoter. Alternatively, the lack of suppression could be due to the
design of the new gene fusion, since almost all of the actin exon 2
sequence had been deleted from the new gene fusion. To distinguish
between these possibilities, the intron G1A and G5A ACT1-CUP1
mutant reporters were subcloned onto low copy (cen) plasmids.
Under these conditions the U1 suppressors functioned in the
presence or absence of a wild type copy of U1 snRNA, as assayed by
primer extension and copper resistance (Table 1). Thus, the
expression level of the reporter gene influences the suppression by
ut.

The variable in these experiments was the amount of mutant
pre-mRNA; the absolute amount of suppressor and wild-type U1
Probably did not change. One explanation is that some limiting
factor, factor X, has been titrated by excess pre-mRNA. According
to this model, factor X (1) binds preferentially to wild type 5' splice

' Site sequences and (2) helps mutant U1 snRNAs recognize or bind to
a &§° gplice site. When the mutant 5' splice site pre-mRNA is

ex pressed at high levels and factor X is limiting, the probability that
factor X will bind to the mutant 5' splice sites would be low. Thus,
CO rmpensating changes in U1 would be unable to suppress intron

Mus tations because the mutant U1 could not recognize or bind to the
Pre—-mRNA. In a strain homozygous for the suppressor U1, the mutant
U1 does not have to compete with the wild-type U1 for binding to
the s splice site and consequently is no longer dependent on the

imMiting factor X.
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Is there a factor X involved in 5' splice site recognition? A
family of splicing proteins, known as SR proteins for characteristic
dipeptides, are now known to be involved in §' splice site selection
in higher eucaryotes (Krainer et al., 1990; Zahler et al., 1993).
Interestingly, several members of this family have been shown to
commit pre-mRNA to the splicing pathway in the absence of U1 (Fu,
1993). Recent evidence has led to the proposal that these proteins
help U1 snRNA anneal to the §' splice site (I. Eperon, unpublished
data). In addition, ASF/SF-2, the first identified SR protein, has
been shown to bind to the 5' splice site sequence in a sequence
specific manner. Point mutations in the 5' splice site consensus
sequence can reduce binding of ASF/SF-2 to the splice site by as
much as a factor of 100, with the largest effects observed in
competition assays (Zuo and Manley, 1993). No member of this
family has yet been identified in S. cerevisiae; however, the above

- observations suggest that a protein with similar functional
properties might exist.

A genetic screen, such as outlined in Figure 1, could be used to
identify such a factor. The premise of this screen is that
overexpression of the limiting factor X should result in increased
cleavage at a mutant 5' splice site (e.g., G5A) when the mutant pre-
mRNA is expressed at high levels in the presence of both the
compensating suppressor U1 (U1-C4U) and wild-type U1.

Screens for high copy suppressors have relied on expressing
the library on a high copy number (2u) plasmid or under the control
of the strong inducible GAL promoter. Since the mutant ACT1-CUP1

is being expressed on a high copy (2u) plasmid, it would be best to
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introduce the yeast library on a low copy (cen) plasmid rather than
introduce a second high copy (2u) plasmid into the cell. That is, a
cell containing two 2u plasmids amplifies the plasmids to the copy
number at which the first 2u plasmid was maintained and will
randomly choose the copy numbers of each of the two plasmids
(Broach and Volkert, 1991). Thus, the cen-GAL driven library should
be introduced into a wild type strain which contains the G5A ACT1-

CUP1 reporter on a 2u plasmid in addition to the compensating U1 2 —4:
mutant (U1-C4U). The transformants should be screened for :E
increased copper resistance that is dependent on both the presence -:-S,
of the G5A ACT1-CUP1 reporter and U1-C4U. :: :
In addition to searching yeast libraries for factor X, this screen - -

can also be used to test if known proteins can confer the desired -
phenotype. For example, the Drosophila SRp55 protein under the L.
control of the GAL promoter has been overexpressed in yeast (M. t:;_'

- Roth, personal communication). Thus, it is possible to now test if ‘,:':

this Drosophila protein can affect 5' splice site selection in yeast.

Phenotypes conferred by viable U1 point mutations. The
experiments described above led to the conclusion that it is only
possible to monitor suppression of §' splice site mutations on high
copy reporters by compensating changes in U1 if the U1 mutants are
viable when they are the sole U1 species in the cell. The U1-C4U and
U1-C8U alleles are viable, while all other changes at U1 positions 4
and 8 are inviable (Siliciano and Guthrie, 1988; Seraphin, et al.,
1988) as is the U1-A6U mutant (K. Nandabalan, personal

communication). Presumably, the viability of the C to U mutations
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in U1 is because these positions of U1 can form U-G base pairs with
the 5' splice site. However, the U1-C4U and U1-C8U mutations
confer growth defects presumably due to a decrease in the strength
of the U1-§' splice site base-pairing interaction.

Unlike U1 positions 4 and 8, this position is not
complementary to the corresponding nucleotide of the §' splice site.
When U1 was mutated at position 5 to increase complementarity to
the 5' splice site (U1-U5A), strains homozygous for this mutation
are viable; however they grow at a decreased rate, at all
temperatures tested, relative to a wild-type U1 strain. Two
additional U1 alleles, U1-U5G and U1-U5C, were generated. Like the
U1-C4U, U1-U5A and U1-C8U alleles, these alleles are viable. Table
2 summarizes the growth phenotypes conferred by each of these
mutations at different temperatures.

The viable U1 mutants appear to fall into two classes. Class 1
" is comprised of U1-C4U and U1-C8U which are each cold and
temperature-sensitive. Class 2 is composed of the three point
mutations at U1 position 5, which do not display conditional growth
phenotypes. U1-U5C grows like the wild type U1 strain, while the
U1-US5A and U1-U5G strains are slightly sick at all temperatures.
Interestingly, the U1-C4U and U1-U5G strains grow very similarly at
30°C, but the relative growth rate of U1-C4U decreases at both
higher and lower temperatures (Table 2). Strikingly, class 1 is
composed of mutants at U1 positions 4 and 8, positions that
normally base pair with the 5' splice site, while class 2 is composed
of mutants at U1 position 5, which does not normally base pair with
U1.
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Perhaps the decrease in the potential base-pairing interaction
between either U1-C4U or U1-C8U and the 5' splice site results in
the conditional phenotypes of these mutants. Thus, by suppressing
the conditional phenotypes of U1-C4U or U1-C8U strains, it might be
possible to genetically isolate factors involved in stabilizing the
U1.5' splice site interaction, possibly factor X or a U1 snRNP protein
that interacts with factor X. Conversely, cold-sensitive phenotypes
have, in several cases, been shown to be the result of the
hyperstabilization of an intermediate (Dammel and Noller, 1993) and
recent experiments indicate that the U1.-5' splice site interaction
must be disrupted or modified before the addition of the other
snRNPs (Konforti, et al.,, 1993). Thus, suppression of the cold-
sensitive phenotype conferred by the U1-C4U and U1-C8U strains,
might result in the identification of factors involved in modifying
the U1/5' splice site interaction so that the other shnRNPs can bind
- to the pre-mRNA. Possible candidates, in this case, are PRPS5, a
splicing protein which has helicase-like domains, as well as PRP9,
PRP11 and PRP 21, proteins all required for U2 addition (Ruby, et al.,
1993).

Restoration of complementarity between U1 and competing
mutated 5' splice sites does not increase cleavage at
mutated sites. Mutational studies of the §' splice site have
demonstrated that this sequence is involved in several steps of the
splicing pathway including: (1) commitment to the splicing
pathway by base-pairing with U1 snRNA (2) 5' cleavage site choice

and (3) determination of 3' splice site cleavage by inspection of the
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branched intermediate (for review see Chapter 1). The 5' splice site
competition assay described in Chapter 2 was designed to assess the
relative contributions of different nucleotides in the 5' splice site
consensus sequence. This assay demonstrated that mutations in the
intron portion of the splice site sequence caused step 1 defects that
decreased or abolished spicing at the mutated splice site. The most
likely explanation for these observations was that the mutant 5'
splice sites couldn't compete with the nearby wild type site for U1.
A straightforward way to test this hypothesize was to
determine whether compensating changes in U1, predicted to restore
base-pairing with a mutated site, could increase use of the
competing mutated site. As discussed above, strains homozygous
for either U1-C4U or U1-C8U partially suppress the decrease in the
efficiency of step 1 conferred by intron position 5 or 1 mutations,
respectively, by restoring the complementarity of these two RNAs.
- Thus, the complete set of competing intron position 5 mutations was
introduced into the U1-C4U strain and the complete set of competing
intron position 1 mutations was introduced into the U1-C8U strain.
Surprisingly, no cleavage was observed at the mutated 5'
splice sites when assayed in the presence of a compensating U1
mutation as assayed by either copper resistance or primer extension
assays (data not shown), even when all the U1 snRNA expressed in
the cell contained the compensating mutation. Thus, the inability of
the G5A and G1A sites to compete with the nearby wild-type 5'
splice site is not (simply) a result of their decreased

complementarity to U1.
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U1-C8U strain exhibits a loss of mRNA. Interestingly, primer
extension analyses of RNA isolated from the U1-C8U strain carrying
the competition reporters revealed a loss of mature ACT1-CUP1
mRNA (Figure 2). That is, the amount of mature ACT1-CUP1 mRNA in
the mutant U1-C8U strain was much lower than the amount of
mature ACT1-CUP1 mRNA in the wild-type U1 strain. This phenotype
was not observed when the strain was transformed with a plasmid
which only contains either a single wild-type or mutant

5' splice site. One intriguing interpretation of this data is that U1-
C8U has trouble binding to the 5' splice site competition pre-mRNA
and thus can't commit this message to the splicing pathway,
resulting in the degradation of the pre-mRNA. It is worth noting
that even in a U1 wild-type strain, when two 5' splice sites are in
close proximity, the efficiency of the first catalytic step of splicing
is decreased. Similarly, previous mammalian studies have shown

- that if two 5' splice sites are in close proximity they can inhibit

step 1 in vitro (Nelson and Green, 1988).

Effects of creating complementarity between U1 position 5
and intron position 4 in the competition assay. Strains
homozygous for each of the U1 position 5 mutants were transformed
with the competition reporters mutated at intron position 4. The
primer extension data are shown in Figure 3 and quantitated in Table
3. The values in table 3 indicate the amount of cleavage at the
upstream site (U4WT, U4C, U4G or U4A) relative to cleavage at the
downstream wild type site. As can be seen by reading across each

line of the Table, in each of the strains the order of 5' splice site
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choice is always U4WT>U4C>U4G>U4A. Surprisingly, however, the
ability of an intron position 4 mutation to compete against a wild
type site is increased when complementarity is created between U1
position 5 and intron position 4, as can be determined by reading
down each column of the Table. For example, in a U1-U5C strain, the
intron U4G mutant can compete better against the wild type site
than in any other strain. However, even in the U1-USC strain, the
upstream U4G mutant site cannot compete as well as the upstream
U4C mutant site with the wild-type downstream site.

These results are interesting because they demonstrate that
under select conditions a base-pairing interaction between U1
position 5 and intron position 4 can result in increase in use of a
splice site. This result was not expected for these reasons. (1) In a
U1 wild-type strain, in the 5' splice site competition assay, the
stronger the potential base-pairing interaction between the U at
- position 5 of the wild-type U1 and position 4 of the §' splice site,
the less likely this site could compete with the wild type site
(wild-type>4C>4G>4A, see Chapter 2). (2) Mutations in U1 at
position 5, which increase complementarity to the 5' splice site
consensus sequence, confer growth defects on the cell. Thus, it
appears that both intron position 4 and U1 position 5 normally play
roles in splicing other than the U1/5' splice site base-pairing

interaction.

What is the competition assay measuring? Compensating
changes are known to suppress the decrease in efficiency conferred

by intron position 1 and 5 mutations, however the same
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compensating U1 changes cannot suppress the same mutant 5§' splice
sites when in competition with a nearby wild-type site. These
observations suggest that the competition is measuring a step in
splicing distinct from commitment of the 5' splice site to splicing
by base-pairing with U1. In principle, the competition assay could
be monitoring a step prior to (the "recruitment model”) or after U1
commitment (the "splice site region vs. cleavage site location”
model), or possibly both.

The "recruitment model" proposes that a factor examines the §'
splice site sequence or region prior to U1. This factor searches for
the sequence with the best match to the 5' splice site consensus
sequence and then directs U1 to the §' splice site. Thus, even when
compensating changes are introduced into U1 the mutant U1 is never
directed to the competing mutated 5' splice site. In the simplest
case, the "recruitment factor” is the same as the factor X proposed
- earlier to explain dosage-dependent suppression in non-competition
constructs. In this case, over-expressing factor X should allow the
mutant 5' splice site to be recognized, bind U1 and consequently
compete.

The "splice site region vs. cleavage site location” model
proposes that other factors examine the 5' splice site after U1. That
is, U1 binds to the 5' splice site and commits a region of the intron
that includes a 5' splice site to the splicing pathway. Other factors
are then responsible for choosing the cleavage site. In this model,
the U1 position 4 and 8 mutations might increase the initial
recognition of the competing intron position 1 or 5 mutations, but

other factors, perhaps U5 and U6, choose the exact cleavage site.
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Indeed, recent experiments demonstrate that mutations in both U5
and U6 can activate cleavage at the mutated splice sites (J. Staley
and C.L)).

How can the suppression of intron position 4 mutants by
compensating changes in U1 (position 5) be explained by
these models? Curiously, as described above, the restoration of
complementarity between U1 snRNA and the 5' splice site does not
activate cleavage at a mutated 5' splice site; however, the creation
of a potential base pair between two normally non-complementary
positions can increase cleavage at a mutated 5' splice site. In terms
of the "recruitment model,” it is note worthy that when
complementarity is created, between intron position 4 and U1
position 4, the potential stability of the U1-5' splice site interaction
is greater than in the normal situation. Perhaps, this increase in
- stability allows the suppressor U1 to bind to the mutant 5' splice
site in the absence of the proposed "recruitment” factor.
Interestingly, even though the U1 position 5 suppressors can
increase cleavage of a mutated 5' splice site containing the
complementary intron position 4 mutation, the relative amount of
cleavage is always the same (U4WT>U4C>U4G>U4A). That is, even
though cleavage is increased at the competing U4G site, in the U1-
USC strain, this site (U4G) still cannot compete as well as the U4C
intron mutation against the wild type 5' splice site. Thus, the
competition assay must be monitoring the interactions of intron
position 4 with at least one other factor besides U1. This other

interaction ensures that no matter what changes are made in U1, the
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order of use of the competing 5' splice site mutated at position 4
will always be wild-type>U4C>U4G>U4A. Thus, in terms of the
"splice site region versus cleavage site location” model, the U1
position 5-intron position 4 might be important in defining the
splice site region while the interaction of intron position 4 with the
factor other than U1 snRNA is important in choosing the exact

cleavage site location.

In summary. The observations presented in this chapter indicate
that the process of 5' splice site recognition in S. cerevisiae , like
mammals, cannot solely be defined by a U1 snRNA-5' splice site
base-pairing interaction. Rather, other factors appear to be involved
in this process. The characterization of the interactions of U1
snRNA with the overexpressed mutated pre-mRNA and the 5' splice
site competition assay make several predictions as to the roles of

- these factors which can now be used to design genetic strategies to

identify such factors.
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Figure 1. Genetic scheme to identify factor X. The yeast drawn is
deleted at the chromosomal CUP1 locus. The strain carries a
plasmid which expresses the GS5A ACT1-CUP1 reporter. The strain is
a haploid, but is heterozygous for U1 snRNA since the strain
expresses both the wild-type chromosomal copy of U1 and the U1-
C4U allele which is expressed from a plasmid. The text describes
the rationale for why the high copy expression of a factor should

result in suppression of the G5A intron mutation.
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Figure 2: The U1-C8U strain exhibits a loss-of-mature phenotype
when splicing 5' splice site competition pre-mRNA. Primer
extension analysis of RNA isolated from either a U1-wild-type
strain (odd lanes) or a U1-C8U strain (even lanes). In the first 8
lanes RNA was isolated from strains transformed with a ACT1-CUP1
competition reporter, while in lanes 9 and 10, RNA was isolated
from strains transformed with a non-competition ACT1-CUP1
reporter. Each lane is labeled with the specific genotype of the
strain (U1 allele and intron reporter construct) from which the RNA
was isolated. In all cases, the upstream 5' splice site contains the
mutation and the downstream 5' splice site is wild-type. The

products of the primer extension assays are indicated.
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Figure 3. Suppression of intron position 4 mutations by
compensating changes at U1 position 5. Primer extension analysis
of RNA isolated from U1-wild-type (U1-U5) or U1-position 5
mutations (U1-U5A, U1-U5G, U1-USC) strains carrying intron
position 4/wild-type competition ACT1-CUP1 reporters. Each lane
is labeled with the specific genotype of the strain (U1 allele and
intron reporter construct) from which the RNA was isolated. The

products of the primer extension assays are indicated.
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TABLE 1 Quanitation of primer extension analyses of RNA

isolated from strains homozygous for U1.

intron mutation primer extension analysis
G5A U1-WT u1-C4U
precursor 28% 9%
lariat intermediate 21% 34%
mature 51% 56%
G5C U1-WT U1-C4U
precursor 17% 17%
lariat intermediate 11% 11%
mature 72% 72%
U1-WT u1-CsuU
G1A precursor 41% 25%
lariat intermediate 59% 75%
mature 0% 0%
Gi1C U1-WT U1-C8U
precursor 85% 72%
lariat intermediate 15% 28%
mature 0% 0%
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Table 2 Summary of growth phenotypes conferred by

U1 snRNA mutations.

U1-WT
U1-UsC
U1-U5A
U1-USG
U1-C4U
U1-C8U

Doubling Relative growth rates

time (Hrs)
30°C 18°C 25C 30°C 37°C
2.1 ++ ++ +++ +++
2.8 +++ +++ +++ ++
3.4 ++ + + +
3.6 ++ + + ++
4.0 - + + +
6.4 - - + +
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Table 3 Summary of amount of cleavage at upstream site

relative to cleavage at the downstream site.”

mRNA upstream site/mRNA downstream site
U4U/WT U4C/WT U4G/WT U4A/WT

U1-USWT [ 3.0 25 .08 06
U1-UsC 1.7 .34 .30 .03
U1-USG 1.9 1.6 .30 .03
UI-USA | 4.0 .14 .03 .01

The bold underlined values indicate the greatest

value for each of the intron mutations.
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CHAPTER 4

Determinants of 5' splice site selection
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Abstract

In mammals, the context of a 5' splice site as well as the
proximity of a 5' splice site to the 3' splice site can influence %'
splice site selection. The following studies indicate that the
context and position of the 5' splice site also play such a role in S.
cerevisiae. In mammals, proteins are known to play an important
role in distinguishing 5' splice site context and position. Though
similar proteins in yeast have not been identified, the following
studies indicate that some factor (or factors), in addition to U1

snRNA, plays a role in selecting 5' splice sites in yeast.

Introduction

Mammalian 5' splice site competition assays have proven to be
powerful tools for analyzing the §' splice site consensus sequence
and for identifying potential factors involved in 5' splice site
- selection. When mammalian 5' splice site sites are in close
proximity ("near competition”), splicing occurs more often at the
site with greater complementarity to U1 (Eperon, et al., 1986;
Nelson and Green, 1988). Even if a 5' splice site is perfectly
complementary to U1, however, cleavage can occur at this site only
if it is in an appropriate position and context in the pre-mRNA
(Nelson and Green, 1988). This observation provided the first hint
that factors other than U1 are involved in 5' splice site selection.

When competing §' splice sites are not in close proximity (“far
competition”), and the 5' splice site sequences are identical, both
the sequence flanking the splice sites (exonic sequences) and the

proximity of the §' splice sites to the 3' splice site affect 5' splice
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site selection (Reed and Maniatis, 1986). Thus, in mammals, factors
appear to play roles in both near and far 5' splice site competitions.
Interestingly, the use of competing splice sites could be altered by

diluting splicing extracts, suggesting that such factors are limiting
in certain circumstances (Reed and Maniatis, 1986).

Two classes of proteins, hnRNPs and SR proteins, have been
implicated in influencing splice site selection. The relative
concentrations of hnRNP A1 and the SR protein ASF/SF-2 can affect
use of the compseting 5' splice sites in the mammalian competition
assay in which the splice sites are far apart (Mayeda and Krainer,
1992). hnRNP proteins are involved in packaging nascent RNAs and
presenting them to the RNA processing apparatus. Some of the
hnRNP proteins bind specifically to the polypyrimidine sequence of
the pre-mRNA, which is part of the mammalian 3' splice site
consensus sequence (Buvoli, et al., 1988; Gil, et al., 1991; Kumar, et
- al., 1987; Patton, et al., 1991; Swanson and Dreyfuss, 1988). In
addition, the cross-linking of two of these proteins, hnRNP A1 and
hnRNP C, to the pre-mRNA requires the presence of both intact U1
and U2 snRNPs (Mayrand and Pederson, 1990). Thus, both hnRNPs and
snRNPs bind to splice site sequences and might interact to define
splice sites.

The first member of the SR family identified, ASF/SF-2, was
isolated in two independent sets of experiments; first, as a factor
involved in alternative 5' splice site choice (Ge and Manley, 1990)
and second, as an essential splicing factor (Krainer, et al., 1990).
Curiously, all of the SR proteins tested can complement a splicing-

deficient extract, but each protein exerts specific effects on the
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splicing of competing 5' splice sites (Krainer, et al., 1990; Zahler, et
al., 1993). These experiments demonstrate that an essential and
therefore presumably constitutive splicing factor can also
participate in the regulation of alternative splicing. In addition, at
least in mammals, it appears that the process of splice site
selection begins prior to U1 binding, since it has been shown that SR
proteins can commit pre-mRNAs to the mammalian splicing pathway
in the absence of U1 (Fu, 1993) and can promote U1 binding to the 5'
splice site (Zuo and Manley, 1993).

Since the mammalian 5' splice site competition assays had
proved so powerful in analyzing the mammalian 5' splice site, |
decided to use similar assays to characterize the determinants of
yeast 5§' splice site selection. Chapter 2 described the development
and characterization of a yeast 5' splice site competition assay in
which the competing sites are in close proximity to one another (13
- ntes.). These experiments indicated that mutation of any of the well
conserved or invariant nucleotides of the intron portion of a §'
splice site severely decreases or eliminates the ability of this site
to compete with a wild-type site. Chapter 3 demonstrated that in
this competition assay, the ability of a 5' splice site to compete
does not depend on its complementarity to the 5' end of U1 at least
in the case of intron positions 1 and 5. This result was very
surprising since, when intron position 1 and 5 mutations are not
competing with a wild-type site, compensating mutations in U1
increase cleavage at the mutant 5' splice site. In addition, in the

case of a second yeast 5' splice site competition assay in which the
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sites are far apart (75 nt.) (Goguel, et al.,, 1991), cleavage at a 5'
splice site is dependent on complementarity to U1.

A major difference between my work (Chapter 3) and that of
Goguel et al. (1991) is the distance between the sites. Because my
results suggested that as in mammals the process of 5' splice site
selection involved factors in addition to U1, | wanted to further
characterize the determinants of yeast 5' splice site selection. |
designed three additional 5' splice site competition assays in which
the competing sites are far apart. | then analyzed the behavior of
these new competition assays, in both wild-type and mutant U1
strains. The results demonstrate that in yeast, as in mammals, both
splice site context and proximity can play important roles in 5'
splice site selection. These experiments indicate that splicing
components other then U1, perhaps yeast homologs of SR or hnRNP
proteins, may play a role in yeast 5' splice site selection.

- Importantly, the detailed characterization of the different

competition assays allows several predictions as to the nature of
these factors. This information can now be used to design genetic
screens to identify and characterize proteins involved in yeast §'

splice site selection.

RESULTS

The context of the 5' splice site is important. Two 5' splice
site competition assays (Il and lll) were constructed (see Figure 1)
to address the question of whether the sequence flanking the 5'

splice site influences splice site selection. In both of these assays
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the splice sites are separated by slightly greater than 100
nucleotides. In the first assay (ll) the distal (upstream) §' splice
site is flanked by synthetic sequence and the proximal (downstream)
5' splice site is flanked by authentic actin sequence while in the
second assay (lll) both the distal and proximal 5' splice sites are
flanked by authentic actin sequence. Figure 2 aligns the synthetic

sequence flanking the distal 5' splice site in competition Il with the

authentic sequence flanking the distal 5' splice site in competition ":
lll. The synthetic sequence is identical to the sequence flanking the E"
distal 5' splice site in the original "near competition” assay ;:
described in Chapter 2. \

In order to test if context affects 5' splice site choice, --
competition assays |l and Ill were introduced into a U1-wild-type e
strain as well as the 5 viable strains which contain mutations in the -t
5' end of U1 (U1-C4U, U1-U5A, U1-U5G, U1-U5C and U1-C8U). RNA .:k"

- was isolated from each of these strains and assayed by primer -

extension analyses.

The data summarized in Table 1 are consistent with the
conclusion that the context of the 5' splice site influences the
amount of cleavage at that site. For example, when the distal site is
flanked by synthetic sequence, as in competition I, cleavage at the
distal site occurs 0.6 times as often as at the proximal site which
is flanked by authentic sequence (Figure 3, lane 1; Table I). In
contrast, when the distal site is flanked by authentic sequence, as in
competition lll, cleavage at the distal site occurs 1.4 times as often
as at the proximal site which is flanked by authentic sequence

(Figure 3, lane 7; Table 1). Thus, relative to the distal synthetic
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site, the distal authentic site increases the ability of this site to
compete against a proximal authentic actin 5' splice site by a factor

of 2.4. In all of the mutant-U1 strains, a similar effect is observed.

Proximity of the 5' splice site to the 3' splice site
influences splice site selection. In order to address the
question of whether the proximity of the §' splice site to the other
splice site signals influences selection, an additional 5' splice site
competition assay (IV) was constructed (Figure 1). In this assay,
the distal site is flanked by authentic actin sequence while the
proximal site is flanked by synthetic sequence. The splicing of this
construct can be compared to competition assay |l in which the
distal site is flanked by synthetic actin sequence and the proximal
site is flanked by authentic actin sequence (Figure 1). Thus, the only
difference is the relative positioning of the authentic and synthetic
- sequences. In a wild-type U1 strain, a §' splice site that is flanked
by authentic sequence is always favored regardless of whether the
5' splice site is located in the distal site or the proximal site
(Figure 4, lane 1 vs. lane 7, Table 2). The same is true in all of the
mutant-U1 strains (Figure 4, Table 2). Thus, the sequence context of
a 5 splice site has a dominating influence on whether a site will be
used.

In the constructs used, cleavage at the proximal site results in
an in-frame mMRNA while cleavage at the distal site results in an
out-of-frame mRNA. Thus, the ratio of cleavage of the distal site to
cleavage at the proximal site is skewed in favor of the proximal site

(see Chapter 2). Thus, it is complicated to determine, by comparing
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these constructs, whether the proximal authentic site or the distal
authentic site is preferred more.

Interestingly, in the mutant U1 strains, the amount of cleavage
at either distal site relative to their respective proximal site is
almost always decreased with respect to the wild-type U1 strain
(Figure 4, Table 2). Thus, even if the distal site is flanked by
authentic sequence, the mutant U1 strains do not recognize the
distal site as well as the wild-type U1 strain. Still, a comparison
of competition assays Il and IV does indicate that the distal site can
compete better against the proximal site when it is flanked by
authentic sequence. Thus, it is apparent that even in yeast, in
mutant U1 strains, both the context and proximity of a 5' splice site

to the 3' splice site can influence 5' splice site choice.

Is there a limiting factor that can alter cleavage at

- competing 5' splice sites? The conclusion that both sequence
context and splice site proximity can affect 5' splice site choice is
reminiscent of previous conclusions drawn from analyses of in vitro
5' splice site competition assays in mammalian splicing extracts
(Reed and Maniatis, 1986). As mentioned in the introduction, in
higher eukaryotic in vitro splicing extracts, increasing the amount
of exogenous added SR proteins can alter the amount of cleavage at
one competing splice site relative to another in a dosage-dependent
manner (Krainer, et al., 1990; Zahler, et al., 1993). If similar
proteins exist in yeast, the relative amount of cleavage at two
competing 5' splice sites may be affected by the concentration of

such a protein in the cell. For example, one reason why synthetic
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splice sites are not able to compete as well as authentic sites might
be because the synthetic site cannot compete as well for a limiting
protein. Thus, if the protein is limiting because the 5' splice site
competition assays are expressed at high levels, it might be

possible to see an increase in cleavage at the synthetic sites by
decreasing the amount of pre-mRNA in the cell.

To test this prediction, compstition assays |l and Il were
subcloned from high copy (2u) plasmids to low copy (cen) plasmids.
These low copy constructs were then introduced into the wild-type
and mutant-U1 strains. Preliminary experiments indicate that, in
the mutant U1 strains, lowering the amount of competition RNA in
the cell increases cleavage at the distal synthetic site relative to
the proximal authentic site in competition assay Il (Table 3), as
predicted. Decreasing the copy number of the competition Il has
little effect on the relative amount of cleavage at the two
competing authentic 5' splice sites (Table 2).

These preliminary experiments raise the exciting possibility
that the in vivo concentration of a yeast splicing factor can affect 5'
splice site choice. Thus, one could use the competition assay
reporters to design genetic screens to identify factors which can

affect 5' splice site selection.

Discussion

Analyses of mammalian 5' splice site competition assays have

demonstrated that the process of 5' splice site selection is complex
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and is likely to involve several other factors in addition to U1. One
explanation for this complexity is that 5' splice site competition
assays reflect situations of regulated splicing in which factors
other than U1 act. For example, ASF/SF-2, the first identified SR
protein, was independently identified as an essential splicing
protein (Ge and Manley, 1990) and as a regulator of alternative 5'
splice site selection (Krainer, et al., 1990). In S. cerevisiae,
however, no examples of alternative splicing have yet been
identified. Thus, | did not expect 5' splice site selection in yeast to
be influenced, as it is in mammals, by both the sequence flanking the
splice site, the context, and the location of the 5' splice site from

the branch point and 3' splice site sequences.

Factor X is involved in recognition of the 5' splice site. In
Chapter 2, | described genetic evidence which supports the

- hypothesis that a factor X in addition to U1 snRNA interacts with the
5' splice site consensus sequence. Factor X appears to bind
preferentially to wild-type 5' splice site sequences and helps
mutant U1 snRNAs recognize or bind to a 5' splice site. Below, as
the result of the analyses of three additional "far competition”
assays, | propose that two other factors influence the 5' splice site
selection. These factors, unlike factor X, do not distinguish between
sites as a result of differences in their 5' splice site sequences, but
rather distinguish between sites by comparing their flanking
sequence and relative position in the pre-mRNA. Curiously, each of

these proposed factors, X, Y and Z, are sensitive to parameters of 5'
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splice site recognition which have been shown to be important in &'

splice site selection by SR proteins.

Factor Y recognizes authentic 5' splice sites. A comparison
of the splicing patterns of a set of 5' splice site competition assays
(n, 1 and 1IV) in which wild-type §' splice sites were flanked by
either authentic or synthetic actin sequence, resulted in the
conclusion that in yeast, like mammals, the context of a &' splice
site does influence selection of the site. What "reads"” this context?
Imagine that there is a factor, factor Y, that helps U1 bind to a §'
splice site and prefers a specific 5' splice site because of its
context. Thus, when both competing 5' splice sites are flanked by
authentic actin sequence (competition Ill), factor Y could bind
equally to each 5' splice site and the amount of cleavage at both
sites would be similar. However, when one site is flanked by

- authentic sequence and the other by synthetic (competitions Il and
IV), the synthetic cannot compete as well for factor Y as the
authentic site. Thus, cleavage is favored at the site flanked by

authentic sequence.

Factor Z activates distal 5' splice sites. In competition
assays Il, lll and IV, a comparison of the wild-type U1 and mutant U1
snRNA splicing patterns demonstrated that, in general, mutant U1
snRNAs favor use of the proximal competing 5' splice sites. These
observations can be explained if there is a factor, factor Z, which

activates distal competing §' splice sites but is dependent on wild-
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type U1. Thus, mutant-U1 snRNAs cannot recognize or bind factor Z,
and are impaired for cleavage at distal 5' splice sites.

In competition Ill, for example, both splice sites are flanked
by authentic sequence and presumably bind factor Y. Thus, any
differences in the relative amount of cleavage at the competing
sites is due to something other than factor Y. In general, the mutant
U1 snRNAs, when compared to the wild-type U1 strain, decrease
cleavage at the distal site relative to the proximal site.
Presumably, these mutants cannot interact with factor Z and are

impaired for recognition of the distal site.

Variables that influence 5' splice site selection. Three
variables, splice site sequence, context and location, have now been
implicated in affecting 5' splice site selection. The easiest way to
think about how these variables interact to select the 5' splice site
- is to imagine that each variable is monitored by a specific factor,
thus factors X, Y and Z have been hypothesized to influence §' splice
site selection. However, there is no evidence that rules out the
possibility that one factor actually monitors more than one variable.
As shown in Figure 5A, factors X and Y might first bind to the pre-
mRNA and then recruit U1 to the pre-mRNA. The binding of X might
serve to ensure that the sequence with greatest identity to the 5'
splice site is chosen while the binding of Y ensures that the 5' splice
site is located in the correct region of the pre-mRNA by examining
the sequence flanking the 5' splice site. The binding of these factors
"recruits” U1 snRNA to the §' splice site. In this scenario, it appears

that factors X and Y might act in an analogous fashion to SR proteins
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since, as discussed earlier, SR proteins have been demonstrated to
recognize 5' splice sites in a context dependent manner in_vitro
(Krainer, et al., 1990) and in addition have been demonstrated to
mediate U1 binding to the 5' splice site jn vitro (Zuo and Manley,
1993).

Factor Z appears to favor cleavage at distal 5' splice sites.
Thus, in S. cerevisiae, where no examples of alternative splicing
have been observed, it is not clear what role such a protein might
play in normal §' splice site selection. One interesting possibility is
that factor Z coordinates the interaction between U1, the §' splice
site and branch point sequence, an interaction that is essential for
committing a pre-mRNA to the splicing pathway (Legrain, et al.,
1988; Seraphin and Rosbash, 1989b), in a fashion analogous to the
mammalian U2AF protein. Thus, in the competition assay, factor Z
could be responsible for ensuring that the branch point sequence is
- intact before committing U1 to a particular 5' splice site regardless
of its proximal or distal location (Figure 5B). However, in the
absence of factor, perhaps cleavage is favored at the proximal site
because the 5' splice site which is in closer proximity to the branch
point recognition sequence is more likely to interact with this
sequence by random collision. Thus, in the case of the U1 mutants,
which are hypothesized to be unable to bind Z, cleavage is
diminished at the distal site because the proximal 5' splice site
preferentially interacts with the nearby branch point sequence
(Figure 5C). In other words, mutant U1 snRNAs are diminished for
cleavage at the upstream site because they lack factor Z and are

unable to interact with the branch point recognition sequence
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efficiently and thus commit the distal 5' splice site to the splicing

pathway (Figure 5C).

Can U1 compensating mutations suppress 5' splice site
mutations in the competition assay? In Chapter 2, | described
that the U1-C4U mutation was not able to suppress a G5A §' splice
site mutant in the "near compestition,” even though suppression of
this specific mutation was demonstrated in a different "far
competition" assay (Goguel, et al., 1991). Thus, the initial incentive
for increasing the distance between the competing §' splice sites
was to see if it the spacing between the competing 5' splice sites
was inhibiting suppression. | have now introduced the G5A mutation
into the proximal authentic site of "far" competition Il. The strong
bias of the U1-C4U mutant strain for the proximal site complicates
the interpretation of the data. Consequently, it is not clear if

- suppression can be detected. Additional experiments will need to be

conducted to resolve this issue.

In summary. The process of 5' splice site selection in S.
cerevisiae , like that of mammals, appears to involve other factors
in addition to U1 snRNA. The 5' splice site sequence, context and
positioning in the pre-mRNA all influence the ability of a splice site
to be recognized. In higher eucaryotes pre-mRNA splicing often
serves as a mechanism for regulating gene expression. Thus, one
rationale for the complexity of §' splice site selection is that this
early step in the splicing pathway can be exploited for regulation.

However, in yeast, no examples of alternative splicing and only two
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examples of regulated splicing have been observed (Dabeva, et al.,
1986; Engebrecht, et al., 1991). Thus, on one hand, it is surprising
that the process of 5' splice site selection would prove to be so
complicated in yeast. Although, the complexity of the process of 5'
splice site selection might serve to ensure the fidelity of pre-mRNA
recognition. On the other hand, a common mechanism of regulating
splicing is by exploiting the roles of normal splicing factors. So

perhaps, the yeast competition assays indicate how it is possible to

modify the normal splicing apparatus to regulate pre-mRNA splicing.

Thus, it is likely that other examples of regulated splicing will be

found in yeast.
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Figure 1. Schematic representation of competition assays Il, Il

and IV. The open boxes represent exons and the thin line introns.
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Figure 2. Comparison of the sequences flanking the distal 5' splice
sites in competitions Il and lll. The sequence flanking competition
Il is synthetic actin sequence while the sequence flanking
competition Ill is authentic actin sequence. The bold sequence is the

actual 5' splice site sequence.
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Figure 3. A comparison of the splicing patterns of competitions Il
and lll. Primer extension analysis of RNA isolated from strains
homozygous for wild-type or mutant U1 snRNA transformed with
either competition Il or competition Il ACT1-CUP1 reporters. Each
lane is labeled with the specific U1 strain and the competition
reporter from which the RNA was isolated and the products of the

primer extension assays are indicated on the side of the figure.
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Figure 4. A comparison of the splicing patterns of competitions Il
and IV. Primer extension analysis of RNA isolated from strains
homozygous for wild-type or mutant U1 snRNA transformed with
either competition Il or competition IV ACT1-CUP1 reporters. Each
lane is labeled with the specific U1 strain and the competition
reporter from which the RNA was isolated and the products of the
primer extension assays are indicated on the side of the figure.

In these competitions, in contrast to the ones described in
Figure 2, cleavage at the proximal site results in the production of
an in-frame ACT1-CUP1 reporter gene and cleavage at the distal site
results in the production of an out-of-frame ACT1-CUP1 reporter
gene. Note, a comparison of the first lanes of figures 1 and 2
exemplifies how the relative reading frames of the mRNAs can
affect the interpretation of the data. In Figure 2, where cleavage at
the distal site results in the production of an in-frame mRNA, it
- appears that the proximal site is used 1.6 times as often as the
distal site. In contrast in Figure 3, where cleavage at the proximal
site results in the production of an in-frame mRNA, it appears that
the proximal site is used 8.3 times as often as the distal site.
These results demonstrate how important it is to consider the
relative stability of the mRNA produced when comparing two

competition constructs.
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Figure 5. Model for the roles of factors X, Y and Z. (A) Depicted
in the situation that occurs in a normal non-competition situation.
(B) Shown is what is hypothesized to happen in a "far" competition
assay with a wild-type U1. (C) Shown is what is hypothesized to

happen in a "far" competition assay with a U1 mutated at its 5' end.
(see text for details of the models)
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Table 1 A comparison of the ability of synthetic and authentic

proximal 5' splice sites to compete with a proximal authentic

5' splice site.

comp. |l comp. il

distal/ |synthetic*t/| authentic/ comp. I/

proximal authentic authentic comp. |l
U1-wild type .63 1.4 2.4

U1-U5SA .32 A7 2.4

U1-UsC .20 .91 4.6

U1-U5G .26 1.7 6.0

U1-C4U .18 .59 3.2

* The bold font indicates that cleavage at this site
generates a stable in-frame mRNA; otherwise cleavage
at the site generates an unstable out-of-frame mRNA.

-t The ratio = distally spliced/proximally spliced.
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Table 2 A comparison of the ability of a proximal synthetic and a

distal synthetic site to compete with an authentic site.

comp. |l comp. IV
distal/ synthetict/ | authentic/

proximal | authentic” | synthetic

U1-wild type 12 7.1
U1-U5A 14 3.0
U1-UsC .06 4.2
U1-UsG .06 2.4
U1-C4U .07 2.9

* The bold font indicates that cleavage at
this site generates a stable in-frame
mRNA; otherwise cleavage at the site
generates an unstable out-of-frame mRNA.

t The ratio = distally spliced/proximally
- spliced.
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Table 3 A comparison of high and low copy expression of

competitions |l and lll.

competition |l competition Il

synthetic”t/authentic authentic/synthetic
copy # high low low/hi high low low/hi
U1-WT .63 .63 1.0 1.4 1.1 .79
U1-U5A .32 .83 2.6 77 1.1 1.4
U1-UsC .20 .50 2.5 .91 77 .85
U1-U5G .26 .56 2.1 1.7 2.0 1.2
U1-C4U .18 .45 2.5 .59 1.0 1.7

* The bold font indicates that cleavage at this site generates a
stable in-frame mRNA; otherwise cleavage at the site generates an
unstable out-of-frame mRNA.

t The ratio = distally spliced/proximally spliced.
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CHAPTER 5
Mutations in U6 snRNA that Alter Splice Site Specificity:

Implications for the Active Site
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ABSTRACT

Mutation of the invariant G at position 5 of 5' splice sites in
introns of S.cerevisiae (/GUAUGU) activates cleavage at nearby
aberrant sites. Using a sensitive in vivo reporter assay, we have
tested a proposed base-pairing interaction between the 5' splice
site and the invariant ACAGAG sequence of U6 that is mutually
exclusive with the U1/5' splice site interaction. Mutations in U6
and/or the intron predicted to stabilize this interaction suppressed
aberrant cleavage and increased normal cleavage. In contrast,
aberrant cleavage was enhanced by stabilizing an alternative base-
pairing interaction between the intron and a non-conserved U6
sequence upstream of ACAGAG. We propose that base-pairs between
the intron (/GUAUGU) and U6 (ACAGAG) play an important role in
aligning the 5' splice site with the branch point during the first
catalytic step. In addition, nearby mutations in U6 can also
- influence §' cleavage. Finally, we found that mutation of the last
nucleotide of the ACAGAG sequence can suppress the second step
block imposed by mutations of the 3' splice site dinucleotide (AG/).
These data can be accommodated by a model for the spliceosomal
active site which juxtaposes the branch point and 5' and 3' splice
sites via a set of RNA:RNA interactions between the intron, U2 and
ueé.
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Nuclear pre-mRNA splicing is the process by which introns are
removed from mRNA precursors to form functional mature mRNAs.
This process is mediated by the spliceosome, a complex ribonucleo-
protein machine composed of five small nuclear RNAs (U1,U2,U4,US
and U6) and numerous proteins. Introns are removed via two
consecutive transesterification reactions. In step 1, the 2'-OH of
the intron branch point adenosine attacks the phosphodiester bond at
the 5' splice site, resulting in the formation of free exon 1 and the
lariat intermediate. In step 2, the 3'-OH of exon 1 attacks the 3'
splice site, resulting in ligation of exon 1 to exon 2 and the release
of the excised intron lariat (7,2). Introns are only defined by three
short consensus sequences: the 5' splice site, the branch point
region, and the 3' splice site. It is not understood how the
spliceosome correctly identifies boundaries between exons and
introns and chooses the precise location of the sites of covalent
- modification.

There is now considerable information on the role of RNA-RNA
interactions in this identification process. The 5' splice site and
branch point sequences of the intron are recognized by base-pairing
interactions with U1 (Fig. 1A)(3,4) and U2 (5), respectively. U1
binds at an early step in spliceosome assembly and commits the pre-
mRNA to the splicing pathway (6). Genetic and biochemical data
place U5 in close proximity to the §' and 3' exon sequences (7-10).
In special cases, in which the authentic 5' splice site has been
mutated, Watson-Crick base-pairing interactions between U5 and
the §' region of the precursor mRNA play a role in activating

aberrant cleavage sites (8).
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Mutational studies have shown that the highly conserved &'
splice site of S. cerevisiae plays several roles in the splicing
pathway (77). Mutation of the invariant G at intron position 5
(/GUAUGU)(12), like other 5' splice site mutations, decreases the
efficiency of the first catalytic step. However, changes at this
position are the only intron mutations that activate aberrant
cleavage sites. The location and frequency of aberrant cleavage
depends on the particular intron mutated as well as the specific
intron mutation (73). Restoration of complementarity between the
5' splice site and U1, by the introduction of compensatory changes in
U1, does not prevent aberrant cleavage; rather, it increases cleavage
at both the normal and aberrant sites (Fig. 1B)(4). Thus, while the
base-pairing interaction between the invariant C at position 4 of U1
and the invariant G at position 5 of the 5' splice site is important
for the efficiency of the first catalytic step of splicing, intron
- position 5 must also be recognized by some other factor in order to
specify the location of the cleavage reaction (4).

An excellent candidate for such a second factor is U6.
Crosslinking experiments in mammalian (70) and yeast (74) extracts
indicate that intron position 5 is close to a conserved domain of U6.
Two distinct U6-5' splice site base-pairing interactions have been
proposed based on these experiments (75). In both models, ACA
sequences in U6 base pair with the UGU conserved at positions 4 to 6
of yeast introns. In model | (Fig. 1C), which is based on a psoralen
crosslink between U6 and pre-mRNA (70), the ACA residues (nt. 47
to 49) are in the invariant ACAGAG sequence. In model Il (Fig. 1D),

which is based on ultraviolet (UV) crosslinks between U6 and lariat
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intermediates (74), the ACA residues (nt. 42 to 44) are located just
upstream of the ACAGAG sequence and are relatively nonconserved
(16,17). The regions of U6 modeled to base pair with the 5' splice
site are immediately upstream of a helix (helix 1) formed by base-
pairing interactions between U6 and U2 (78). This helix can
juxtapose the essential ACAGAG sequence of U6 (719,20) with the
branch point interaction domain of U2 (718). Thus, the proposed U6-5'
splice site interactions might serve to juxtapose the branch point,
which is the nucleophile that attacks the 5' splice site (271), with
the 5' cleavage site.

We designed a genetic approach to test the role of U6 in the
specificity of 5' splice site cleavage. Mutations predicted to
stabilize the interactions in model | suppressed aberrant cleavage
and increased normal cleavage. Conversely, enhancement of the
interaction in model Il led to an increase in cleavage at the aberrant
- site activated by a mutation at intron position 5. We thus propose
that base pairs between the intron (positions 4 to 6) and U6 (nt. 47
to 49) serve to correctly align the 5' splice site with the intron
branch point during the first catalytic step. We also found that
mutation of the last nucleotide of the ACAGAG sequence can
suppress the second step block imposed by mutations of the 3' splice
site dinucleotide (AG/). These data, together with other recent
results (78,22,23), suggest a model for the catalytic center of the

spliceosome.

Genetic test of the models of interactions between U6 and

the intron. In order to identify potential base-pairing interactions
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between U6 and the §' splice sites, we generated strains homozygous
for U6 point mutations (24) and transformed them with ACT1-CUP1
reporters (Fig. 2A)(25) that contained either a wild-type intron (Fig.
2B) or intron position 5 mutation (G5A or G5C)(26). We monitored
the amount of cleavage at either the normal (NL) or aberrant (AB)
cleavage sites by using a pair of reporters: one produces an in-
frame mRNA when cleavage is at the normal site (Fig. 2C) and the
other produces an in-frame mRNA when cleavage is at the aberrant
site (Fig. 2D)(27). The ACT1-CUP1 fusion protein allows cells to
grow in the presence of copper in a dosage-dependent manner. Thus,
in a cupiA background, it is possible to monitor mMRNA by monitoring
copper resistance of strains harboring the reporter constructs (28).
For example, we can detect that the G5A mutation activates more
aberrant cleavage than the G5C mutation, because wild-type strains
transformed with the G5A reporter for aberrant cleavage grow at .25
- mM copper, but wild-type strains transformed with the G5C reporter
for aberrant cleavage grow at 0.1 mM copper.

If activation of the aberrant cleavage site results from
disruption of a normal base-pairing interaction between U6 and
position 5 of the §' splice site, restoration of the proposed base-
pairing interaction should inhibit cleavage at the aberrant site. The
most direct test of this prediction would be, in the case of model |
(Fig. 1C), to determine if mutations at U6 position 48, which should
restore complementarity to intron position 5, could prevent cleavage
at the aberrant site. However, strains are inviable when the sole
copy of U6 is mutated at position 48 (79). Moreover, when expressed

on low-copy plasmids in the presence of the chromosomal copy of
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U6, mutations at U6 position 48 did not influence the splicing
phenotypes conferred by intron position 5 mutations, as determined
by primer extension and copper resistance assays (29). This is not
surprising since these U6 alleles are poorly expressed when assayed
in the presence of the chromosomal copy of U6 (79).

An additional prediction of model | is that cleavage at the
aberrant site might be suppressed by strengthening the proposed
base-pairing interaction between U6 and the §' splice site by
extending the complementarity between U6 positions 47 to 49 (ACA)
and intron positions 4 to 6 (UGU) to include U6 positions 45 and 46
and intron positions 7 and 8 (Fig. 3A). Thus, U6 positions 45 and 46
were mutated to A45G,U46A to create complementarity to actin
intron positions U7 and C8 (Fig. 3A). If these nucleotides are in
close proximity to the 5' splice site, they should be able to base pair
with the intron, thereby stabilizing the normal U6-intron base-

- pairing interaction (model 1), and inhibiting cleavage at the aberrant
site (30).

As predicted, when either the G5C or G5A reporter was
transformed into the U6-A45G,U46A strain, cleavage at the normal
site was increased but cleavage at the aberrant site was decreased,
as assayed by copper resistance (Fig. 3B). In fact, the copper
resistance of these mutant U6 strains, transformed with reporters
for normal cleavage, was as high as that of a wild-type strain
transformed with a wild-type 5' splice site reporter (Fig. 3B).
Primer extension analyses (Fig. 3C) confirmed that the changes in
copper resistance resulted from alterations in the amount of mature

mRNAs generated by cleavage at each of the two sites and indicated
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that the amount of cleavage at the normal site relative to the
aberrant site was at least ten times greater in the U6-A45G,U46A
strain than in the U6-wild-type strain (37).

A second test of the U6-intron interaction was conducted by
mutating the G5A intron positions 7 and 8 (U7C,C8G) (Fig. 3A).
Unexpectedly, the introduction of these mutations, into a

nonconserved region of the intron (32), inhibited splicing in either

the wild-type or the U6-A45G,U46A strains. Nonetheless, the U6- :
A45C,U46G mutation, which was predicted to restore =
complementarity between U6 and the altered intron (Fig. 3A)(30), E
restored splicing efficiency and increased cleavage at the normal :\
site and decreased cleavage at the aberrant site as assayed by :'j
copper resistance (Fig. 3B). Primer extension analyses indicated
that the amount of cleavage at the normal site relative to the o
aberrant site was at least twenty times greater in the UG6- 3
- A45C,U46G strain than in the U6-wild-type strain (37)(Fig. 3C). —-3
—

Although we can not demonstrate a direct base-pairing interaction
between intron position 5 and U6, the specificity of inhibition of
aberrant cleavage by extension of the region of complementarity
between U6 and the §' splice site supports the hypothesis that base-
pairing is required for accurate cleavage.

The above results suggest that intron position 5 mutations
activate aberrant cleavage by weakening the normal interaction with
U6 at the 5' splice site. Several observations suggested that
potential fortuitous base-pairing interactions between nearby
sequences in U6 and the mutated intron might re-phase the

interaction and thus account for the location of the aberrant site.
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As pointed out earlier, the location and efficiency of cleavage at
aberrant sites depends on the intron into which the position 5
mutation is introduced (13). The base-pairing interaction proposed
in model |l was based on U6 crosslinking to the yeast actin intron
(14,15), which allows a more extended region of complementarity
between U6 and the intron (Fig. 4A). Model Il aligns the UGU of the 5'

splice site with an ACA sequence (nt. 42 to 44) five nucleotides

upstream of the ACA (nt. 47 to 49) aligned in model | (Fig. 1C), which P

is the distance between the normal and aberrant cleavage sites in -

actin. In fact, the position of the aberrant cleavage in the actin E.

intron can be rationalized by the base-pairing interaction proposed :

in model |l since, as in model |, the conserved C at position 48 in U6 :'i

is complementary to the G residue five nucleotides downstream of

the aberrant site (Fig. 4B). L;'"

Since aberrant cleavage can be inhibited by strengthening the __g

- base-pairing interaction proposed in model |, strengthening the :3

base-pairing interaction in model Il should increase aberrant
cleavage. Therefore, as a test, we transformed U6 strains
homozygous for each of the position 43 mutations with the intron
G5A and G5C reporters (Fig. 2)(33) Only the U6-C43G strain
exhibited increased copper resistance relative to the wild-type
strain when transformed with the G5C reporter for cleavage at the
aberrant site (Table 1). This mutant strain also exhibited decreased
copper resistance relative to the wild-type strain when transformed
with the G5C reporter for cleavage at the normal site (Table 1).
Primer extension analyses confirmed that the U6-C43G mutation

resulted in increased cleavage at the aberrant site activated by the
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intron G5C mutation (Fig. 5). In contrast, when splicing the G5A
reporter, the U6-C43G mutation decreased cleavage at both the
normal and aberrant sites (Table 1; Fig. 5). The observed allele
specificity for increasing aberrant cleavage with the G5C intron is
consistent with model |l since U6-C43G, unlike U6-C43A and U6-
C43U, should increase the stability of the alternative base-pairing
interaction (Fig. 4C)(34).

To complete our analysis of this region of U6, all possible
point mutations were introduced at positions 38 to 46 (33), except
for A38U and A45G, because the crosslinking experiments (70, 14)
indicated that this region of U6 is close to the precursor-mRNA.
Although, many mutations in this region had slight effects on
splicing when combined with mutations at intron position 5 (35), no
change other then C43G increased the absolute amount of cleavage at
the aberrant site. All three strains homozygous for point mutations
- at U6 position 39 exhibited increased copper resistance relative to
the wild-type strain when transformed with the intron position G5A
reporter for normal cleavage (Table 1). Only the G39C mutation
increased cleavage at the normal site with the G5C reporter and
decreased cleavage at the aberrant site with both the G5A and G5C
reporters (Table 1)(36). We do not understand how these mutations
at position 39 influence cleavage site choice, although the lack of
allele specificity suggests that the mechanism differs from the U6-
C43G case. However, in Ascaris this location in U6 is activated for
aberrant attack by the branch point when mutations are introduced
into U6 upstream of the ACAGAG sequence (37).
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The base-pairing interaction proposed in model | (Fig. 1C)
closely juxtaposes the invariant ACAGAG sequence of U6 with the &'
splice site. We analyzed the phenotypes conferred by the four U6-
ACAGAG mutant strains that are viable at 30°C (A47G, A47U, G50C,
and G52U)(79) on the position 5 mutant intron reporters. None of
these strains conferred a phenotype when splicing the wild-type
actin intron; however, all exacerbated the splicing defect of G5A
and G5C introns. The position 47 mutations decreased cleavage at
both the normal and aberrant cleavage sites, A47G>A47U (Fig. 6A), a
result consistent with the severity of their blocks to the first
catalytic step in vitro (20). The U6-G50C mutation is the only
mutation which almost abolishes cleavage at the normal site with
both the G5C and G5A reporters, but only decreases cleavage at the
aberrant site (G5A>G5C)(Fig. 6A). In addition, the G52U mutation
decreased cleavage of pre-mRNA with a wild-type 5' splice site only
- slightly, if at all, when assayed by in vivo (29) or in vitro assays
(20), but when combined with the intron position 5 mutant reporters
the U6-G52U mutation almost abolished cleavage at both the normal
and aberrant sites (Fig. 6A). Thus, there was a highly synergistic
effect observed when the intron position 5 and the U6-G52U
mutations were combined. Taken together with the severe
phenotype conferred by the G50C mutation, these results are
consistent with model |, in which residues 50 to 52 of U6 are most
closely juxtaposed to the cleavage site, and thus likely to function

in the first catalytic step.
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Suppression of 3' splice site mutations. Intron position 1,
like intron position 5, plays at least two roles in the splicing
pathway. Position 1 mutations decrease the efficiency of the first
catalytic step and result in a complete block to the second catalytic
step (38,39). Mutations of the 3' splice site also severely inhibit
the second step (8,38). Parker and Siliciano (23) have shown that
specific changes at the first (G1) and last (G303) intron positions of
the actin intron can suppress the block to the second catalytic step
conferred by each mutation, suggesting a direct interaction between
G1 and G303. Model | juxtaposes U6 position 52 close to intron
position 1 (Fig. 1C), which is presumably in proximity to G303.
Moreover, certain mutations in U6-A51 and U6-G52 inhibit the
second step of splicing in vitro (20). To test whether this region of
U6 is involved in the recognition of the 3' splice site AG/, we
considered the possibility that if viable U6 mutations in the

- invariant ACAGAG sequence (16,17,19) could suppress the second
step phenotypes conferred by 5' or 3' splice site mutations (or both).
For reporters, we used actin-LacZ constructs carrying mutations at
intron position G1 or in the 3' splice site (A302,G303) or both
(23,40). The U6-G52U mutation was able to weakly suppress the
block to the second catalytic step conferred by all three point
mutations at G303 (Table 2); in addition, we observed suppression of
A302U, but not A302C. In contrast to this suppression with G52U,
the U6-G50C and U6-A47G mutations exacerbated the phenotype
conferred by the 3' splice site mutations as seen by a decrease in p-
galactosidase (G50C>>A47G) (Table 2). Primer extension analyses of
RNA isolated from these U6 mutants, transformed with the G303C
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ACT1-CUP1 reporter (23,41), confirm that suppression conferred by
the U6-G52U mutation was due to increased cleavage at the mutated
3' splice site (Fig. 6B)(42) .

Both the U6-G52U and the intron G1A mutations suppress the
block to the second step conferred by the intron G303C mutation.
Thus, it is possible that all three nucleotides interact during the
second catalytic step of splicing. However, the U6-G52U mutation is
not able to suppress the 3' splice site mutations when combined
with an intron position 1 mutation (Table 1). Primer extension
analyses of RNA isolated from strains transformed with the G1A-
G303C ACT1-CUP1 reporter (41) revealed that the loss of
suppression was due to a decrease in the efficiency of the first
catalytic step, as demonstrated by a decrease in the accumulation of
lariat intermediate (29). Thus, it is not possible to genetically
evaluate if U6 position 52 and actin intron positions 1 and 303
- interact simultaneously during the second catalytic step.
Nonetheless, mutations at position 52 decrease the splicing
efficiency of introns mutated at position 1 (29,43) or position 5
(Fig. 6A), yet increase splicing of introns mutated at the 3' splice
site (Fig. 6B). These results imply that U6 position 52 plays
different roles during each catalytic step of splicing.

Function of 5' splice site-U6 base-pairing interaction. As
shown above, the specificity of 5' splice site cleavage can be
enhanced or reduced by mutations predicted to alter two distinct
base-pairing interactions between U6 and the 5' splice site in the

actin intron in S. cerevisiae. When invariant position G5 of the
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intron is altered, mutations predicted to stabilize the interaction
shown in model | suppress aberrant cleavage and increase cleavage
at the normal site. Conversely, enhancement of the interaction
drawn in model |l leads to an increase in cleavage at the aberrant
site. We propose that the pairing between the conserved UGU at
intron positions 4 to 6 (in S. cerevisiae) and the invariant ACA at

positions 47 to 49 of U6 is a determinant of the proper position of

cleavage at the 5' splice site. This conclusion is consistent with the :
observation that aberrant cleavage activated by position 5 mutants -
in the yeast [pS1A intron was partially suppressed by compensatory -
changes in U6 position 48 (44) . S
In yeast, only mutations in the invariant G at position 5 :'j

activate aberrant cleavages (77). Thus the G-C base pair between
intron position 5 and C48 of U6 is likely to play a particularly

important role in maintaining the fidelity of cleavage site choice.

ULl

- Although §' splice site sequences in mammals are considerably more
degenerate, position 5 is a G in 85 percent of mammalian introns (7).
In addition, the base-pairing interaction in model | (Fig. 1C) provides
an explanation for the conservation of a U at position 4 of yeast
introns (77), even though this would prevent base-pairing with the
invariant U in U1 (Fig. 1A); thus yeast can form three consecutive
base pairs between U6 and the §' splice site. Conversely, in
mammals this potential interaction would be shortened to two base
pairs because the consensus mammalian intron contains an A at
position 4 and thereby would be increased in complementarity to U1.
Our experiments also provide an explanation for the location of

the aberrant cleavage site activated by actin position 5 mutations
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(45). Presumably, the 5' splice site region of actin can fortuitously
form an extended base-pairing interaction with nonconserved
sequences in U6 upstream of the invariant ACA. This alternative
base-pairing mode would be favored by disruption of the normal
base-pairing interaction in position 5 mutants and would be further
stabilized by the creation of a G-C base pair between intron position
G5C and U6-C43G. This alternative pairing would juxtapose U6-48C

with G1 instead of G5 (Fig. 4). Thus in both normal and aberrant :
cases, cleavage would occur five nucleotides upstream of the base -
pair formed with C48 of U6. Although the alternative base-pairing E‘.
interaction between G5C and the U6-C43G mutant is similar to that :
proposed for an interaction between U6 and wild-type introns (model :'i
Il), the crosslinks on which this proposal was based were identified
only in the lariat intermediate (74); thus model || may reflect a ';5
valid U6-5' splice site interaction that occurs at a different step in .D
- the splicing pathway ——
-

Other factors are also likely to contribute to the fidelity of 5'
cleavage. For example, an alternate base-pairing scheme similar to
that in model |l cannot account for the location of the aberrant
cleavage site in position 5 mutants of the pSi1A intron. Mutations in
the invariant loop of U5 activate aberrant cleavage when the intron
is mutated at position 1 by base pairing with exon sequences
adjacent to the newly activated aberrant 5' splice site (8). Also, the
sequences just upstream of the aberrant cleavage sites activated by
intron position 5 mutations in acti and [pS51A are complementary to
these invariant US nucleotides, suggesting that the abnormal

cleavage events may be favored by interactions with both U6 and US.
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In summary, three of the five spliceosomal snRNAs (U1, US,
and U6) can participate in the identification and use of the 5' splice
site. On the basis of kinetic analysis (9,70) and the mutually
exclusive base-pairing interactions (Fig. 1 A compared to C and D), it
seems likely that the U1 and U6 interactions with the §' splice site
are sequential (70, 74), while, in contrast, the U5 and U6

interactions may occur simultaneously.

RNA-RNA interactions with U6 may juxtapose the branch
point and the 5' and 3' splice sites. A model for the
spliceosomal active site has been proposed based on genetic
suppression studies in which a previously undescribed pairing
interaction between U6 and U2 (helix 1) was identified (78). Because
formation of this helix is mutually exclusive with the pairing of U6
to U4, which is thought to be the negatively regulated form of U6

- (16), this rearrangement could correspond to the catalytic

activation of the spliceosome (18). The further significance of helix
| derived from its location immediately upstream of the branch-
point recognition sequence in U2 and immediately downstream of the
highly conserved (16,77) and essential (719,20) nucleotides of the
ACAGAG sequence in U6. However, this model left unspecified how
the 5' splice site could be delivered to the presumptive catalytic
core. The newly demonstrated base-pairing interaction between the
invariant ACAGAG sequence and the 5' splice site (Fig. 7) can serve
the critical function of aligning the 5' splice site of the substrate
with the branch point nucleotide, which is the attacking nucleophile
in the first chemical step (27).
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The configuration shown in Fig. 7 can also accommodate RNA-
RNA interactions that occur in the second catalytic step of splicing.
Extension of the short 5' splice site-U6 helix would result in the
apposition of the last three residues of the ACAGAG sequence (G50
to G52) with the first three nucleotides of the intron (/GUA).
Consistent with this alignment, recent mammalian crosslinking

experiments (22) have provided evidence that the last A of the

ACAGAG sequence (A51 in yeast) is in close proximity to intron :
position 2 (/GU). This A-U crosslink is induced in the lariat -
intermediate but not in the pre-mRNA. Furthermore, as described E.
above, genetic suppression studies have demonstrated interactions :
between G1 and G303, the first and last nucleotides of the actin ::‘
intron, during the second catalytic step (23). These studies imply
that the first and last positions of the intron and the last two ;'5
nucleotides of the ACAGAG sequence are in proximity during the -D
- second step of splicing. This is consistent with the previous .=.3

demonstration that mutations of residues 51 and 52 of ACAGAG
inhibit the second step of splicing of a wild-type actin intron in
vitro (20).

We have now demonstrated suppression of mutations in the
last two positions of the actin intron (AG/) by mutation of G52 in
the ACAGAG sequence. The U6-G52U mutation does not exhibit allele
specificity; that is, it can suppress the second step block in qll
G303 mutations as well as one A302 mutation. The more restricted
allele specificity of the G1-G303 suppression spectrum probably
indicates a direct, but non-Watson-Crick, interaction between these

two nucleotides (23). Whether the suppression of 3' splice site
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mutations by U6-G52U also reflects a direct, albeit complex, set of
RNA-RNA interactions bridging G52 to both A302 and G303 cannot be
determined by our present experiments. Nonetheless, this
interpretation is at least consistent with the genetic and
biochemical data linking actin intron G1 to G303 (23) and U6-A51 to
actin intron U2 (22), respectively.

In summary, the 5' and 3' splice sites can be modeled as
juxtaposed with one another and with the ACAGAG region of U6 by a
set of RNA-RNA interactions (Fig. 7) which appear to comprise
Watson-Crick as well as noncanonical pairings (23,46). Since the
interactions described above encompass both the first and second
chemical steps, this model suggests that the catalytic sites for the
two steps might be substantially overlapping (78), although
certainly not identical (21,47).
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Figure 1. Base-pairing interactions between the 5' splice site and
U1 and U6 snRNAs. Shown is the complementarity between the S.
cerevisiae 5' splice site consensus sequence and either U1 (A,B) or
U6 (C,D). The open rectangle represents exon 1; the arrow between
positions 1 and -1 indicates the normal cleavage site. (A) The &
end of U1 is complementary to and base pairs with the 5' splice site.
(B) Disruption of this interaction by intron position 5 mutations (X)

results in cleavage at an aberrant splice site upstream of the §'

splice site as represented by the upstream arrow. Restoration of .
complementarity by the introduction of point mutations in U1 at -
position 4 (Y), does not prevented aberrant cleavage (see text for S‘
references). (C) Model | (10) proposes that the invariant ACA ':‘
sequence of U6 (nt. 47 to 49 in yeast) base pairs with positions 4 to

6 of the 5' splice site. (D) Model Il (14) proposes that an upstream ey
ACA sequence of U6 (ntes 42-44 in yeast) base pairs with positions g
- 4-6 of the 5' splice site. E:
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Figure 2. General strategy for assaying effects of U6 point
mutations on intron mutations. (A) Shown is the yeast strain
YCL47 which contains a deletion of both the chromosomal copies of
U6 and CUP1. Low copy (cen) plasmids carrying U6 point mutations
(*)(24) were introduced into this strain by plasmid shuffle methods
(18) and then ACT1-CUP1 reporters on high copy (2 micron) plasmids
(25) were introduced into the strain by standard yeast
transformation protocols and copper-resistance levels were
determined (28). (B) The wild-type reporter plasmid measures
cleavage at the normal (NL) cleavage site in the absence of any &'
splice site mutations. The white boxes represent ACT1 sequences
which flank the intron; the filled-in boxes represent CUP1 sequence
(28). Depicted is a pair of reporter constructs, containing intron
position 5 mutations (*), whose copper-resistance reflect cleavage
at the normal (NL) (C) or aberrant (AB)(D) cleavage sites (27).
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Figure 3. A test of the base-pairing interaction proposed in Model |
(10). (A) Disruption of the potential U6-5' splice site base-pairing
interaction proposed in model | by the introduction of intron position
5 mutations. Mutations at position 5 (X), result in activation of
aberrant cleavage at position -5 as shown by the upstream arrow.
Mutations were introduced at U6 positions 45 and 46 and actin

intron positions 7 and 8 to test the prediction that increasing the
base-pairing region between these two RNAs should decrease
activation of aberrant cleavage. (B) The copper resistance of U6-
wild-type and UG6-position 45,46 mutant strains transformed with
ACT1-CUP1 reporters. The first two bars of the table reflect copper
resistance of a U6-wild-type strain transformed with a wild-type
intron ACT1-CUP1 reporter. At the bottom of the graph is indicated
the specific sequence of the intron reporter and U6; the boxed
combinations indicate when complementarity between U6 and the 5'
- splice site should be restored. The bold underlined nucleotides
represent wild-type sequence. (C) Primer extension analysis of RNA
isolated from U6-wild-type or U6-45,46 mutant strains carrying
intron position 5,7,8 mutant ACT1-CUP1 reporters. Each lane is
labeled with the specific genotype of the strain (U6 allele and intron
reporter construct) from which the RNA was isolated. The products
of the primer extension assays (49) are indicated. RNA was isolated
from strains carrying a reporter plasmid which generates an in-
frame mRNA when cleavage is at the aberrant site. Since out-of-
frame mRNAs are significantly less stable than in-frame mRNAs, the
ratio of the levels of aberrant mRNA relative to normal mRNA is

skewed in favor of the aberrant mRNA (28). The * marks a new band

163



which appears when the intron U7C,C8G mutations are introduced
(50).
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Figure 4. A test of the base-pairing interaction proposed in model
Il (14). (A) The extended base-pairing interaction that can be
drawn between the actin intron and U6 (model Il). (B) The pairing in
(A) may be favored when mutations are introduced at intron position
5 (G5C), disrupting the normal base-pairing interaction proposed in
model | (Fig. 1C). This alternative base-pairing interaction could
activate aberrant cleavage as indicated by the arrow at -5. (C)
Increasing the complementarity between the G5C intron and U6 by
the introduction of the C43G mutation, increased cleavage at the
aberrant site and decreased cleavage at the normal site (Fig. 5) as

depicted by the thickness of the arrows demarcating the two

i

alternative cleavage sites.
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Figure 5. Primer extension analysis of RNA isolated from U6
position 43 mutant strains transformed with G5A and G5C reporters.
Total RNA was isolated from either a wild-type or position 43
mutant U6 strain transformed with the G5A or G5C reporter which
generates an in-frame mRNA when cleavage is at the aberrant site.
Each lane is labeled with the specific U6 strain and the intron
reporter from which the RNA was isolated and the products of the

primer extension assays are indicated on the side of the figure (49).
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Figure 6. Primer extension analyses of the RNA isolated from U6-
ACAGAG mutant strains transformed with 5 and 3' splice site
mutant reporters. (A) Splicing of the intron G5C and G5A reporters
for aberrant cleavage by strains mutated in the U6 ACAGAG
sequence. (B) Splicing of the intron G303C reporter (23,40,41) by
strains mutated in the U6 ACAGAG sequence. (C) Splicing of the
intron G1A-G303C reporter (23,40,41). Total RNA was isolated from
strains containing either U6-wild-type or a U6-ACAGAG mutant
transformed with the ACT1-CUP1 reporter designated at the top of
each panel. Each lane is labeled with the genotype with respect to

the U6 of the specific strain from which the RNA was isolated (49).

B s = -

The products of the primer extension assays are indicated on the
side of the figure. On longer exposures it is possible to detect both
normal and aberrant mRNAs in the G52U lane in (A) in addition to the

mRNAs resulting from cleavage at both the mutated 3' splice site

\JVVI

-+ (G303C) and the aberrant site located five nucleotides upstream in
the intron (42) in (B).
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Figure 7. U6 base-pairing interactions juxtapose the branch point
A with the 5' and 3' splice sites. The pre-mRNA is shaded and the &'
and 3' splice site nucleotides as well as the branch point A are
drawn in a larger font and are numbered according to their positions
in the yeast actin gene. E1 and E2 represent exon 1 and exon 2,
respectively, and the U2 and U6 sequences are labeled. The proposed
base-pairing interaction between U6 positions 47-49 and intron
positions 4-6, described in this manuscript (Model 1), is shown along
with four other previously identified helices, indicated in smaller
font or line drawings. The interactions between U6 and the intron
can act to juxtapose the splice sites in close proximity to the

putative catalytic residues of the spliceosome. The four previously

|

identified RNA-RNA helices in the spliceosome are: (i) the branch
point recognition helix (5) (ii) the U2-U6 helix | (18) (iii) the U2-U6
helix Il (57) and (iv) the intramolecular U6 helix (16,17, 52).

\JVVI

175



— -)) \J
(5" 38
U6 — UG A AA
ﬁuhu
A
A
U
6 U—A a7
5' Splice Site : s G —C 48 o
U6 Helix 4 U—Adg9 =
A G 3)
s AN A U6
A OH A >OO/ LLTIL]
Vakn@ulnA GAY U G A U C // " U2
L LT T ag ] e ®)
A UG AUGU A C U AG U
- \u@ - A
U2 Branch Point U2:U6
Recognition Helix I
Helix

amh — | P NG )M - . Loy @& e ~ L.

176



Table 1 Summary of copper-resistance levels of U6 strains transformed with

either normal or aberrant reporters.

COPPER-RESISTANCE LEVELS (mM)*

Intron Mutation
U6 snRNA G5C GSA
wild type .50/.10 25/.25
C43G .10/.13 .10/.08
C43U .25/.08 .18/.10
C43A .50/.10 25/.18
G39C 1.0/.08 .50/.08
G39A .50/.10 S0/.25
G39U .50/.10 .50/.25

* The top value of the ratio represents the level of copper-resistance of a
strain transformed with a reporter construct whose growth reflects cleavage
at the normal site, while the bottom value of the ratio represents the level of
~ copper resistance of the same strain transformed with a reporter construct

whose growth reflects cleavage at the aberrant site (23).
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Table 2. Effects of U6-ACAGAG mutations on 5' and 3' splice site

mutations in the actin intron.

*»
302 303 305

1
I N
G/GUAUGU UACUAAC --UAG/AG
B-Galactosidase Levels t
Intron U6 snRNA Mutant
Mutation £ wild type A47U G50C G52U
Gl1A - - - -
G303C + - - ++
G303U + ++ + +++ l
G303A +/++ + - +++ ‘l
A302C ++ ++ + +++
A302U + ++ - ++ -
G1A/G303C ++ + - + D
- G1A/G303U +/- - - - 2
G1A/G303A + - - - -

* All 3' splice site mutations were analyzed in a G305C background to avoid activation of

an aberrant cleavage site at actin exon positions 305.

T B-galactosidase levels were determined by triplicate overlay assays (45)

¥ The U6 snRNA mutants do not affect splicing of a wild intron actin-LacZ fusion.
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Chapter 6

U5 snRNA mutations influence cleavage site choice
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As discussed in Chapter 1, the 5' splice site consensus
sequence, the last three nucleotides of the exon and the first six of
the intron, are complementary to the 5' end of U1 snRNA.
Furthermore, U1 and the 5' splice site have been demonstrated to
base-pair and this interaction, in S.cerevisiae , is sufficient to
commit the pre-mRNA to the splicing pathway. In addition, as |
discussed in Chapter 5, | have shown that the last three nucleotides
of the 5' splice site potentially base pair with an invariant region of
U6 snRNA. Notably, this short helix plays an important role in
defining the exact location of cleavage at the §' exon-intron
boundary. The U1.5' splice site and U6-5' splice site base-pairing
interactions are mutually exclusive. Recent experiments conducted
in our laboratory and others indicate that under special conditions,
U5 snRNA can influence 5' splice site selection. This data, reviewed
below, suggests that one role of U5 snRNA might be to maintain 5'

- splice site definition after U1 has left and before U6 has bound.

Genetic interactions between U5 snRNA and the 5' splice
site. The first indication that snRNAs in addition to U1 might
interact with the 5' splice site was the result of a genetic screen to
identify suppressors of the ¢cyh2 intron position 1 G1A mutation.
Newman and Norman (1991) discovered unexpectedly that a mutation
in the invariant loop of U5 snRNA could activate cleavage at a
cryptic site in the pre-mRNA. Furthermore they demonstrated that
the location of the aberrant cleavage site was defined by a newly
created base pair between the mutation in the invariant loop of US

and the sequence just upstream of the new cleavage site. Mutation
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of position 5 and/or 6 of the US invariant loop can activate cleavage
at an aberrant site by base-pairing with nucleotides upstream of the
new cleavage site at positions -2 and/or -3, respectively, (Chapter
1,Figure 5)(Newman and Norman, 1992). This US-exon base-pairing
interaction is reminiscent of the EBS:IBS (exon binding site/intron
binding site) interaction observed in Group Il autocatalytic introns,
where this interaction is important for defining the 5' splice site
(Chapter 1, Figure 2)(Newman and Norman, 1992).

Does the US5-exon interaction influence cleavage site choice in
the nuclear pre-mRNA splicing pathway? Notably, mutations in the
invariant loop do not activate the aberrant cleavage site if the 5'
splice site is not mutagenized; rather, activation of aberrant sites
is dependent on the presence of a mutagenized 5' splice site
(Newman and Norman, 1992). Since the exon sequence adjacent to
the 5' cleavage site is not highly conserved, it seems unlikely to
- contain sufficient information to constitute a conserved binding site
in a fashion analogous to the U1-5' splice site or U2-branch point
recognition sequence. However, the nucleotides in the invariant U5
loop whose mutations activate cryptic cleavage sites are normally
uridines, prompting the suggestion that U5 can base pair

promiscuously with the exon sequence (Newman and Norman, 1992).

Site-directed crosslinking of U5 snRNA to the 5' splice
site. When a site-specific crosslinking agent was placed two
nucleotides upstream from the cleavage site (position -2), U5 could
be crosslinked to this pre-mRNA when incubated in a wild-type

mammalian splicing extracts (Wyatt, et al., 1992). Remarkably, the
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major crosslink mapped to the position in the U5 invariant loop
(position 5, Figure 1) shown genetically, under the special
conditions described above, to base pair with the same exon position
in yeast. When the site-specific crosslinking agent was placed one
nucleotide away at the exon nucleotide adjacent to the 5' cleavage
site (position -1), the U5 invariant loop still crosslinked to the pre-
mRNA. In this case, the crosslink mapped to an invariant loop
nucleotide (position 4, Figure 1) adjacent to the one described above.
Curiously, although the two site-specific crosslinks are in the same
register, the kinetics of the two crosslinks are different
(Sontheimer and Steitz, 1993). U5 first crosslinks to the

penultimate exon position (position -2) and later to the ultimate

—

exon position (position -1). These observations indicate that U5 is
normally in close proximity to the exon sequence just upstream of

the 5' cleavage site; however, the kinetics suggests that the U5

\JVW!

- snRNA interacts in two different modes with the pre-mRNA.

Can U5 loop mutations increase cleavage at the aberrant
site activated by actin intron position 5 mutations? As
mentioned above, Newman and Norman (1991) demonstrated that
mutations in the invariant loop of U5 could activate cleavage at
aberrant sites if the cyh2 intron is mutated at position 1. The only
other set of conditions, in yeast, that activate cleavage at aberrant
sites is when either the act1 or fpS1A intron is mutated at intron
position 5 (Parker and Guthrie, 1985; Jacquier, et al., 1985). Thus,
in the first case, an intron position 1 mutation combined with a U5

snRNA mutation can activate aberrant cleavage sites while in the
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second case an intron position 5 mutation on its own can activate
aberrant cleavage sites. Curiously, intron position 5 mutations in
the cyh2 intron do not activate aberrant cleavage sites on their own
or when combined with U5 snRNA point mutations (Newman and
Norman, 1991).

Since the U5 invariant loop had been observed to crosslink to
the 5' splice site in two different configurations prior to the first
catalytic step, | reasoned that a different set of loop mutants might
increase cleavage at the aberrant site activated by actin intron
position 5 mutations. For this reason, | transformed the invariant
loop library mutated at positions 2-8 of the invariant loop (Figure 1)

(generously provided by A. Newman) into a cupiA strain carrying the

——

ACT1-CUP1 reporter for aberrant cleavage activated by the intron
G5C mutation. | then selected for transformants with increased
copper resistance (Figure 2). | isolated many U5 alleles which

- increased cleavage at the aberrant cleavage site.

\VA A4

Figure 3A depicts the sequence of US snRNA activators of
aberrant cleavage isolated in my screen. All of these suppressors
are mutated in the invariant loop at either position 5 or 6 or both.

At either position 5 or 6, the invariant U has been mutated to C (U5C
or U6C). Notably, each of these mutations strengthens the possible
base-pairing interaction between U5 and positions just upstream of
the aberrant cleavage site [(-3)G(-2)G] (Figure 3B). Interestingly,
the strongest U5 activators of the aberrant cleavage site were
mutated at both positions 5 and 6 of the U5 invariant loop (U5C,U6C);
in addition, the A at position 8 of the invariant loop was changed to

a pyrimidine (Figure 3B). Thus, the mechanism of activation of
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1

aberrant cleavage by the new U5 mutants is similar to that by the
suppressors isolated by Newman and Norman (1991)(Chapter 1,
Figure 5). This result was surprising since similar U5 loop
mutations did not activate aberrant cleavage when the ¢cyh2 intron

was mutated at position 5 (Newman and Norman, 1991).

Why didn't the U5 mutants activate cleavage at an aberrant
gite in CYH2? The inability of the U5 mutants to activate

cleavage in the presence of a wild-type CYH2 5' splice site (Newman

and Norman, 1991) indicates that a normal interaction between the
wild-type §' splice site and some other, as of yet unknown, factor

must be disrupted in order for US mutants to activate aberrant

—

cleavage sites. Interestingly, the G5C mutation in the ¢cyh2 intron,
in contrast to the act1 intron, does not appear to have an effect on -
the splicing of this pre-mRNA. This mutation does not activate ;
- cleavage at an aberrant site and does not appear to decrease the ~
efficiency of the first catalytic step (Newman and Norman, 1991). - ’
Thus, perhaps the G5C mutation is more disruptive in the acti intron Y
than in the ¢cyh2 intron.

The only U5 mutant tested with the G5C ¢gyh2 intron was the
U5-U6C mutant (Newman and Norman, 1991). In the context of the i
cyh2 position 1 mutations, this change in the invariant U5 loop
presumably activates aberrant cleavage because positions 5 and 6 of
the loop (U5C6) base pair with the GA dinucleotide upstream of the
newly activated aberrant cleavage site. This same mutation (U6C)
was isolated in my screen to identify US loop mutations that

increase cleavage at the aberrant site activated by the acti G5C

184



mutation, presumably because position 6 of the loop (U6C) can base
pair with the G at position -3 upstream of the aberrant cleavage
site. Notably, this mutation is one of the weakest US loop mutants
isolated in the screen. Therefore, perhaps "stronger" U5 loop
mutants might be able to increase cleavage at aberrant sites in the
cyh2 intron position 5 background.

These two sets of observations raise some interesting
questions. Perhaps the ability of US loop mutants to activate
aberrant cleavage sites is dependent upon (1) the phenotype
conferred by the intron mutation on an unknown §' splice site
interaction, (2) the strength of the base-pairing interaction formed

between the invariant loop of U5 and the exon sequence upstream of

—

the new cleavage site, and (3) the nucleotide at position 8 of the
loop. (Recall that in my screen the strongest U5 loop activators
isolated also contained a pyrimidine at position 8.)

One interesting possibility is that the 5' splice site

\JWVWVE

interaction which is being disrupted is actually the U1-5' splice site
interaction.  An in vitro purification assay has shown that pre-
mRNAs mutated at intron position 1 bind less U1 snRNA than pre-
mRNAs mutated at position 5 (Ruby and Abeison, 1988). Thus,
perhaps the ability of the U5 mutants, isolated in my screen, to
activate aberrant cleavage will be greater in the context of the
actin intron position 1 mutations than in the presence of actin

intron position 5 mutations.

How are cryptic cleavage sites chosen? In order to confirm

their hypothesis that a U5 invariant loop-exon base-pairing
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interaction was sufficient to define an aberrant cleavage site,
Newman and Norman (1992) made a set of three point mutations in
the invariant loop, at either position 5 or 6. In each case the
mutagenized U5 snRNA activated cleavage at an aberrant cleavage
site if the normal 5' splice site contained the G1A mutation. The
site of the aberrant cleavage site, as predicted by their model, was
always located just downstream of a new base-pairing interaction
between the invariant loop and the pre-mRNA. However, in each
case, cleavage was activated at only one aberrant site, even though
there were several dinucleotides in the pre-mRNA sequence which
were complementary to positions 5 and 6 of the U5 invariant loop.

Thus, in addition to the sequence upstream of the new cleavage site

-—

there are other determinants involved in choosing the location of the
new aberrant site.
In Table 1, | have listed the possible sites which could have

- been activated by each of the new U5 loop mutations. In each case,

\J W'

the site which is chosen is the site which most resembles a normal
5' splice site; that is, the sequence that could presumably form the
most base pairs with U1 snRNA. These observations raise the
possibility that U1 snRNA acts in conjunction with U5 snRNA to
choose the aberrant cleavage site. Thus, conceivably U1 normally
binds first to the pre-mRNA, but if this interaction is unstable, U1
and U5 may then act together to choose another 5' splice site by
binding to the region with the greatest complementarity to both of
the snRNAs. Consistent with this model is the observation that the
first U5 site-specific cross-link to the pre-mRNA appears right

after the U1 psoralen cross-link to the pre-mRNA and both peak and
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diminish with very similar kinetics (Wyatt, Sontheimer and Steitz,
1992; Wassarman and Steitz, 1992).

Can U1 snRNA and U5 snRNA interact to define a 5' splice
site? Consistent with the preceding hypothesis is the observation
that, in my screen to isolate U5 mutations that increase cleavage at
an aberrant site, the sequence downstream of the aberrant cleavage
site (GUCUGG) resembles a 5' splice site (GUAUGU). Thus, in this
situation, as in those described above, perhaps U1 and U5 cooperate
to choose the location of the aberrant cleavage site. If this is true,
| would make the following predications: (1) Mutations in the region
downstream of the aberrant cleavage site that decrease
complementarity to U1 should decrease activation of aberrant
cleavage by U5 mutants. (2) Mutations in U1 snRNA which decrease
complementarity to the normal 5' splice site and increase

- complementarity to the sequence downstream of the site of aberrant
cleavage should increase activation of aberrant cleavage by U5
mutants. (3) Mutations in U1 snRNA which increase complementarity
to the normal §' splice site and decrease complementarity to the
sequence downstream of the aberrant splice site should decrease
activation of aberrant cleavage by U5 mutants. (4) Lastly, it should
be possible to predict the site of activation of aberrant cleavage

sites by different U5 loop mutations in the actin pre-mRNA.

Can U6 snRNA and U5 snRNA interact to influence the site
of 5' cleavage? All the experiments discussed so far have

implicated a possible interaction between U1 and U5 snRNAs in
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choosing the 5' splice site. However, as described in Chapter 5, |
have also genetically identified U6 snRNA mutations which affect
the relative amount of cleavage at the normal and aberrant cleavage
sites. Thus, both U5 and U6 snRNA mutants have been demonstrated
to affect the amount of cleavage activated at the aberrant site by
intron position 5 mutations. In addition, as alluded to earlier, while
the first US site-specific crosslink follows similar kinetics to the
U1 crosslink (Wyatt, et al.,, 1992), the second U5 crosslink only
appears as the earlier crosslinks diminish (Sontheimer and Steitz,
1993). This second crosslink peaks at the time that the U6 crosslink
and splicing intermediates appear. Thus, the crosslink results are
consistent with the hypothesis that U1 and U5 first identify the 5'
splice site region and then US interacts with U6 to determine the
site of cleavage.

Interestingly, as proposed in Chapter 5, one determinant of the
- site of the actin aberrant cleavage could be the formation of
fortuitous base-pairing interactions between U6 and the 5' splice
site. However, such a base-pairing interaction cannot be used to
explain the location of the aberrant cleavage site activated by
position 5 mutations in the rp51A intron. On the other hand, the
sequence just upstream of the aberrant cleavage sites in both
introns could form either G-U or A-U base pairs with the wild-type
uridines at position 5 and 6 of the U5 invariant loop. Thus, perhaps
both U5 and U6 snRNAs are determinants in choosing the site of
aberrant cleavage.

In order to compare the roles of US and U6 in determining the

cleavage site, | transformed both a wild-type U6 strain and a U6-
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A45G,U46A strain with the G5C or G5A ACT1-CUP1 reporter for
aberrant cleavage along with two of the U5 loop mutants (U5-
USC,U6C,A8U and U5-US5C,A8U) isolated in my screen for US loop
mutants that increase aberrant cleavage. The U6-A45G,U46A
mutations increase complementarity to positions 7 and 8 of the
actin intron. As described in Chapter 5, this double mutation
decreases cleavage at the aberrant §' splice site and increases
cleavage at the normal 5' splice site. As demonstrated in Table 2,
U5-USC,U6C,A8U is a stronger activator of aberrant cleavage than
U5-US5C,A8U, presumably because this mutant can form two G-C base
pairs with the exon sequence upstream of the aberrant site, while
the U5-U5C,A8U can form one G-C and one G-U base pair with the
same sequence.

Interestingly, cleavage at the aberrant site, as inferred by
assaying copper resistance, appears to reflect the effects of both

- the U5 and U6 mutants. For example, as summarized in Table 2, the
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presence of U5-U5C,U6C,A8U increases the copper resistance of a
wild-type U6 strain carrying the G5C reporter for aberrant cleavage
about three-fold, while a U6-A45G,U46A strain carrying the same
reporter decreases copper resistance about three-fold. When the
U6-A45G,U46A strain is transformed with the U5-U5C,U6C,A8U
mutant, then copper resistance of the strain carrying the G5C
reporter for aberrant cleavage is the same as the copper resistance
of a wild-type strain transformed with the same reporter. Thus, it
appears that the three-fold increase in aberrant cleavage conferred
by the U5 mutation is negated by the three-fold decrease in aberrant

cleavage conferred by the U6 mutation.
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The preceding observations suggest that when intron position
5 is mutated, U5 and U6 each contribute equally to the decision of
where to cleave. Since, the second U5 crosslink appears before the
U6 crosslink, one interpretation of these data is that US chooses the
site of cleavage and then directs U6 to the cleavage site. Although
my new genetic results do not resolve whether the two snRNAs act
consecutively or sequentially, they do indicate that neither snRNA

plays a dominate role in choosing the site of cleavage.

How many times does U5 interact with the 5' splice site?
Does U5 interact with both of U1 and U6 snRNAs? Notably, as
discussed earlier, U5 has been crosslinked to two different
nucleotides of the 5' splice site with different kinetics.
Interestingly, the position of the early crosslink corresponds with
the base-pairing interaction proposed by Newman and Norman (1991;

- 1992) and follows kinetics similar to the U1 crosslink, while the
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position of the second crosslink follows kinetics similar to the U6
crosslink (Wyatt, et al., 1992; Sontheimer and Steitz, 1993). Thus,
the crosslink data support the notion that US might interact with
the pre-mRNA twice, once with U1 snRNA and once with U6 snRNA.
Crosslinks between the U1, U5 and U6 snRNAs and the 5' splice
site region of the pre-mRNA indicate that at some point in time the
three snRNAs are in close proximity to the pre-mRNA. A comparison
of the kinetics of the different crosslinks as well as the appearance
of splicing intermediates and products suggests possible roles of
these snRNAs in splicing. However, the crosslink studies do not

address the functional significance of the physical interactions. In
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contrast, genetic suppression experiments implicate U1, U5 and U6
in the function of §' splice site selection. Mutations in each of these
snRNAs have been identified that increase cleavage at the aberrant
site activated by actin intron position 5 mutations, as reflected by
the increase in copper resistance of strains harboring an ACT1-CUP1
G5C reporter for aberrant cleavage. n
Primer extension analyses have proven very powerful in
defining the roles of both U1 and U6 in 5' splice site selection. For
example, compensating changes in yeast U1 snRNA, which increase

cleavage at the aberrant site, decrease precursor-mRNA (pre-mRNA)

levels and increase both normal and aberrant mature mRNA levels by
similar amounts; consequently, the ratio of cleavage at the aberrant
site to the normal site does not change. Thus, the observed increase
in aberrant cleavage is a result of the overall increase in the

efficiency of the first catalytic step resulting from the restoration
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- of the U1-5' splice site base pairing interaction. In contrast, a
mutation in U6 (U6-C43G) which increases cleavage at the aberrant
5' splice site does not affect, or only slightly increases, pre-mRNA
levels; rather it increases aberrant mRNA levels and decreases
normal mRNA levels so that the ratio of cleavage at the aberrant
site to cleavage at the normal site changes (see Chapter 5). Thus,
the U6 suppressor does not affect the efficiency of the first step,
rather it alters the relative amount of cleavage at each of the splice
sites.

Similar primer extension analyses can now be used to
characterize the mechanism of suppression of the U5 snRNA

mutations that increase aberrant cleavage. Thus, it remains to be
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seen whether the U5 mutations decrease precursor levels, as do the
U1 snRNA suppressors, or change the ratio of normal to aberrant
mRNA, as do U6 snRNA suppressors, or both. These studies should
indicate whether U5 plays a role in the selection of the region of the
§' splice site, like U1, or plays a role in choosing the exact cleavage
site, like U6, or both.

Effects of snRNA mutations on competing 5' splice sites.
In Chapter 2, | introduced the first of several §' splice site
competition assays. In this assay, the competing §' splice sites are
located only 13 nucleotides apart. All possible point mutations
were introduced into all six nucleotides of the highly conserved
intron portion of the 5' splice site. Each of these mutations
decreased or abolished the ability of the mutated site to compete
with the wild type site for cleavage. At the time these studies were
 being conducted, U1 snRNA was the only factor known to interact
with the 5' splice site. Consequently, it was assumed that when the
5' splice site was mutated, thus reducing complementarity to U1,
cleavage at the mutated site was prevented because U1 no longer
bound. | was very surprised when compensating changes in U1 did
not restore cleavage at the mutant site (see Appendix 2). In Chapter
3, | presented several hypothesis as to why the U1 compensatory
changes did not restore cleavage at the mutated site. Interestingly,
in one model ("splice site region versus cleavage site location"), |
proposed that the inability of a mutated site to compete against the
wild type site reflects a compromised interaction between the

mutated site and a factor distinct from Uf1.
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In light of the experiments described in this chapter, likely
candidates for such a factor include U5 and U6 snRNAs.
Interestingly, Jonathan Staley in our laboratory has recently
demonstrated that mutations in both U5 and U6 snRNAs can activate
cleavage at the mutated §' splice sites. Preliminary experiments
indicate that a §' splice site mutated at intron position 6 can be
suppressed by a compensating mutation at position 47 of U6. This
observation confirms the base-pairing interaction proposed in
Chapter 5, and indicates that this 5' splice site competition assay is
monitoring determinants that choose the site of cleavage.

Interestingly, U5 loop mutations also increase cleavage at the
mutated upstream 5' splice site. In contrast to the observations of
Newman and Norman, mutations at position 4 of the invariant U5
loop are sufficient to activate cleavage at mutated upstream 5'
splice sites; mutations at position 5 of the loop do not seem to
- activate cleavage at the mutated site. Preliminary experiments
indicate that this suppression is the result of the formation of a
new base-pair between the U5 loop position 4 and the last position
of the exon (-1). Thus, in this case, it appears that increasing the
complementarity between position 4, but not 5, of the invariant loop
can affect 5' splice site selection. Strikingly, this new base pair is
the same as the late U5 crosslink, which peaks at the time that
splicing intermediates appear.

To summarize, the following observations raise the exciting
possibility that the 5' splice site competition assay is monitoring
the later decision of cleavage site choice rather than the early step

of defining the region of the 5' splice site and commiting the pre-
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mRNA to the splicing pathway: (1) restoration of complementarity
between U1 and the 5' splice site does not activate cleavage at a
mutated site; (2) restoration of complementarity between U6 and
the 5' splice site does activate cleavage at a mutated site, and (3)
cleavage of a mutated §' splice site is increased by creating
complementarity between U5 and the 5' exon by a pairing that is
analogous to the major U5 late crosslink (Sontheimer and Steitz,
1993).

Summary. Three of the 5 snRNAs, U1, U5 and U6, have been
implicated in interactions with the &' splice site. U1 is involved in
the initial recognition of the pre-mRNA by base-pairing with the §'
splice site. U6 later base pairs with a subset of the nucleotides of
the 5' splice site and acts to determine the exact location of
cleavage. The challenge remains to determine the role of U5 in

- splice site recognition. Interestingly, the base-pairing interactions
between U1 and the 5' splice site and U6 and the 5' splice site are
mutually exclusive. Thus, U1 must be displaced from the 5' splice
site before U6 can form Watson-Crick base pairs with the same
sequence. Thus, as shown in Figure 4, one function of U5 snRNA or
its associated proteins may be to maintain definition of the 5' splice

site while U1 leaves and U6 arrives.
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Figure 1. U5 snRNA is in close proximity to the 5' splice site. The
nucleotides of the U5 loop are numbered 1-9 and are shown in close
proximity to the exon portion of the 5' splice site consensus

sequence.
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Figure 2. Genetic scheme used to isolate US snRNA point
mutations that increase cleavage at the aberrant cleavage site. A
bank of U5 snRNA point mutations was transformed into a haploid
strain that was deleted for the chromosomal copy of CUP1. The
introduction of the library made the strain heterozygous for US
snRNA. The strain carried the GSA ACT1-CUP1 reporter for aberrant
cleavage. U5 snRNA mutations were screened for based on their
ability to increase copper resistance as a result of cleavage at the

aberrant 5' splice site.
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Figure 3. Summary of U5 snRNA point mutations that increase
cleavage at the aberrant cleavage site. (A) Listed are the U5 snRNA
loop mutations isolated in the genetic screen depicted in Figure 2.
The mutants are grouped according to their ability to increase
cleavage at the aberrant site as reflected by copper resistance
levels. The sequence of the actin G5C reporter is shown at the
bottom of the figure. (B) A model for increased activation of
aberrant cleavage by U5 loop mutants. The strongest activators of
aberrant cleavage are mutated at positions 5,6 and 8 of the invariant

loop.
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Table 1 Analysis of sites activated by U5 snRNA loop mutations

when the cyh2 intron is mutated at intron position 1.

mutant aberrant site |alternative site(s)
U5 snRNA" activated? not activated

CUUA UAU/GUAGUU UAG/UUCCAU

cucu AGG/UCACGU | AGU/UCCAUA
AGA/UAUGUA
AGA/GGUCAG
cuuc GAG/GUCACG | GAU/AUGUAG

* Bold nucleotides are mutated positions in the U5 snRNA invariant
loop.
t Bold underlined letters = nucleotides of the pre-mRNA that are

complemenatary to either U1 or US.
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Table 2 Effects of US and U6 snRNA mutations on copper resistance
generated by cleavage at the aberrant cleavage site activated by the
actin intron G5C or G5A mutations.

e

Copper resistance of G5C aberrant cleavage reporter ,!
U5 snRNA

U6 snRNA GCCUUWAC GCCUCCUUC GCCUCUUUC

U6-WT 05+++.1~ A8+++ .18~

U6-45G46A |.025~ 05+++.1~ .05+

U6-C43G d4++4+ A8+++ .18~

U6-C43U .05++ 18+++ .18~

Copper resistance of G5A aberrant cleavage reporter

US snRNA :
U6 snRNA | GCCUUUUAC _GCCUCCUUC GCCUCUUUC ]
U6-WT 5+ A+++.18~  18+++.25~ "
U6-45G46A | .5+++ S+++ S+++
U6-C43G A~ A~ A~
U6-C43U 25+++.5~ 18+ 18+++.25~
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Epilogue
How is the 5' splice site region recognized?

How is the 5' exon-intron boundary chosen?
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Amazingly, introns are recognized and correct cleavage sites
are chosen based solely on information provided by three short
consensus sequences. Consequently, rather than starting with a
particular splicing factor and trying to determine its role, | chose to
"view" splicing from the intron's perspective. That is, my approach
has been to analyze the phenotypes conferred by mutations in the
intron consensus sequence and then to use this information to design
genetic screens to identify trans-acting components.

I chose to focus my analyses on the 5' splice site sequence
since, as described in Chapter 1, this sequence is involved in several
steps of the splicing process: (1) identification of the 5' splice site,
(2) commitment of the pre-mRNA to the splicing pathway, (3)
definition of the exact cleavage site, and (4) determination of
whether the splicing apparatus should progress through the second

step of splicing after inspection of the branched lariat intermediate.

Determinants of 5' splice site selection. As described in
Chapter 2, in order to identify the nucleotides of the 5' splice site
that are presumably important for splice site recognition, | set up a
5' splice site competition assay. In this assay the competiting 5'
splice sites are separated by 13 nucleotides. Mutations were
introduced into all of the conserved nucleotides of the upstream 5'
splice site. Three interesting observations were made: (1)
Mutations in the most highly conserved nucleotides of the intron
portion of the consensus sequence, which in several cases have been
demonstrated to base pair with U1 snRNA, almost totally abolished

recognition of the mutated 5' splice site. (2) Unlike mammals,
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complementarity of U1 snRNA with the nucleotides in the exon
portion of the §' splice site is not an important determinant of 5'
splice site choice. (3) All changes at intron position 4 allowed
competition with the wild-type site (C>G>A). This result is
interesting since the 5' end of the yeast U1 and the mammalian U1
are identical, yet the intron consensus sequences differ at position
4; in yeast this position is almost invariably unpaired. The
competition results indicated that this is the favored configuration.
The most likely explanation for the observation that mutations
in the intron portion of the splice site sequence caused step 1
defects that decreased or abolished spicing at the competing
mutated splice site was that the mutant 5' splice sites couldn't
compete with the nearby wild type site for U1. A straightforward
way to test this hypothesize was to determine whether
compensating changes in U1, predicted to restore base pairing with a
- mutated site, could increase use of the competing mutated site.
However, as discussed in Chapter 3, the restoration of
complementarity between U1 and the mutated 5' splice site by
compensating mutations in U1 did not increase cleavage at the
mutated site. Thus, the inability of the mutated upstream 5' splice
sites to compete with the nearby wild-type 5' splice site is not
(simply) a result of their decreased complementarity to U1. In
addition, as discussed in Chapter 3, these observations raise the
question as to what step of splicing this competition assay is
monitoring. And, are other factors involved in 5' splice site

selection before or after U1 snRNA binds?
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Chapter 4 reviews my attempts to further characterize the
interaction of U1 with the 5' splice site. By constructing several 5
splice site competition assays, | was able to conclude that the
process of 5' splice site selection in yeast, like that in mammals, is
not solely determined by a base-pairing interaction between U1 and
the 5' splice site. The sequence of the 5' splice site, the sequence
flanking the highly conserved 5' splice site and the positioning of
the 5' splice site relative to the branch point recognition sequence
all appear to influence 5' splice site selection. Recent observations
about the role of proteins in mammalian 5' splice site selection (see
Chapter 1) and my observations in yeast (Chapters 3 and 4), make
several predictions about the role of proteins in §' splice site
selection and can be used to design genetic schemes to identify such
proteins in yeast.

The clearest conclusion that can be drawn form Chapters 2-4
is that the process of 5' splice site selection is complicated and
involves many determinants including (1) splice site sequence, (2)
flanking sequence, (3) proximity to branch point sequence and (4)
complementarity to U1 snRNA. One way to rationalize this
complexity is to consider that recognition of the 5' splice site
sequence commits the pre-mRNA to the splicing pathway. Thus, the
splicing apparatus must ensure that the correct substrate is chosen

before proceeding through the ATP-dependent splicing pathway.

Choosing the site of cleavage at the 5' exon-intron
boundary. Interestingly, as discussed in Chapter 1, the processes

of recognizing the 5' splice site region and choosing the exact site
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of §' cleavage appear to be separable events. In order to identify i
specific factors involved in determining the location of cleavage of
the §' splice site, | conducted many unbiased genetic screens which
were unsuccessful. However, surprisingly, the factors | was trying
to identify turned out to be well characterized splicing factors N
(indeed, the first identified members of the spliceosome), the
snRNAs.

A series of both yeast and mammalian in vitro crosslinking
experiments (reviewed in Chapter 5) suggested that U6 snRNA is in

the proximity of the 5' splice site during the splicing reaction (Sawa

and Abelson, 1992; Wassarman and Steitz, 1992). In yeast splicing L
extracts, UV crosslinks were identified between U6 and either the
actin pre-mRNA or the actin lariat intermediate. The crosslink to
the lariat intermediate was between a region of U6 just upstream of
the invariant ACAGAG sequence and intron positions 4 through 6
- (Sawa and Abelson, 1992). In mammalian splicing extracts, a _
psoralen crosslink was mapped between the invariant ACAGAG .,--
sequence of U6 and a region of the pre-mRNA which contains the §'
splice site (Wassarman and Steitz, 1992). Interestingly, in the
mammalian system, the appearance of the U6-pre-mRNA crosslink
was concomitant with the appearance of splicing intermediates,
implicating a role for U6 in 5' cleavage. Based on these different
crosslinking experiments, two distinct U6-5' splice site base-pairing
interactions were proposed.

As discussed in Chapter 5, these observations were exciting
because they provided a framework for explaining the activation of

aberrant cleavage sites by intron position 5 mutations. If a U6-5'
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splice site interaction was important in defining the site of
cleavage, then mutations at intron position 5 could result in the
activation of aberrant sites because they decreased the stability of
the normal U6-5' splice site base-pairing interaction. In order to
test this hypothesis, | extended the region of complementarity
between U6 and the actin 5' splice site so that the normal U6-5'
splice site interaction would be strengthened. Under these
conditions, activation of the aberrant cleavage site by intron
position 5 mutations is diminished. Thus, these experiments
confirmed that a base-pairing interaction consistent with that
proposed based on the mammalian psoralen crosslink is likely to
take place and furthermore, this interaction is an important
determinant for the site of cleavage. In addition, these results
might explain the conservation of a U at position 4 of the yeast 5'
splice site consensus sequence. Thus, while intron position 4 can
not base pair with the corresponding nucleotide in U1 snRNA, this
position might be conserved because it is complementary to the
corresponding nucleotide in U6 snRNA.

In addition to base-pairing with the 5' splice site, U6 snRNA
has recently been demonstrated to base pair with U2 snRNA (Madhani
and Guthrie, 1992) (reviewed in Chapter 4). This U6-U2 helix is
located immediately downstream of the highly conserved and
essential nucleotides of the ACAGAG sequence in U6 and
immediately upstream of the branch point recognition sequence of
U2. Thus by base-pairing with both U2 and the 5' splice site, U6 can
serve the critical function of aligning the §' splice site of the

substrate with the branch point nucleotide, which is the attacking
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nucleophile in the first chemical step (Query, Moore and Sharp,
submitted).

As discussed in Chapter 6, under special conditions, mutations
in U5 snRNA can also influence cleavage site choice. In particular, |
have identified mutations in the invariant loop of U5 snRNA that
increase cleavage at the aberrant site activated by intron position 5
mutations. These U5 mutants appear to increase aberrant cleavage
by creating complementarity between the invariant loop of U5 snRNA
and the sequence upstream of the aberrant cleavage site. Curiously,
as discussed in Chapter 6, it is not yet clear whether U5 acts early
along with U1 snRNA to define the 5' splice site region of the pre-
mRNA or later with U6 snRNA to choose the exact location of
cleavage or both. Interestingly, the base-pairing interactions
between U1 and the 5' splice site and U6 and the §' splice site are
mutually exclusive. Thus, U1 must be displaced from the 5' splice
site before U6 can form Watson-Crick base pairs with the same
sequence. One function of U5 snRNA or its associated proteins may
be to maintain definition of the 5' splice site while U1 leaves and U6

arrives.

In summary. The 5' splice site appears to be involved in several
steps of the pre-mRNA splicing pathway. In particular, U1 and
presumably other factors are involved in the initial recognition of
the pre-mRNA by base-pairing with the 5' splice site. This
interaction commits the pre-mRNA to the splicing pathway. Once
the pre-mRNA has been committed to the splicing pathway, the

spliceosome is faced with the challenge of correctly juxtaposing the
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catalytic residues of the spliceosome so that the correct cleavage E
sites are selected. Notably, my work has played an important role in
demonstrating that in pre-mRNA splicing, like in self-splicing
introns, it is RNA-RNA interactions which serve to correctly
juxtapose the 5' splice site and ensure that the correct site of
cleavage is chosen at the 5' exon-intron boundary. Preliminary
evidence suggests that one role of U5 snRNA or its associated
proteins might be to link together these two steps of §' splice site

selection.
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Appendix |

Assaying copper resistance
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Chapter 2 describes the development of a new genetic system
which can be used to study basic cellular mechanisms by fusing
CUP1 to genes of interest. The CUP1 system is very sensitive and
has a large range of detection. However, presently, this system is
limited in that it is difficult to objectively quanitate copper
resistance. The following section reviews assays presently being
used to monitor copper resistance in addition to suggesting possible
new quantitative assays.

I. Copper resistance assays

In order to maximize the range over which it is possible to
monitor copper resistance, the ACT1-CUP1 fusion gene was
expressed on a high copy (2u) plasmid. Each cell transformed with
this construct will contain at least 10 copies of the 2y plasmid if
it is a cir+ strain (Rine, 1991; Broach and Volkert, 1991). Ina
population of cells, the number of 2y plasmids in any individual cell
reflects a Poisson distribution (Broach and Volkert, 1991). Thus
individual cells in this group will have varying levels of apparent
copper resistance due to differences in plasmid copy number.
Consequently, a culture of cells will not possess a distinct growth
threshold; rather, only a small proportion of the cells will grow
when exposed to high copper concentration. This observation was
taken into account when designing the following copper resistance
assays

A. Qualitative methods
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i. Patch assay

This is the easiest assay. Patch out 3-4 independent
transformants on a plate deficient for the auxotrophic marker of the
plasmid carrying the CUP1 reporter (as well as the auxotrophic
markers of any other relevant plasmids). Allow the patches to grow
for 1-2 days, and then replica the master plate to minimal complete
plates with increasing concentrations of copper. Incubate the
copper-containing plates for 3-7 days, and then score copper
resistance. There is no reason to select for plasmids required to
maintain copper resistance on copper plates. However, if other
plasmids might lower the copper resistance of the strain by
inhibiting expression of the reporter, then selecting for auxotrophic
markers ensures that the plasmids are not lost.

The density of the patch will decrease before no growth can be
detected as the strain is transferred to plates that contain
increasing amounts of copper. Thus, it is a subjective decision to
define the maximum copper concentration at which the strain can
grow. However, it is possible to roughly compare the copper
resistance of two different strains by observing the density of the
patches at a particular copper concentration. For example, if strain
A is resistant up to .25 mM copper and strain B is resistant up to 1.5
mM copper, on .18 mM copper plates, the density of strain B will be
greater than that of the strain A.

Note that, in addition, the actual copper concentration of the
plates will vary slightly from batch to batch. Thus, in all of the
copper resistance assays, it is important to compare the copper

resistance of experimental strains to well-characterized strains.
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ii. Frogging assay

This is also a relatively easy assay. Importantly, frogging can
be more uniform than replica-plating, since a similar amount of
cells in a similar volume is transferred to each copper-containing
plate. First, 0.1 ml of sterile minimal media is added to each well
of a sterile microtiter dish. Next, cells from either a colony or
patch of the strain of interest are stirred into the microtiter wells
using a sterile toothpick. A 48-prong metal frog is then used to
replica the strains in the wells to minimal media plates that contain
increasing amounts of copper. The cells should be transferred three
times to three different plates that contain the same amount of
copper in order to ensure that the correct amount of cells were
transferred by the frogging device. Once the strains are plated,
copper plates are incubated and scored as described above.

B. Potential quantitative assays

As mentioned above, defining the lowest copper concentration
at which a particular strain can no longer grow can be a major
problem. The following two assays describe potential methods for
quantitating copper growth.

i. Percentage growth assay

The idea behind this assay is to define copper resistance as
the highest concentration at which a pre-determined percentage of
the transformants carrying the plasmids can grow. The percentage of
cells growing in a replica-plated or frogged patch cannot be reliably
determined. Thus, an alternative method is to grow up an overnight
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culture of the strain of interest in minimal media to select for 0
plasmids and then plate a dilution of cells to give 300-400
independent colonies onto a series of plates that contain increasing
amounts of copper, as well as a plate that contains no copper. By
tallying the number of cells on each of the copper plates and
normalizing this value to the number of cells that can grow in the r
absence of copper, it is possible to determine the percentage of
cells that can grow at a particular copper concentration.

While designing the percentage growth assay, | noticed that

the size of the colonies growing on the copper plates decreased as

U | 34

the copper concentration increased. Thus, in the patch assay
described above, the thickness of the patches decreases before
disappearing because at high copper concentrations (1) the size of
the colonies in the patches decreases and (2) only a small
percentage of the cells will express the ACT1-CUP1 2y plasmid at
high enough levels to confer the appropriate copper resistance.

ii. Liquid growth assay

This assay is not very well developed yet, but has considerable
potential. Sensitivity to copper can be detected in copper-
containing liquid media in addition to solid minimal media plates;
however, strains are resistant to lower levels of copper in liquid
minimal media. Interestingly, at low copper concentrations, where
strains which exhibit both high or low levels of copper resistance
can grow, the OD600 of a culture of a strain which exhibits high
copper resistance will be much greater than a strain that exhibits
low copper resistance. This observation is consistent with the
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observation (see patch assay) that it is possible to roughly compare
the copper resistance of two different strains by examining the
relative density of the patches at a chosen copper concentration.
Presumably, the OD600 of the cells or the density of the patch
reflects both the percentage of the cells which express the ACT1-
CUP1 reporter at a high enough copy number to confer the necessary
copper resistance as well as the size of the colonies at the chosen
copper concentration. The advantage of measuring the OD600 of the
cultures is that, in this way, it is possible to make an objective
quantitative comparison, while in the patch assay it is a much more
subjective qualitative comparison.

The first step in this assay is to grow up overnight cultures of
the strains of interest and measure the OD600 of each culture. Next
dilute each culture to a set OD (~0.1) in liquid minimal media in the
presence and absence of a pre-determined copper concentration.
Allow the cultures to grow for several days and then take the OD600
of each culture. Normalize the growth in the copper-containing
media relative to the growth in the copper-lacking media. In this
way it may be possible to quantitatively compare the copper
resistance of a set of strains.

Il. Copper resistance vs. copy number and promoter. As
described in chapter 2, one of the goals considered when designing
the ACT1-CUP1] gene fusion system was to design a system which
could differentiate production of the gene fusion reporter product
over a large range. Thus, the ACT1-CUP1 fusion gene was placed
under the control of several different promoters either the
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endogenous actin promoter or the strong constitutive ADH (alcohol

dehydrogenase) or GPD (glucose-6-phosphate dehydrogenase)

promoters, and maintained at different copy numbers in the cell by

either integrating the fusion gene into the chromosome or placing it

on a low (cen) or high (2u) copy plasmid. The following table

summarizes the copper resistance of ACT1-CUP1 wild-type gene

fusions expressed in a wild-type strain.

expression source promoter copper resistance
integrated GPD .025 mM
cen actin 0.10 mM
cen GPD 0.25 mM
2-micron ADH 0.50 mM
2-micron GPD 1-2 mM

The copper resistance of a Acupl strain is .013mM copper.

Thus, when integrated into the chromosome, even under the control

of the strong GPD promoter, the range of detection of the ACT1-

CUP1 is only about two-fold. In contrast, when expressed on a high

copy plasmid under control of the strong GPD promoter, the range of

detection is about 100-fold. Thus, in the latter situation, the large

range of detection coupled with the sensitivity of CUP1 gene

fusions, results in an increase in the ability to differentiate

between phenotypes conferred by mutations in a particular CUP1

fusion gene system.
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lll. Caveats about the Acupl strain

As described in Chapter 2, the original CUP1 deletion was
marked by URA3. No information is available on how the original
CUP] deletion was created. In order to make the strain ura3-, |
made a small deletion in the coding sequence of the URA3 gene
marking the CUP1] deletion. Consequently, this strain has two non-
functional ura3 genes: one at the normal chromosomal copy of URA3
(ura3-52) and another at the CUP1 locus marking the CUP1 deletion.
A low background of URA3+, cup1- cells arises, presumably from
gene conversion between the two yra3 loci. Thus, sometimes when
this strain is transformed with a plasmid marked by URA3, Ura+
transformants are generated which do not contain the plasmid. To
distinguish between reversion of one of the chromosomal ura3
copies and URA3* transformants, streak the cells on 5-FOA. Only
URA3 plasmid-bearing strains, and not URA3 chromosomal
revertants, should be able to grow on 5-FOA.
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Appendix 2

Effects of prp and slu mutations on §' splice site
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Splice site competition assays have proven to be useful tools
for identifying proteins that interact with these sequences. As
discussed in Chapter 1, the amount of SR proteins added to a splicing
extract can influence cleavage at competing 5' splice sites in vitro
(Krainer, et al., 1990; Zahler, et al., 1993). In addition, by examining
the phenotypes conferred by mutant strains on splice site
competition assays, it has been possible to genetically identify
factors which interact with the splice sites. For example, 3' splice
site competition assays have been very useful in identifying mutant
alleles of splicing proteins that are defective in specific aspects of
3' splice site choice (Frank and Guthrie, 1992; Umen and Guthrie,
unpublished).

In an attempt to identify factors which interact with the 5’
splice site, 5' splice site competition reporters were introduced
into a subset of strains known or suspected to have splicing defects
(pre-mRNA processing and synthetic lethal with U5 strains). Each
strain was transformed with three of the 5' splice site competition
reporters (introduced in Chapter 2): (1) the wild-type/wild-type
competition (2) the U4A/wild-type competition and (3) the
G5C/wild-type competition.

The wild-type/wild-type competition should test if 5' splice
site choice is affected by the location or context of the 5' splice
site (or mRNA stability- see below.) The G5C/wild-type and
U4C/wild-type competition were chosen because each of these
mutant 5' splice sites can compete with the wild type site to some
extent, thus it is possible to monitor either increases or decreases

in cleavage at the mutant site. Moreover, while intron position 5 is
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normally complementary to U1, position 4 is not normally
complementary to U1, and the U4A mutation actually increases
complementarity between U1 and the §' splice site. As discussed in
Chapter 2 and 3, position 4 probably plays a role in splicing
independent from recognition by U1. | hoped that by comparing the
phenotypes conferred by splicing mutants on the different reporter
competitions it would be possible to identify factors involved in &'
splice selection.

Each of the competition reporters was transformed into the
strains listed in the tables below. It was not possible to analyze
splicing by copper resistance assays since these strains did not
carry deletions at the chromosomal CUP1 locus. Rather, total RNA
was isolated from each of these strains, grown at their permissive
temperature (usually 25°C), and primer extended. Phosphorimaging
techniques were used to quantitate the amount of mRNA generated
as a result of cleavage at each of the competing 5' splice sites.
Most of these mutant strains do not confer a detectable splicing
defect at a permissive temperature; however, often when two
splicing mutants are combined a splicing defect will be observed at

the otherwise permissive temperature (Frank and Guthrie, 1992).

Thus, | first decided to examine the splicing phenotypes conferred by

the mutant strains at their permissive temperatures.

The data are summarized in Table 1. Each of the values given
represents the amount of cleavage at the upstream (wild-type, U4A
or G5C) site relative to cleavage at the downstream wild-type site.
For example, in the wild-type strain cleavage at the wild-type

upstream site occurs 1.9 times as often as cleavage at the
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downstream site. However, when the upstream site is mutated to
U4A or G5C, cleavage at this site is decreased five (.37/1.9)- or ten
(.19/1.9)-fold, respectively. In Table 2, the numerical values have
been replaced by arrows which indicate the amount of cleavage at
the upstream site in the trans-acting mutant strain, relative to the
amount of cleavage at the upstream site in the wild-type strain.

For example, the prp5 strain decreases (|) cleavage slightly at both
the wild-type and the U4A upstream sites relative to the wild-type
strain (1.4 versus 1.9 and .37 versus .26), but increases cleavage (T)
at the G5C upstream site relative to the wild-type strain about two-
fold (.36 versus .19).

As can be seen in the first column of table 2, many of the
mutant strains appear to affect the ability of the upstream wild-
type site to compete with the downstream wild-type site. Does this
phenotype reflect splicing at each of these sites? It is important to
note, that in each of these competition assays, cleavage at the
upstream site results in the generation of a stable in-frame pre-
mRNA while cleavage at the downstream site results in the
generation of an unstable out-of-frame pre-mRNA. Thus, if for any
reason the strains being compared alter the stability of in-frame
mRNA relative to out-of-frame mRNA, then this would result in a
change in relative stability of the mRNAs generated by cleavage at
each of the splice sites and might consequently be confused with a
splicing phenotype. Interestingly, relative cleavage at each of the
competing wild type sites has been observed to vary in different

strain backgrounds (data not shown).
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Since it was possible that changes in the ratio of cleavage at
the upstream site relative to the downstream, in the mutant strains,
was due to a change in the cell unrelated to splicing, the amount of
cleavage at each of the upstream sites was normalized to cleavage
at the wild-type upstream site. These values are summarized in
Table 3. For example, in the prp5 strain cleavage at the wild-type
upstream site is slightly decreased relative to the wild-type strain
(1.4 versus 1.6). When the amount of cleavage at the U4C or G5C
sites is adjusted for the decrease in apparent cleavage at this site,
the decrease in cleavage observed at the U4A site is no longer
significant while the increase in cleavage at the G5C site appears
even more significant. In Table 4, like Table 2, the numerical values
have been replaced by arrows which indicate the amount of cleavage
at the normalized upstream site, in the mutant strain, relative to
the amount of cleavage at the normalized upstream site, in the wild-
type strain.

Although the data are quite complex, the splicing mutants can

be grouped into three classes.

Class I: The prp3, prp7 and U5-U98C strains all decrease cleavage
at the upstream site regardless of whether the site is mutated or
not (Table 2). However, even when normalized for the decrease in
cleavage at the wild-type upstream site (see above), the mutant
sites are poorly recognized (Tables 3 and 4). Notably, the prp3

strain conferred a very strong phenotype. Preliminary experiments
to test whether the splicing phenotype conferred by the prp3 strain
could be suppressed by introducing a wild-type copy of PRP3 into the
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cell gave conflicting results. Only some of the experiments
indicated that the introduction of the wild-type allele suppressed
the splicing phenotype. Thus, these experiments should be

reproduced in order to resolve this discrepency.

Class ll: The prp5, prp9 and prp11 strains all decrease cleavage at
the wild-type upstream site and the U4A site, but increase cleavage
at the G5C site (Table 2). Even when normalized for the decrease in
cleavage at the wild-type site, in all three of the prp strains,
cleavage is still increased at the G5C site. And, in the case of prp
11, cleavage is still decreased at the U4A site while in the prp5 and
prp9 cleavage at the U4A site is similar to wild-type.

Why would cleavage be more efficient at a mutant 5' splice
site (G5A) with decreased complementarity to U1, but less efficient
with one (U4A) increased in complementarity to U1? Perhaps the
U1/5' splice site interaction needs to be disrupted before U2 can
bind. Interestingly, in vitro assays have demonstrated that U1 can
bind and commit the pre-mRNA to the splicing pathway in the
absence of ATP, but U2 is not assembled until ATP is added
(Seraphin and Rosbash, 1989a). Curiously, U2 can bind to the pre-
mRNA in the absence of ATP in extracts from U1-C4U mutant strains
(Liao, et al., 1992). This mutation decreases complementarity
between U1 and the 5' splice site. In addition, recent experiments
suggest that the U1-5' splice site interaction must be disrupted in
order for U2 to bind to the spliceosome (Konforti et al., 1993). Thus,
one exciting interpretation of these experiment is that the ATP

requirement for U2 addition is to mediate destabilization of the

227




U1/5' splice site interaction. These results are very exciting since
recent biochemical and genetic experiments have shown that the
PRP5, PRP9, PRP 11 PRP21 proteins interact (Legrain and Chapon,
1993; Legrain, et al., 1993; Ruby, et al.,, 1993). These strains all
confer step 1 splicing defects and are required for U2 addition to the
spliceosome after U1 has bound (Ruby, et al., 1993). Interestingly,
PRPS, one of the proteins required for U2 addition is a member of
the DEAD-box family and is a putative helicase (Dalbadie-McFarland
and Abelson, 1990). Thus, the role of PRPS5, and perhaps the PRP9,
PRP11, PRP21 complex might be to disrupt the U1/5' splice site
interaction to allow U2 to bind and splicing to proceed. According to
this model, when any of these proteins are mutated, cleavage at the
G5C site is increased because the Ui/mutant 5' splice site
interaction is easier to disrupt, allowing U2 to bind. In contrast, the
U4A mutation, which increases complementarity between U1 and the
5' splice site, should make it more difficult to disrupt the U1/5'

splice site interaction.

Class lll: All of the slu strains, except slu 8, as well as prp17 and
prp18 strains increase cleavage at both of the mutant 5' splice
sites; cleavage at the wild-type site is slightly increased or
decreased. Curiously, slu4, slu7, prp 17 and prp18 mutants are
specifically defective in the second step of splicing (Frank, et al.,
1992; Vijayraghavan and Abelson, 1990; Vijayraghavan, et al.,
1989); it is not clear why these strains should affect the §' splice
site competition. Notably, slu4 and prp17 (Frank, et al., 1992;

Vijayraghavan, et al., 1989), which were independently isolated in
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different strain backgrounds, are allelic thus, it is encouraging that

both confer the same phenotypes on the competition reporters.

The Future

These data are extremely difficult to interpret because of
differences in strain backgrounds. Moreover, most of the mutant
strains analyzed in this study were generated by exposure to
mutagens and have not been out-crossed. Thus, multiple mutations
may be contributing to the observed phenotypes. Thus, it may prove
very fruitful to construct a set of isogenic prp strains in the Acupi
background. Then one could quickly screen through both 5' and 3'
splice site competition assays in order to identify proteins which
interact with these sites or affect recognition of them.
Nonetheless, the results presented here provide interesting hints to

the roles of some proteins in §' splice site choice.
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Table 1 Summary of effects conferred by prp and slu strains on
competition assays: ratio of cleavage at upstream site relative to
downstream site.

strain WT/WT® U4A/WT  GS5C/WT
wild type 1.9 37 19
prp3 0.8 .09 nd
prp4 nd nd .15
prp5 1.4 .26 .36
prp7 1.2 .26 .08
prp8 1.9 .36 .36
prp9 1.2 .22 .29
prpi1 1.6 .25 .50
prp16-1 3.1 .32 14
prp17 1.2 .67 .59
prpi8 1.2 .48 .59
prp23 1.9 .40 nd
slu1 2.1 .45 .38
slu4 1.2 71 .59
slub 2.0 .59 .59
slu6 2.3 .48 .48
slu7 1.9 .53 .26
slu8 3.0 .40 14
slu9 2.3 nd .48
slu10 1.8 .32 .31
sluti 1.7 .48 .50
slu12 1.4 .38 .21
U5-u98C 1.2 A7 .07
U5-U98A 1.6 .38 nd
U5-U97CU99C 2.7 .43 .19

*numerator indicates sequence of upstream 5' splice
site and denomenator indicates sequence at
downstream 5' splice site.
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Table 2. Summary of effects conferred by prp and slu strains on
competition assays (amount of cleavage in the mutant strains
relative to the wild-type).

strain WT/WT" U4A/WT  GSC/WT
wild type WT WT WT
prp3 AN W nd
prp4 nd nd W
prp5 { { ™
prp7 l l Wl
prp8 l wt ™
prp9 ! W T
prp11 d l ™7
prp16-1 () WT W
prp17 ! ™ ™t
prpi8 l T ™
prp23 WT WT nd
slu1 WT T ™
slu4 l ™ ™
slub WT ™ ™
slu6 T T ™
slu7 WT ™ T
slu8 1) WT W
slu9 T nd ™
slu10 WT WT ™
slu11 WT T ™
slu12 l WT WT
U5-u98C l W W
US5-U98A l WT nd
U5-U97CuU99C ™ T WT

"numerator indicates sequence of upstream 5' splice
site and denomenator indicates sequence at
downstream 5' splice site.
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Table 3 Summary of effects conferred by prp and slu strains on t
competition assays (In each strain, cleavage at the upstream mutant

site has been normalized for cleavage at the wild-type upstream

site).

strain WT/WT® U4A/WT  GS5C/WT
wild type 1.0 .19 .10
prp3 1.0 A1 nd 2
prp4 nd nd .15
prp5 1.0 .19 .26
prp7 1.0 .21 .07
prp8 1.0 .19 .19
prp9 1.0 .18 .24
prpit 1.0 .16 .31 .
prp16-1 1.0 .10 .05 L
prp17 1.0 .56 .49 :
prp18 1.0 .40 .49
prp23 1.0 .21 nd
slu1 1.0 21 .18 ’
slud 1.0 .59 49 L
slub 1.0 .30 .30 '
slu6 1.0 21 21 .
slu7 1.0 .28 14 .
slu8 1.0 13 .05 '
slu9 1.0 nd 21
slu10 1.0 .18 A7
sluti 1.0 .28 29 |
slu12 1.0 .27 15 3
Us-u98C 1.0 14 .06 ’
U5-U98A 1.0 .24 nd
U5-U97CU99C 1.0 .16 .07

“numerator indicates sequence of upstream 5' splice
site and denomenator indicates sequence at
downstream 5' splice site.
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Table 4 Summary of effects conferred by prp and slu strains on
competition assays (amount of cleavage in the mutant strains
relative to the wild-type after normalization, see Table3)

strain U4A/WT  G5C/WT
wild type WT WT
prp3 W nd
prp5 WT T
prp7 WT l
prp8 WT T
prp9 WT T
prp11 l ()
prp16-1 U H
prpi17 ™ ™
prpi8 () ™t
prp23 WT nd
slu1 WT T
slu4 ™ ™
slu5 T ™
slu6 WT T
slu7 T T
slu8 W W
slu9 nd T
slu10 WT T
slu11 T ™
slui2 T T
U5-u98C l W
U5-U98A T nd
U5-U97CU99C l l

*numerator indicates sequence of upstream 5' splice
site and denomenator indicates sequence at
downstream 5' splice site.
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