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Chapter 1 is a pre-print of an article written by D.N.F., H. Roiha and C.

Guthrie. H. Roiha cloned and/or determined the sequences of all of the new

yeast U5 snRNA sequences presented in Figure 1 and collaborated in the

phylogenetic analysis of U5.

Chapter 2 is reprinted from an original article published by D.N.F., B.

Patterson and C. Guthrie in Molecular and Cellular Biology (MCB 12(11): 5197

5205). B. Patterson's contribution to this article included: 1) devising the

synthetic lethal screen; 2) constructing the strains and U5 alleles required for this

genetic screen; 3) identifying and initially characterizing the genetics of slu1-1,

slu2-1, and sluš-1 (Table 1); and 4) analyzing the splicing phenotype of slu1-1

shown in figure 1A.

* , Muu'.
Dr. Christine Guthrie

vi





ACKNOWLEDGMENTS

I have always heard that this section is the easiest to write. In my case,

though, the task is a difficult one because so many people have influenced my

graduate career. I initially was attracted to the Guthrie Lab by the collection of

mavericks who worked there, and I have never been disappointed by my

choice. The lab has continued to excite, inspire, surprise and even annoy me

at times, and so it has been delightfully entertaining for all of these years.

What else could one hope for in a home? I thank all of the past and present

members of the lab for this unique experience.

First, and most importantly, I thank my adviser, Christine Guthrie, for

creating an atmosphere that not just tolerates, but encourages, misfits such as

myself. I will be eternally grateful to her for letting me struggle and grow at

my own pace. I joined the lab seeking a lot of independence, but I discovered
how much I valued her council. Last but not least, Christine also deserves

special credit for introducing me to the joys of white wines.

Shelly Jones taught me rather early that hard work is not just a virtue

at UCSF, it is also a requirement. Luckily, I found a rotation boss that was also

a genuinely nice person, even though she scolded me once over the phone

for using sodium acetate rather than ammonium acetate for a DNA

precipitation. Paul Siliciano taught me to think critically about Genetics; he

was a master of criticism in its truest sense. I also appreciated the April Fools

Day gags and aspire to one day create them on his par (this IS what being a

Postdoc entails doesn't it?). I thank Beate Schwer for tirelessly helping me

with technical questions and scientific discussions/fights. She also was a
*

vii



much appreciated comrade-in-arms in the struggle for musical powers. I

even liked her German/Jazz tapes.

Only two baymates, Evi and Suzanne, were forced to tolerate me

during my graduate career. Fortunately, both had work schedules that were

diametrically opposed to mine, so our spats were few and far between! My

only regret is that I never converted that raucous rock-and-roll lover Evi to

the subtle and never-frightening works played on KOIT. Still, we had lots of

fun, and I love her despite the fact that she never writes to me or Virginia.

Suzanne, who still hasn't learned that the word "gullible" isn't in the

dictionary, kindly put up with a lot of badgering from Bruce and me

concerning SLU1 and never even said "I told you so." Of course, she really

can't say that yet now can she? How's that for badgering??

Bruce, Bruce, Bruce. Where do I start with Dr. Richard Bruce

Patterson? Graduate school and life in general would have been far less

exciting had I not become friends with him. Nothing epitomizes our

friendship more than the Sri and playing football in the hallways. And yet I

owe him tremendously in terms of becoming a real, practicing scientist.

That's a pretty scary statement, now, don't you think?

I thank each of my rotation-students, Lisa Belmont, Bruce Cree,

Caroline Shamu, and Jennifer Zallen for working hard and giving me the

chance to play teacher for a few quarters.

Finally, as far as lab-folks go, I must specially thank Lucita Esperas for

being a mom-away-from mom. My fear now is that I will become another of

the boys-to-be-bitten in her life!

My thesis committee, Liz Blackburn and Peter Walter provided

thoughtful, timely criticism of my work and were just about as painless as a
committee should be.



Joe and Joanna helped create the greatest of all Asilomar T-shirts, even

if a few random, culturally illiterate geeks hated it. In addition, they formed

the core of one of the more incredible volleyball dynasties in the history of

UCSF. I thank all of the other members of my various volleyball teams for

giving me a weekly opportunity to hit something REALLY hard and with

impunity.

Speaking of sports, which I have been known to do now and again, the

Pittsburgh Pirates provided loads of entertainment, despite breaking my heart

three straight years. The Oakland A's and Dallas Cowboys made up for the

anguish, though. Finally, the Flying Illini and the Dan-dome will not easily

be forgotten. Bob Feldman provided a constant ear for my sports-related

rantings (thanks to Internet!). Our lively discussions were made all the more

fun by his hating the Cowboys. At least I don't worship da bulls!

My sibs and sibs-in-laws, Mike and Sue Frank and Karen and Rande

Johnson provided never-ending friendship and encouragement. Mike gets

special thanks for being the computer guru of the family (the rest of the

Guthrie Lab should also join in this particular acknowledgment). Karen

planned each of my trips home and so contributed mightily to my sanity.

Virginia Ann Visconti provided more love and support than she will
ever take credit for. The transition from Graduate Student to Graduated

Ph.D. would have been infinitely more painful without her presence. I only

hope that I can make up for the attention when it is her turn...

Finally, I thank my parents, Robert and Sylvia Frank for setting the

stage for all my success; they encouraged me in my academic pursuits from

the earliest days. My life has been a relative breeze because of their love.

However, you reap what you sow, so now they have to read and appreciate

the following 200-odd pages...



Genetic Analysis of Second-Step pre-mRNA Splicing Factors in
Saccharomyces cerevisiae

Daniel N. Frank

ABSTRACT

Although the U5 small-nuclear ribonucleoprotein particle (snRNP) is

an essential cofactor in pre-mRNA splicing, its precise function is enigmatic.

To explore the function of the U5 snRNP, the genetic system of

Saccharomyces cerevisiae was exploited in order to analyze the structure of

the U5 snRNA and to identify factors that interact with the U5 snRNA.

The architecture of the U5 snRNA was examined by phylogenetic

analysis, structure probing and deletion analysis. The minimal U5 snRNA

that can function in S. cerevisiae consists of an Sm protein binding site linked

to a conserved 39 nucleotide domain, comprising a stem/loop structure

terminated by an internal loop. This domain must include all U5-specific

structures and sequences that are essential for splicing activity.

To identify factors that interact with the U5 snRNA, trans-acting

mutations were isolated that exacerbate the phenotypes of conditional alleles of

the U5 snRNA. These genes were named SLLI, for Synergistically Lethal with U5

snRNA. Biochemical analyses revealed that two of these genes, SLU7 and SLU4

(an allele of PRP17; [Vijayraghavan et al, Genes Dev. 3:1206-1216, 1989]) are

required only for the second-step of splicing. Furthermore, slu4-1 and služ-1 are
lethal in combination with one another and with mutations in PRP16 and



PRP18, which also function in the second-step. I infer from these data that SLU4,

SLU7, PRP18, PRP16 and the U5 snRNA interact functionally and that a major

role of the U5 snRNP is to coordinate a set of factors that are required for the

completion of the second-step of splicing.

To further analyze SLLI4 and SLU7, I have determined how mutants

influence the relative usage of competing 3' splice-sites. The results of these

experiments indicate that SLU7 influences the choice of 3' splice-sites, while

SLU4 fulfills a generic requirement for the second-step.

To study the function of wild-type SLU7, anti-SLU7 antibodies were

used to deplete splicing extracts of SLU7 protein. These experiments

demonstrate that SLU7 functions solely in the second-step of splicing and is

not required for spliceosome assembly or the first-step of splicing.
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INTRODUCTION

The Construction of a Splicing Paradigm



The removal of intervening sequences (introns) from pre-mRNA proceeds

through a mechanism that is defined by two transesterification reactions (fig. 1;

Green 1986; Padgett et al. 1986; Guthrie 1991). In the first step, the 2 OH of an

adenosine nucleotide within the intron (the branchpoint adenosine) acts as the

nucleophile in a transesterification reaction that results in cleavage at the 5' splice

site and production of free exon 1 and lariat-intermediate. In the second

transesterification reaction, the 3'OH of exon 1 attacks the phosphodiester bond

linking the intron to exon 2, thus excising free intron and ligating exons 1 and 2

together to form mRNA.

The two-step mechanism of pre-mRNA splicing is directly analogous to

the mechanisms by which introns are excised from Group I and Group II self

splicing introns (Cech 1986). In these latter systems, intronic sequences encode

sufficient information to fold the RNA into a catalytically competent tertiary

structure. In contrast, pre-mRNA introns contain only three short (< 10 nts.)

conserved sequence elements (the branchpoint region and two sequences

specifying the 5' and 3' ends of the intron) that are incapable of forming a

catalytically active tertiary structure by themselves. Rather, pre-mRNA splicing

requires a plethora of trans-acting factors that function to assemble the pre

mRNA into a splicing-competent structure, termed the spliceosome (Brody and

Abelson 1985; Ruby and Abelson 1991). The major questions in the study of pre

mRNA splicing thus relate to how these factors initially recognize the intron (i.e.

distinguish intronic from exonic sequences) and then form the requisite active

site structures in the spliceosome. As in all aspects of molecular biology, the

problem of insuring fidelity in pre-mRNA splicing is paramount since errors in

splicing within coding regions will produce frame-shifts or deletions in protein

sequence during translation of the product mRNA.



In terms of characterizing trans-acting splicing factors, the small-nuclear

ribonucleoprotein particles, or snRNPs, have received the lion's share of

attention. Four snRNPs are known to have essential functions in pre-mRNA

splicing: U1, U2, U5 and U4/U6. Each snRNP consists of a small-nuclear RNA

(two in the case of U4/U6), a set of proteins common to all snRNPs (the so-called

Sm core proteins) and a set of snRNP-specific proteins (for general reviews of

snRNP structure and spliceosome assembly, see Steitz et al. (1988) and

Lührmann (1988)). These snRNPs associate with the pre-mRNA in a defined

order (termed the spliceosome assembly pathway; fig. 2) that results in the

formation of the active spliceosome. The questions of intron recognition and

active site assembly have thus been focused primarily on questions of how and

when the snRNPs enter the spliceosome assembly pathway. In this sense, one

aspect of the problem of intron recognition was "solved" quite early in the game

by the demonstration, by molecular genetic studies, that the U1 and U2 snRNAs

mediate recognition of the 5' splice site and branchpoint sequences by direct

Watson-Crick basepairing between snRNA and pre-mRNA (Siliciano and

Guthrie 1988; Séraphin et al. 1988; Zhuang and Weiner 1986; Zhuang and Weiner

1989; Parker et al. 1987; Wu and Manley 1989). In the simplest view, the U1 and

U2 snRNPs are simply spliceosomal adapters that incorporate their intron

substrates into the nascent spliceosome (See Siliciano and Guthrie (1988);

Séraphin et al. (1988); and Lesser and Guthrie (1993) for an account of how this

simple notion breaks down upon closer inspection). These findings fit nicely

with biochemical observations that the U1 and U2 snRNPs bind to the pre

mRNA relatively early during spliceosome assembly (Mount et al. 1983; Blacket

al. 1985; Séraphin et al. 1988; Séraphin and Rosbash 1989).

Following U1 and U2 snRNP binding, the U5 and U4/U6 snRNPs

(probably in the form of a tri-snRNP particle) are incorporated into the



spliceosome, thus "completing" the assembly pathway. Soon thereafter, the

U4/U6 snRNP undergoes a radical conformational change in which the

intermolecular stems joining the U4 and U6 snRNAs are disrupted; U6 remains

tightly bound to the spliceosome while U4 dissociates (Lamond et al. 1988).

Concurrently with, or immediately subsequent to, destabilization of U4 from U6

the two catalytic steps of splicing rapidly ensue. Given the conjoining of these

two events in time (U4/U6 destabilization and catalysis), as well as the highly

conserved sequence of the U6 snRNA, U6 is now thought to play a direct role in

forming the catalytic core of the spliceosome (Guthrie and Patterson 1988; Brow

and Guthrie 1989). In this model the U4 snRNP serves primarily as an antisense

inhibitor of U6 activity.

One of the important, missing pieces of the spliceosome assembly puzzle

pertains to the function of the U5 snRNP in splicing. Part of the initial difficulty

in assigning a precise role to the U5 snRNP was that no strong complementarity

was observed between the U5 snRNA and the cis-signals that define pre-mRNA

introns. In contrast, such models of pre-mRNA-snRNA interactions provided

invaluable insights into the functions of the U1 and U2 snRNPs. Furthermore,

the U5 snRNP was experimentally intractable relative to the other splicing

snRNPs. Such powerful techniques as targeted snRNA degradation by RNase H

and specific immunoprecipitation were simply not applicable to the problem of

U5 snRNP function (Steitz et al. 1988). Nonetheless, several early reports linked

the U5 snRNP to the 3' splice-site, on the basis of ribonuclease protection

experiments, but were not ultimately productive (Chabot et al. 1985; Gerke and

Steitz 1986; Tazi et al. 1986).

One of the first real breakthroughs in studying U5 function came from the

work of Patterson and Guthrie (1987), who showed, through genetic depletion of

the U5 snRNA, that U5 not only is essential for yeast viability, but actually is an



essential component of the splicing pathway. Thus, upon repression of the U5

snRNA, yeast cells were found to accumulate unspliced pre-mRNA as their

growth ceased. This was not unexpected, since the U5 snRNP was already

known to be a component of the spliceosome (Grabowski et al. 1985; Konarska

and Sharp 198; Pikielny and Rosbash 1986; Pikielny et al. 1986). The remarkable

observation, though, was the concomitant accumulation, in the case of at least

one gene, of partially spliced lariat-exon 1 molecule. The implication of this

result was that, despite the depletion of the U5 snRNA, splicing could proceed

through the first step in some instances. This work has been corroborated

biochermically, by Winkelman and Lührmann (1989), who showed that snRNP

preparations that were largely devoid of the U5 snRNP could carry out the first,

but not the second, step of splicing. Taken at face value, these results indicate

that the function of the U5 snRNA is not absolutely required for the first step of
Splicing. Since the production of mRNA was blocked in both of these
experiments, it was argued that the U5 snRNA plays a key role in the second step

of splicing (Patterson and Guthrie 1987, Winkelmann et al. 1989).
The function of the U5 snRNP has also been examined by an elegant

8°netic suppression assay, the results of which imply that the U5 snRNA, itself,
interacts with sequences adjacent to both the 5' and 3' splice-sites (Newman and

Norman 199; Newman and Norman 1992). In addition, crosslinking studies have

**Vealed that conserved U5 sequences are in close proximity to the pre-mRNA

“o both the 5 and 3 splice-sites) during splicing (Wassarman and Steitz 1992;
Wyatt et al. 1992). While it is unclear whether U5 snRNA sequences actively

Select Splice-sites, these results indicate that this snRNA does not function solely

as a sc affolding for U5-specific protein factors.

Taken together, the existing genetic and biochemical data clearly point to a
role for the U5 snRNP in the second-step of splicing, particularly in the process of



3' splice-site selection. Aside from the U5 snRNP though, little else is known

about the factors involved in 3' splice-site selection. Fortunately, the cis-acting

signals that define 3' splice-sites are better understood. In all organisms, the 3'

cleavage-site is invariably marked by an AG dinucleotide (cleavage occurs at the

3' phosphate of the guanosine). In mammalian cells, the AG dinucleotide is

usually preceded by a poly-pyrimidine enriched element (the poly-Py tract;

Mount 1982). Although the poly-Py tract is not essential for 3' splice-site

utilization, it does serve to enhance the efficiency of the second-step (Zhuang and

Weiner 1990; Reed 1989). Presumably, the poly-Py site increases the likelihood

that a potential 3' splice-site is bound by the factor(s) responsible for 3' splice-site

recognition. However, identification of such 3' splice-site recognition factors is

complicated in mammalian systems because the poly-Py tract does not function

simply as a signal that specifies 3' splice-sites. A plethora of proteins that bind to

the poly-Py element have now been identified: IBP, 70K, hnRNPC, hnRNP A1,

hnRNPD, U2AF, PTB (Chabot et al. 1985; Tazi et al. 1986; Gerke and Steitz 1986;

Choi et al. 1986; Swanson and Dreyfuss 1988; Buvoli et al. 1990; Ruskin et al.

1988; Garcia-Blanco et al. 1989). None of these proteins, in fact, has been

implicated in the actual selection of the 3' cleavage-site. Instead, these proteins

appear to function in the early steps of spliceosome assembly. U2AF, for

instance, mediates the U2 snRNP/branchpoint interaction (Ruskin et al. 1988).

Thus, rather than functioning solely as a signal in 3' splice-site recognition, the

mammalian poly-Py tract also plays a role in branchpoint sequence recognition.

Indeed, Zhuang and Weiner (1990) have demonstrated that 3' splice-site selection

Carl occur independently of the poly-Py mediated processes that determine

branchpoint recognition.

Since the AG dinucleotide is the only sequence that is absolutely required

to specify 3' splice-sites in mammalian systems, the prevailing theory of 3' splice



site selection is that once assembled, the spliceosome simply scans downstream

of the branchpoint and selects the first AG in the appropriate "context" that is

encountered (Smith et al. 1989; Zhuang and Weiner 1990)). The identity of the

factor(s) that mediate the scanning process and recognize the AG dinucleotide is

currently unknown.

The organization of 3' splice-sites in Saccharomyces cerevisiae is somewhat

simpler than in mammalian systems, because sequences downstream of the

branchpoint are dispensable for spliceosome assembly and the first step of

splicing (Rymond et al. 1987). In yeast, therefore, the problem of 3' splice-site

selection can be studied independently of the myriad processes that precede the

first catalytic step. This conclusion is appealing from a technical standpoint

because in searching for factors involved in 3' splice-site selection, one can focus

primarily on factors required for the second-step of splicing; this class represents

a tiny fraction (ca. 1/10) of known splicing factors. In contrast, in

Schizosaccharomyces pombe, the AG dinucleotide is required for spliceosome

assembly and the first step, thus every splicing factor is a potential candidate for

a 3' splice-site recognition factor (Reich et al. 1992).

In examining the set of S. cerevisiae introns, Parker and Patterson (1987)

noted that 3' splice-sites located - 22nts, downstream of the branchpoint (called

3' Long, or 3L sites; fig. 3) were enriched in uridine immediately upstream of the

AG dinucleotide. Although this poly-U element superficially resembles the

mammalian poly-Py tract, it differs from the mammalian element in being

dispensable for the first step (Rymond et al. 1987); this indicates a function for the
yeast poly-U tract in 3' splice-site definition. In contrast, those sites lying within

15 nts. of the branchpoint (called 3' Short, or 3'S sites) were not notably enriched

in uridine. The authors proposed that the poly-U element functions to enhance

the recognition of 3L splice-sites, which would otherwise be disfavored by their



distant position. Patterson and Guthrie (1991) subsequently exploited the yeast

genetic system in order to test this hypothesis. By employing a 3' splice-site cis

competition assay, two parameters were demonstrated to influence the efficiency

of 3' splice-site selection: 1) distance relative to the branchpoint (efficiency falls

off with increased spacing) and 2) the quality of the poly-U site preceding the AG

dinucleotide. A further conclusion was that the distance parameter is optimized,

because a 3L site, even in the absence of a poly-U tract, strongly out-competes a

3'S site. Elucidation of the cis-signals that govern 3 splice-site selection

suggested that the trans-acting factors that carry out the recognition process must

provide three primary functions: 1) AG recognition, 2) poly-U recognition, and

3) the ability to measure branchpoint-AG distance.

My thesis project has been devoted to a search for the trans-acting factors

that direct 3' splice-site selection in S. cerevisiae. The work of Patterson and

Guthrie (1987), Parker and Patterson (1987) and Chabot et al. (1985) established

the possibility that U5 activity might be linked to the 3' splice-site and set the

intellectual stage for this project. Thus, I began this project with an analysis of

U5 function and gradually expanded it to encompass the identification and

characterization of other factors involved in the second-step of splicing. At all

times, though, the central question remained: what do these factors reveal about

the U5 snRNP and its possible role in 3' splice-site selection?

Concurrently with my project, the work of Newman and Norman (1991;

1992) further substantiated the link between the U5 snRNP and the 3' splice-site.

These studies firmly established the possibility that the U5 snRNA, itself,

influences both 3' and 5' splice-site selection. A thorough description of U5

SnRNA structure is thus an appropriate starting point for analyzing U5 snRNP

function and is consequently the topic of chapter 1. Using a variety of techniques

(comparative sequence analysis, chemical structure probing and deletion



analysis) I have defined the essential structural elements of the U5 snRNA, which

may represent protein binding sites or perhaps even RNA moieties required for

catalysis.

Although the U5 snRNA is a central player in the splicing process, it does

not act alone. In fact, the U5 snRNP is an extremely complex entity that

Sediments as a 208 particle and may consist of as many as twelve distinct

proteins (Bach et al. 1989; R. Bordonne, unpublished). Chapter 2 describes the

results of a genetic screen that was designed to isolate trans-acting factors that

interact with a highly conserved element of the U5 snRNA. Through this screen,

Bruce Patterson and I isolated the genes for a number of splicing factors that

interact genetically with the U5 snRNA (also, see Appendix D for the results of a

similar screen). The analysis of two of these factors (SLU4 and SLU7), as well as

several previously identified splicing factors, provides a strong genetic link

between the U5 snRNA and the second step of splicing. This connection was

further strengthened by the work described in chapter 3, in which the product of

the SLU7 gene was demonstrated to function in the actual selection of 3' splice

sites. The final chapter (chapter 4) outlines the results of a preliminary

biochemical analysis of SLU7 function. While this work is still in progress the

results presented in this chapter provide some tantalizing clues about the

function of this interesting protein.

In summary, the primary contribution of my thesis work has been to

describe the structural organization of the U5 snRNP; strengthen the connection

between U5 and the second-step of splicing; and to characterize a protein, SLU7,

that functions in the selection of 3' splice-sites. The analysis of SLU7 has

substantially clarified the mechanism by which 3' splice-site selection occurs in

yeast. Further examination of SLU7 and U5, as well as the factors with which

they functionally interact, will undoubtedly expand and deepen our



Figure 1. The two catalytic steps of pre-mRNA splicing. Taken from Guthrie

((Guthrie 1991)).
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Figure 2. The spliceosome assembly pathway. The order of snRNP assembly in

the nascent spliceosome is depicted. Adapted from Guthrie (1991).
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Figure 3. Architecture of fungal 3' splice-sites. Cleavage at the 3' splice-site

always occurs 3' of an AG dinucleotide (shown in bold). Parker and Patterson

(1987) divided naturally occurring fungal introns into two classes, based on the

distance separating the AG dinucleotide from the branchpoint adenosine. In "3.

Short" introns the AG is located 10-14 nts, downstream of the branchpoint, while

"3 Long" splice-sites are located 22-140 nts. from the branchpoint. Parker and

Patterson also noted that 3 Long splice-sites were often enriched in pyrimidine

(usually uridine) nucleotides immediately upstream of the cleavage site (labeled

(Py)n).
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CHAPTER 1

Architecture of the U5 snRNA
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SUMMARY

We have used comparative sequence analysis, comparative structure

probing and deletion analysis to examine the secondary structure of the U5

snRNA, an essential component of the pre-mRNA splicing apparatus. The

secondary structures of Saccharomyces cerevisiae and Kluyveromyces lactis U5

snRNAs were studied in detail, while sequences from six other fungal species

were included in the phylogenetic analysis. Our results indicate that fungal U5

snRNAs, like their counterparts from other taxa, can be folded into a secondary

structure characterized by a highly conserved stem-loop (Stem-Loop #1) that is

flanked by a moderately conserved internal loop (Internal-Loop #1). Several of
the fungal U5 snRNAs include a novel stem-loop structure (ca. 30 nts.) that is
adjacent to Stem-Loop #1. By deletion analysis of the S. cerevisiae snRNA, we
have demonstrated that the minimal U5 snRNA that can complement the lethal
Phenotype of a U5 gene disruption consists of: 1) Stem-Loop #1; 2) Internal-Loop
*1; 3) a stem closing Internal-Loop;#1; and 4) the conserved Sm protein binding
site. Remarkably, all essential, U5-specific primary sequence elements are
encoded by a 39 nucleotide domain consisting of Stem-Loop #1 and Internal
Loop #1. This domain must, therefore, contain all U5-specific sequences that are

°ssential for splicing activity, including binding sites for U5 specific proteins.
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INTRODUCTION

Although the U5 snRNP is an essential cofactor in pre-mRNA splicing, its

precise function is unknown. The U5 snRNP has long been hypothesized to play

a role in the second catalytic step of splicing, perhaps as the factor required for

the recognition of the 3' splice site (Chabot et al. 1985; Parker and Patterson 1987;

Tazi et al. 1986). Indeed, we have recently identified several proteins that

genetically interact with the U5 snRNA and are required for the second step of

splicing (Frank et al. 1992). One of these proteins, the product of the SLU7 gene,

functions in the selection of distant 3' splice sites (Frank and Guthrie 1992).

Whether any of these proteins are integral U5 snRNP proteins remains an open

question; nevertheless they provide strong evidence linking U5 function to the

recognition and utilization of the 3' splice site. Moreover, several studies indicate

that conserved sequences in the U5 snRNA, itself, can interact with exon

sequences at both the 5' and 3' splice-sites. Newman and Norman (1992) have

demonstrated that mutations in the Saccharomyces cerevisiae U5 snRNA can

suppress mutations in both 5' and 3' splice-sites; these results suggest that the U5

snRNA forms hydrogen bonds with both 5' and 3’ exon sequences. In agreement

with this finding, a subset of the U5 nucleotides implicated in the 5' splice-site -

U5 interaction have been crosslinked to exonic and intronic RNA sequences near

the 5' splice-site, indicating a close, physical juxtaposition of U5 and 5' splice-site

nucleotides during splicing (Wassarman and Steitz 1992; Wyatt et al. 1992).

Overall, these studies suggest that the U5 snRNA may play an active, rather than

merely a structural, role in the function of this snRNP.

Aside from the few nucleotides implicated in the exon-U5 interaction, only

the conserved Sm core protein binding site of U5 has a defined function (Mattaj
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1988; Jones and Guthrie 1990). Otherwise, little else is known about how the

structure of the U5 snRNA relates to its function. Consequently, we have sought

to define the structural elements that make up the U5 snRNA and assess their

functional significance. An important first step towards this goal is the

determination of U5 secondary structure, which is most effectively accomplished

through phylogenetic analysis; this approach delineates structures that are

presumed, by their evolutionary conservation, to be functionally significant (Pace
et al. 1989). Hypotheses concerning function can then be readily tested by

genetic and biochemical means, in the appropriate system.
Existing models of U5 secondary structure have been derived and tested

primarily in mammalian systems (Black and Pinto 1989; Bach and Lührmann

1991). The gene encoding the S. cerevisiae U5 snRNA, SNR7, was initially

identified on the basis of a 9 nucleotide sequence element (nts. 93-101) that is

invariant in all U5 snRNA sequences (Patterson and Guthrie 1987). Aside from
short regions flanking this element and the conserved Sm protein binding site,
the remainder of the S. cerevisiae sequence could not be convincingly aligned with
other, highly divergent, U5 sequences. Thus, a phylogenetically rigorous
Secondary structure could not be established. To broaden the scope of U5

*uctural studies, we have now begun to analyze the U5 snRNAs of a variety of
fungal species, beginning with representative yeast species. Our reasons for
focusing upon the yeasts are three-fold: 1) the yeasts are phylogenetically

diverse (indeed, they are a polyphyletic group spanning several phyla of fungi,

*runs et al. 1991); 2) yeasts are only moderately divergent from plant and animal

taxa, so meaningful sequence alignments including all three groupings should be

Pºssible; and 3) several yeast species, particularly S. cerevisiae, offer powerful

8ernetic systems with which to test structural models. In this paper we present
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six new U5 SnRNA sequences obtained from ascomycetous yeast species and

compare them to other plant, metazoan and fungal U5 sequences.

In conjunction with this phylogenetic analysis, we have undertaken

structure probing studies of the U5 snRNAs of S. cerevisiae and Kluyveromyces

Iactis. These experiments utilize either chemical or enzymatic reagents that react

with differential specificity for paired and unpaired regions of RNA. By

rrnapping the accessibility of bases to these reagents, one can infer which bases

are structured in a given RNA. Our premise in examining the two species of U5

was that conserved RNA structural elements would give rise to similar patterns

of eruzymatic cleavage and chemical modification. By focusing upon conserved

rrno clifications it is possible to minimize peculiarities that might arise from

exarnining only a single species of U5 snRNA.

Based on the results of our phylogenetic and structure probing analyses,

we propose a consistent model of U5 snRNA secondary structure. Fungal U5

snRNAs, like their counterparts from other taxa, can be folded into a secondary

Structure characterized by a highly conserved stem-loop (Stem-Loop #1) that is

flanked by a moderately conserved internal loop (Internal-Loop #1). Several of
the fungal U5 snRNAs include a novel stem-loop structure (ca. 30 nts) that is
adjacent to Stem-Loop #1. Furthermore, we have taken advantage of the S.
*evisiae genetic system in order to examine, via deletion analysis, the functions
°f the structural regions defined by phylogenetic and biochemical analyses. Our

8°al was to define the minimal RNA structure that provides U5 function, the
essence of the U5 snRNA. The minimal U5 snRNA that can complement the

lethal phenotype of a U5 gene disruption consists of: 1) Stem-Loop #1; 2)
*ternal-Loop #1; 3) a stem closing Internal-Loop;#1; and 4) the conserved Sm

**tein binding site. Remarkably, all essential, U5-specific primary sequence
*ements are encoded by a 39 nucleotide domain consisting of Stem-Loop #1 and
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Internal-Loop #1. This domain must, therefore, contain all U5-specific sequences

that are essential for splicing activity, including binding sites for U5 specific

proteins.

RESULTS AND DISCUSSION

I- Fungal U5 Sequences

Given the divergence between the S. cerevisiae U5 snRNA and all other U5

secluences (discussed above), phylogenetic analysis of U5 structure necessitated

obtaining U5 sequences from other, more closely related, yeast species. We have

riovv determined the U5 sequences from six species of ascomycetous yeasts (see

materials and methods for details). During the course of this study, the U5

sequence of Schizosaccharomyces pombe, another ascomycetous yeast, was also

reported (Small et al. 1989). These sequences are aligned in fig. 1, along with

Several other representative sequences. This alignment provides the primary

data for devising, and testing, structural models (see below).

II. Structure Probing S. cerevisiae and K. lactis U5
Structural studies were carried out on S. cerevisiae and K. lactis U5 snRNAs

*tained from either whole-cell RNA preparations or RNA extracted from
*Plicing extracts (Lin et al. 1985). In general, we found that the observed patterns

Of chemical modification and nucleolytic cleavage were not dependent on either

the Source of U5 RNA or prior re-folding of the RNA samples in vitro (Swerdlow
* Guthrie 1984; Moazed et al. 1986).

Chemical modification experiments followed the protocol of Moazed et al.

*86). The chemical probes used in this study were dimethyl sulfate (DMS;
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modifies adenosine at N1 and cytosine at N3), kethoxal (modifies guanosine at

N1), and 1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluene

Sulfonate (CMCT; modifies uridine at N3). In addition, Ribonuclease V1, which

preferentially cleaves structured regions in RNA (Garrett and Olesen 1982), was

used to detect basepaired regions of U5. In both approaches, oligonucleotide

directed primer extension was used to identify cleavage sites and chemically

modified nucleotides. The use of primer extension provides two benefits to the

study of snRNA structure. First, this technique is sufficiently sensitive to detect

yeast snRNAs, which are of low abundance in the cell. Second, these techniques

allow the structure of an RNA to be examined without substantial purification.

The results of a typical chemical modification experiment are shown in fig.

2. In general, we found that both S. cerevisiae and K. lactis U5 snRNAs produced

similar patterns of chemical modification and RNase V1 cleavage. Since shared

patterns probably represent the modification of homologous structural domains

in these two snRNAs, we will emphasize this subset of the data in the discussion

below. A synthesis of the data obtained both from the structure probing

experiments (particularly the data common to both species) and the comparative

analysis of U5 sequences will be described in the following section.

III. Universal U5 Secondary Structure Model:

Fig. 3 shows our models of S. cerevisiae and K. lactis U5 snRNA secondary

structures as derived from the two approaches described above: comparative

sequence analysis and comparative structure probing. Since the development of
this secondary structure model involved an iterative cycle of hypothesis and test,

involving both approaches, it is appropriate to discuss the results of the two

experimental approaches together. The nomenclature used to describe the

various sub-structures of U5 is summarized in panel D of fig. 3.
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A. Loop;#1 / Stem#1:

The fungal sequences spanning nts. 84-110 (S. cerevisiae numbering will be

used unless otherwise noted) can be unambiguously aligned with the existing U5

Sequences. The central, highly conserved block of 11 nucleotides is flanked, in

each case, by two complementary sequences; this region can thus form a

stem/loop structure of absolutely invariant length. The existence of this stem is

supported by the occurrence of several covarying basepairs (see fig 3. panel A).

As expected, most of the highly conserved Loop;#1 nucleotides (nts. 93

101) were strongly modified (fig. 3, shown in bold-face) in both S. cerevisiae and

K. lactis, indicating that these bases are unpaired in free U5 snRNA. However,

nucleotides C102 and U92, which define the 5' and 3' ends of the loop, were

partially or completely inaccessible to chemical modification in both species.

These nucleotides may therefore be stacked against the end of Stem#1. RNase V1

cleavage 5' of U92 also suggests that these nucleotides form an extension of the

Stem{#1 structure. The conserved nucleotides G93 and C101, which could

potentially form a basepair extending Stem#1, were however strongly modified

in all chemical probing studies. Thus, at least in free U5 snRNA, these

nucleotides are not paired.

The putative Stem#1 regions of both S. cerevisiae and K. lactis U5 snRNAs

were almost entirely protected from chemical modification (the nucleotides

terminating each stem were weakly modified in some experiments).

Furthermore, RNase V1 cleaved both species of U5 snRNA at several

homologous positions along the stem, indicating that this region is, indeed,
structured.

B. Internal Loop #1:
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Both the 5' and 3' halves of Internal Loop #1 (IL#1) can be readily aligned

with existing sequences, although the level of conservation in this region is less

than in Stem/Loop;#1. In general, we observed accessibility across the entire 5'

half of the predicted Internal Loop #1 (IL#1.5; nts. 75-83). Curiously, the

cytosine at position 79 in S. cerevisiae, which is absolutely conserved, was

refractile to modification; this base may therefore participate in a tertiary

interaction with another region of U5. The homologous base in K. lactis was,

however, accessible to modification.

In the 3' half of IL#1 (IL#1.3'; nts. 111-113), the invariant nucleotides C111

and G113 were weakly modified in both species. In contrast, C112, which is

highly conserved, but not invariant, was weakly modified in K. lactis and
inaccessible to modification in S. cerevisiae. The latter result was also seen in

modification experiments performed on HeLa U5 (Black and Pinto 1989). It is

possible that in S. cerevisiae U5, nucleotides C112 and C79 form a tertiary

interaction that protects each base from chemical modification; an analysis of

how mutations at each position influence the modification pattern is in progress

to test this hypothesis.

C. Variable Stem/Loop.

Approximately 20 nts. upstream of the conserved Stem-Loop #1/IL#1

region we observed extensive, strong modifications in a U-rich region in both S.

cerevisiae and K. lactis RNAs (nts. 55-61). In both cases, the accessible region was

flanked by largely inaccessible sequences that can potentially form a stem (nts.

41-53 and 62-74). RNase v1 cleavage was observed in the putative stems of both

species, though at different positions along the stem.

Both S. cerevisiae and K. lactis stems are interrupted by two nucleotide

internal loops; these nucleotides were accessible only in S. cerevisiae, indicating
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he conformations of the two loops may be different. Alternatively, the

tion in modification patterns may reflect differences in the reactivities of the

otides with their modifying reagent (i.e. adenosines may, under these

tions, be more accessible to DMS than uridines are to CMCT). Although the

ºnces of the S. cerevisiae and K. lactis stems are dissimilar, the two putative

; are similar in size and both terminate with a U-rich loop of 7 or 8

otides. Of the eight fungal U5 SnRNAs sequenced, only five species encode

a stem-loop structure. Consequently, we have named this domain the

able Stem/Loop", in order to reflect the fact that it is not an obligate feature

U5 SnRNAs.

em #2:

The regions defining the 5' and 3' halves of stem #2 (nts. 28–40 and 114

io not bear strong sequence similarity to their non-fungal counterparts.

ever, the existence of this stem is strongly supported on phylogenetic

lds by the existence of many covarying basepairs: basepairs 36/118 and

17 covary between S. cerevisiae and K. lactis sequences, for instance (fig. 3A).

2ngth and placement of this putative stem relative to IL#1 further suggest

his structure is homologous to stem #2 of metazoan U5.

The existence of Stem #2 is also supported by the results of chemical and

matic probing. Indeed, both halves of Stem{2 were largely inaccessible to
ical modification in both S. cerevisiae (nts. 28–40 and 114-125) and K. lactis

14-27 and 103-114). Finally, the base of each stem was cleaved by RNase V1

same relative position in both species of U5 (following nts. 123 and 124 in
2visiae).

ternal Loop #2:
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in S. cerevisiae, S$2 is flanked on both 5' (nts. 13-27) and 3' (nts. 126-135)

y regions accessible to chemical modification, while K. lactis SH2 has

able bases only on the 3' side (nts. 115-120). In general the lengths of these

re quite variable in the fungi, ranging from (3) to (20) nucleotides. In

n, the sequences are highly divergent in this region and can not be reliably
l.

n #3:

The strongest support for the existence of Stem#3 comes from

enetic analysis. Indeed, potential Stem#3 structures can be identified in

species, despite the great diversity of sequences in these regions (fig. 3A).

yer, structure probing data is equivocal with respect to this stem. While

cleotides comprising the 3' halves of Stem#3 were largely inaccessible in

cerevisiae and K. lactis, we were unable to determine the accessibility of the

ementary regions (resolution of the primer extension products was not

ent to accurately assess the modification of these nucleotides). In addition,

ase V1 cleavages were observed in this region in either U5 species.

| Linker Region:

The sequences extending from the base of Stem#3 to the Sm binding site

reatly in length in the fungi and could not be aligned with any precision.

se of the lack of sequence conservation and absence of obvious secondary

ures, this region may serve primarily as a variable "linker" region joining

5 specific domain to the Sm binding site.

n site:
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Putative Sm protein binding sites could be identified in all U5 sequences,

ighlighting the importance of this sequence motif in snRNP assembly

and Guthrie 1990). The consensus sequence of the fungal U5 Sm sites is
U)5GGAA.

tem/Loop:

Aside from fungal U5 snRNAs, the Sm site is invariably followed by a

loop structure of variable size, termed the 3' Stem/Loop. In contrast, this

ure is found in only half of the yeast species that we have examined (4/8

5les possess this structure). Furthermore, in two cases, Northern blot

sis revealed that two forms of U5 snRNA, termed U5-Short and U5-Long,

expressed (Roiha et al. 1989). These U5 snRNAs probably differ in the

nce or absence of the 3' Stem/Loop (Patterson and Guthrie 1987).

mmary:

Overall, the structural organization of the fungal U5 snRNAs is similar to

ound in other taxa. The fungal U5 structures differ from these other U5

■ ures primarily in the existence of "extra" fungal nucleotides. The fungi

exploited two basic strategies to accommodate these nucleotides: 1) the

sion, or enlargement, of universally conserved structures (e.g. IL#2, SH3 and

nker region defined above) and 2) the creation of domains that are

»genetically sporadic, such as the Variable Stem/Loop structures of S.
isiae and K. lactis.

Deletion Analysis
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To test the functional necessity of the various structural domains of the U5

, we systematically deleted portions of the S. cerevisiae molecule and tested

lity of the resulting deletion mutants to replace the biological activity of

pe U5. Since the U5 gene is essential for growth, the phenotypes of U5

ons can be readily assessed by a genetic complementation assay. To this

*letion mutants, carried on centromeric URA3 plasmids, were transformed

yeast strain in which wild-type U5 activity was provided by a gene fusing

ressible GAL1 promoter to the SNR7 gene (Patterson and Guthrie 1987).

g this strain to glucose media causes the repression of wild-type U5

sis; cellular growth thus becomes dependent upon the activity of the U5
Provided.

The set of deletion mutants that we have characterized is shown in fig. 4,

the growth phenotypes of the strains carrying the U5 deletion mutants are

arized in table 1. For ease of analysis, all of the deletions were constructed

SNR7 gene that expresses only the short form of U5 (U5-S), which is

ted immediately upstream of the 3' Stem/Loop (A3'SL). This gene

ces wild-type growth under all conditions tested, indicating that the 3'

Loop is dispensable for U5 function (B. Patterson, D.N.F. and C.G,

jlished). The functional dispensability of the 3' Stem/Loop was anticipated

o previous observations: 1) similarly truncated U5 snRNAs exist naturally

eral fungal species, including S. cerevisiae (this work) and 2) the U5-S

ule is incorporated into spliceosomes (Pikielny et al. 1986). Similarly, we

that deletion of the Variable Stem/Loop domain (AVSL) did not affect cell

h, meaning that this structure is also dispensable for U5 function. Since

oal of this analysis was to create the smallest functional U5, we constructed
mainder of the deletions in a U5 context in which both the Variable

/Loop and the 3' Stem/Loop had been excised (this construct also
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ted wild-type growth). We hoped that two additional benefits would be

i from this approach: 1) combining deletions might exacerbate the

ypes of individual mutants and thus allow us to uncover subtle

ypes and 2) smaller U5 molecules might ameliorate RNA folding

ms caused by the deletions.

Surprisingly, the only changes in U5 snRNA structure that caused lethal

types were AIL#1.5, AIL#1.3' and AL#1 (fig. 4, table 1; note, Loop;#1 was

2d by a GAGA tetra-loop in order not to radically disrupt Stem #1 folding).

three regions encompass the majority of the highly conserved nucleotides

aside from the Sm protein binding site. The functional necessity of these

nce elements is therefore reflected in their evolutionary conservation.

In contrast to the lethal deletions, deletions A1 and A2, which excise all of

nd the majority of SH3, produced no noticeable changes in growth

types (a combination of these two deletions, A(1+2), had a phenotype that

imilar to the single deletions). Thus, neither the sequences nor the

ures predicted in these regions (i.e. SH3 and IL#2) are crucial for U5

ty. This result was surprising because the IL#2 structure, though not

nce, of mammalian U5 influences the affinity of Sm core proteins for this

A (Jarmolowski and Mattaj 1993). While we have not directly tested

her the A1, A2 or A(1+2) U5 snRNAs bind Sm core proteins, the wild-type

th phenotypes and steady-state U5 snRNA levels (see below) produced by

constructs indicate that Sm binding is not drastically affected by the loss of

IL#2. The contrasting results of our study and Jarmolowski and Mattaj

) suggest that the mode of Sm protein-U5 snRNA interaction differs

een yeast and mammalian species.

In S. cerevisiae U5, the Sm site is spaced approximately 12 nucleotides

er downstream of Stem#3 than in non-yeast U5 molecules. To test whether
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"extra" nucleotides constitute an important functional constraint on U5

ture, deletion mutant A3 was created by excising 12 nucleotides immediately
nstream of Stem#3 (nts. 146-157). In effect, this construct mimics the SH3-Sm

ng of non-yeast U5 snRNAs. Deletion of this region, however, did not affect

ctivity in the complementation assay (Table 1). Thus, the spacing between

m binding site and the rest of the U5 structure must not be tightly
rained in S. cerevisiae.

A more subtle constraint on U5 structure was revealed by deletion A4,

h removes the entire 5' half of Stem:#2, and all but five nucleotides of IL#2.

U5 snRNA variant conferred a strong deleterious effect on cellular growth.

e A4 was viable at 30°C on solid media (i.e. YEPD plates), its doubling time

too long to reproducibly measure in liquid culture. Furthermore, A4 was

le to support growth at 37°C on any media. Since IL#2 is not required for

ctivity, this result suggests that the integrity of Stem#2 is critical, though not

\tial, for U5 function.

To determine whether the sequence, or simply the structure, of Stem{2 is

rtant for proper U5 snRNA function, we created a series of constructs in

h the essential domain of U5 (IL#1 and Stem/Loop;#1) was fused to an

cial stem. We reasoned that such constructs would provide U5 activity only

m#2 plays a purely structural role in U5 function. Five constructs were

e, named MIN1 - MIN5 (for MINimal functional U5), each differing in the

th of the stem closing IL#1 (see fig. 5). We refer to this engineered stem as

3 since it must replace the functionalities of wild-type stems #2 and #3.

mids bearing the minimal U5 constructs were transformed into the pGAL1
7 strain and the functions of the MIN US SnRNAs were tested in the

plementation assay.
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The results of the growth assay revealed a wide spectrum of growth

types. In general, the defects conferred by these MIN genes became more

as the length of Stem #2/3 was decreased. This effect can be seen most

by comparing the doubling times of cells bearing the MINU5 series (fig.

or instance, while the doubling time of MIN5 was 1.8 fold that of wild-type

2, the MIN1 construct was unable to support growth. Furthermore, as the

of Stem#2/3 was decreased, the snRNAs became increasingly more

ve to higher temperatures; while MIN5 and MIN4 expressing cells were

at 37°C, MIN3 and MIN2 cells were inviable above 33°C and 25°C,

tively.

The primary conclusion derived from our analysis of the MIN series is

em#2 can be replaced by an artificial stem, with only modest effects on U5

y (in the case of MIN5 and MIN4). Since disruption of Stem#2 (by deletion

t A4) produces a strong effect on growth, we conclude that wild-type U5

y requires that IL#1 be terminated by a stem, but that the sequence of this

relatively unimportant. In addition, analysis of the MINU5 series

es that the length of this stem is also an important determinant of U5

ºn. We suggest three explanations for how the length of stem#2/3 might

ice MINU5 function: 1) the nucleotides at the base of stem#2/3 may not

mselves form a stable basepairs in vivo, while further extensions of this

rovide added stability; 2) stem#2/3 may function as a sequence non

: protein binding site (for Sm proteins for instance) with a minimum

requirement; and 3) the stem may provide a spacing function, separating

; of the snRNA, such as Loop;#1 and the Sm site, from one another. The

ity of the "linker" region, as indicated by the lack of a growth defect

‘ed by A3, suggests that model 3 is unlikely; distinguishing models 2 and 3

Juire additional analyses.
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ast-Metazoan Chimera

The deletion mutants A(1+2), MIN5 and MIN4 produced U5 snRNA

ules with growth characteristics similar to wild-type U5. At least

icially, the secondary structures of these snRNAs are similar to that of

talian U5 snRNA. We were thus prompted to express a mammalian U5

A in yeast and determine whether it too could support viability. We chose

the function of a chimeric U5 snRNA (termed YH.A), in which the

ved structure of human U5 was joined to the base of S. cerevisiae Stem#3;

nstruct thus encodes the S. cerevisiae Sm site linked to human U5 specific

ces (fig. 6A). The chimeric U5 gene was then inserted into a cassette

ng the yeast U5 transcriptional initiation and termination sequences. The

on secondary structure of such a fusion, were predicted to be minor, since

ion junctions were constructed in regions that were entirely dispensable

wth. The function of this construct was then tested in our growth assay.

Despite the similarity in sequence and structure to some of the functional

5 deletion mutants, the chimeric U5 was not functional under any of the

ons tested (fig. 6B). YH.A provides all of the invariant nucleotides found

J5 snRNA. One explanation for the inability of the chimeric U5 to

n is that the snRNA lacks a moderately conserved sequence element; such

n might define a protein binding site that had diverged across phylogeny.

ndidate for such a site is the 5’ half of Internal Loop;#1 (IL#1.5), which is

|tely conserved at the sequence level and essential for growth in yeast. To

hypothesis, we replaced the human IL#1.5 sequence of the chimeric U5

yeast counterpart (to create YH.B). Interestingly, this modified chimera
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able to partially complement the U5 gene disruption, with a growth rate 4.8

wild-type at 30°C (the growth defect became progressively more severe at

nd 37°C). The lethal growth phenotype conferred by YHA could thus be

ally suppressed simply by replacing its IL#1 region with S. cerevisiae IL#1.

itlined below, it is unlikely that suppression occurs by an increase in the

ssion or stability of the YH.B RNA. Thus, IL#1 constitutes a sequence

ic element, rather than simply a structural element, that is required for

type U5 activity. It is tempting to speculate that this loop is the binding site

J5 specific protein, such as PRP8 (Lossky et al. 1987).

To complement the analysis of YH.B, we replaced the IL#1 region of S.

siae U5 (construct AVSL) with the mammalian IL#1 region, to form

‘uct YH.C. This construct was designed to assess the effect of altering the

equence in an otherwise wild-type U5 context. Surprisingly, YH.C

red only a slight decrease in cellular growth (doubling time 1.1 times wild

t 30°C). Thus, in an otherwise wild-type background (i.e. S. cerevisiae

nce), the invariant nucleotides of IL#1 are sufficient to provide function. A

explanation for these observations is that the function of IL#1 (e.g. U5

2 protein binding) is partially redundant. In this case, the activity that is

substituting the non-conserved nucleotides in IL#1 would be negligible if

mainder of the U5 structures were wild-type. However, substitutions

IL#1 would be detrimental if other U5 structures or sequences were

bed, as is the case in chimeras YH.A and YH.B.

A analysis

The preceding interpretation of U5 snRNA structure/function data is

bn the premise that differences in the growth phenotypes conferred by the

|

itla '■ ust
its º tº

** tre+"
is in sº in easº-4

| 4 - ? * -

s is ºut : * *
t. **, l, sº ** in ult tº as a

■ º .. ****
-"...i

"" is an is a mºst

lºº insan -

!----
"... "...
"*** *** |

its tº sta lºssº, i.

'il its tº inter - |

34



is deletion mutants directly reflect functional differences in U5 snRNA

ure. However, the U5 snRNA deletions might disrupt U5 snRNP

\thesis and/or stability, rather than function per se. If so, the steady state

of the U5 variants should be correlated with their activities. A precedent

s hypothesis is the observation that the steady state levels of U5 Sm site

it snRNAs are directly correlated with the severities of their growth

types (Jones and Guthrie 1990). Lethal mutations within the Sm site, for

ce, resulted in substantially lowered cellular levels of U5; snRNAs not

e of binding Sm core proteins are thus rapidly degraded in vivo.

To test the hypothesis that the deletion mutants disrupt U5 biosynthesis or

y, we examined cellular U5 snRNA levels, via Northern blots, in strains

zygous for wild-type and deletion mutant U5 genes. Steady state snRNA

were quantitated by phosphorimager analysis of Northern blots. As seen
7 and table 2, we observed that even phenotypically lethal deletions in U5

little or no substantial decreases in snRNA levels. Thus, such recessive

:onstructs as AL#1, AIL#1.5', and AIL#1.3' produced levels of variant U5

As that were comparable to wild-type constructs (e.g. AVSL, A(1+2)). These

strongly support our initial premise that the phenotypes conferred by the

n mutants arise primarily from disruptions in U5 snRNA function, rather

osynthesis or stability. Taken together with the results of Jones and

e (1990), our examination of deletion mutant snRNA levels indicates that

protein binding site is the primary determinant of U5 snRNP stability. In

it, deletions that excise U5 sequences other than the Sm site, which

lably disrupt the binding of U5 snRNP specific proteins, do not greatly

nRNP stability. Similarly, Jarmolowski and Mattaj (1993) have

strated biochemically that deletion of the homologous structures from

alian U5 does not affect Sm core protein binding to this snRNA.
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In the case of the MINU5 series, progressively larger deletions of

2/3, which produced increasingly more severe growth phenotypes, did

sult in concomitant decreases in MINU5 levels. For example, the levels of

produced by the MIN2 construct, which is unable to support growth at

were equivalent to those produced by the viable MIN5 and MIN4

ucts (36% vs 37% or 36%, respectively). Thus, all of these truncated U5

As are apparently able to assemble core snRNP particles (i.e. U5 snRNA +

bteins) at equivalent levels. The differences in the U5 activities of these

must therefore be due to defects in higher order U5 snRNA functions,

s binding U5 snRNP proteins or interacting with other factors.

In the case of the chimeric U5 SnRNAs, the non-functional YH.A construct

zed a level of U5 equivalent to that produced by the viable YH.B construct

H.A vs 38% YH.B). Thus, the level of suppression conferred by the yeast

sequence was not caused simply by an increase in the steady state level of

IL#1.5' must play a functional role in U5 snRNP function.

LUSIONS AND IMPLICATIONS

Through phylogenetic analysis and comparative structure probing we

oposed a generic model of U5 snRNA secondary structure. We find that

fungal U5 snRNAs encode non-conserved regions of variable structure.

variable regions of structural RNAs such as RNase PRNA, rRNA and

J2 snRNAs (James et al. 1988; Gutell et al. 1985; James et al. 1988), the U5

regions are not essential for cell growth under standard conditions.

ºr, the conservation of the Variable Stem/Loop (present in 5/8 fungal

2xamined) suggests that this domain may have a subtle function in

that we cannot presently identify.
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Through deletion analysis, we have begun to define the essential core of
5 SnRNA. We find that the minimal U5 structure consists of the conserved

Loop;#1 structure, flanked by a moderately conserved Internal Loop (IL#1)

nked to the Sm protein binding site. IL#1 must be closed by a stem for

nt U5 activity, but the sequence of this stem is relatively unimportant.

rly, the sequence of Stem#1 is not critical for U5 function, since the highly

ent Stem#1 of human U5 functioned, at least partially, in S. cerevisiae.

!, an Sm protein binding site must be present in order to bind the snRNP

roteins. The results presented here and by Jones and Guthrie (1990)

■ t that Sm protein binding is the primary determinant of the overall

y of the U5 snRNP.

Our analysis of the chimeric U5 constructs strongly suggests that the IL#1

re functions as a binding site for a U5 specific protein, such as PRP8

yet al. 1987). Bach and Lührmann (1991) proposed a similar model of U5

organization based on the observation that U5 specific proteins protect

1 region of mammalian U5 from chemical modification (suggesting, at

■ eric occlusion of IL#1 by this set of proteins, if not direct binding). Our

xtends these results by demonstrating that IL#1 provides an essential

n to U5 activity. The isolation of trans-acting genetic suppressors of IL#1

»ns could provide strong evidence that this RNA structure does indeed

s a protein binding site.

in contrast to IL#1, the bases of Loop{1 are probably not bound by U5

specific proteins, and instead, interact with other splicing factors.

mical evidence indicates that the bases of Loop;#1 are solvent accessible

the U5 SnRNP (Black and Pinto 1989; Bach and Lührmann 1991; D.N.F

3., unpublished), while genetic evidence suggests that Loop+1 interacts

with the pre-mRNA (Newman and Norman 1992). Finally, the
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identification of several splicing factors that genetically interact with Loop;#1

further underscores the functional importance of this structure (Frank et al. 1992).

In conclusion, the U5 snRNA is defined by two conserved sequence

elements (Loop;#1 and IL#1) in addition to the Sm binding site. The nucleotides

that make up these former regions must, therefore, provide all U5 snRNA

specific activities (i.e. binding domains for U5 specific proteins and interactions

with other RNAs). Given the myriad proteins that make up the U5 snRNP (Bach

et al. 1989) and the relative paucity of potential protein binding sites on the U5

snRNA, it is likely that assembly of the U5 snRNP entails a complex hierarchy of

protein-RNA and protein-protein interactions. Elucidation of the components

that make up this snRNP will undoubtedly deepen our understanding of the
function of the U5 SnRNP.
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MATERIALS AND METHODS

Strains

1. Yeast Strains:

Saccharomyces dairensis (NRRL Y-12639) and Pachysolen tannophilus (NRRL Y

2460) were provided by Cletus Kurtzman (USDA, Northern Regional Research

Center). Saccharomyces exiguus (IH925), Saccharomyces kluyveri (IH400) and Pichia

canadensis (IH207) were provided by Ira Herskowitz (UCSF). Kluyveromyces lactis

(ATCC32143) was obtained from the American Type Culture Collection.

2. U5 deletion strain:

ASNR7::LEU2 (p.GAL1-SNR7): Mutants were screened in a haploid strain in

which chromosomal SNR7 was disrupted by LEU2 (Jones and Guthrie 1990).

The lethal deletion was complemented by a plasmid, p(SAL1-SNR7, carrying the

GAL1-SNR7 fusion (Patterson and Guthrie 1987).

Plasmids

The following plasmids were employed in this study:

pSE360 was the gift of Dr. S. Elledge (Baylor College of Medicine, Houston, TX).

pSP-U5 (human U5 gene) was the gift of Dr. D. Black (UCLA, Los Angeles, CA).

The K. lactis genomic library (on pBR322) was provided by Dr. J. Shuster

(Chiron, Inc.). Bluescript II SK (+) was purchased from Stratagene. pBWHis600;

This centromeric-HIS3 plasmid carries the wild-type SNR7 gene (Patterson and

Guthrie 1987). pBS-7EB was created by subcloning a HpaI-Ncol fragment

containing the SNR7 gene into the SmaI site of puC19. The EcoRI-BamhI

fragment of this clone, which contains the SNR7 gene, was subsequently

subcloned in the EcoRI-BamHI sites of Bluescript II to create pBS-7EB.
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Oligos

Sequencing/Primer Extensions and Northern blots:

T-oligo: 5'CCTCGAGGCC(T)17

PCR-U5: 5'GGGGATCCACATGGTTCTTGCCTTTTAC

SNR7: 5'AAGTTCCAAAAAATATGGCAAGC

SNR14: 5'AAGGTATTCCAAAAATTCCCTAC

2. Mutagenesis:

A3: 5'AAATATGGCAAGCGCAGCTTTACCTGT

7APVU: 5'CCCACAGTAACGGACAGCTGCTTGCAGGTTTT

i" * ,
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7DBW: 5'GAGAAACCCAGAGTACTACGATCCTCTA

AVSL: 5'CATGTTCGTTATGATGTTGACC

YH.B.: 5'GGCGAAAGATTTGTTCGTTATTGAAGAGAAACC

AL#1: 5'CCCGGATGGTTCTCTCTAGAACCATGTTCG

AIL#1.3': 5'GGAGACAACACCATGGTTCTGGTAA

AIL#1.5': 5'GGCAAGAACCATGATGTTGACCTCCC

A4: 5'CCATGTTCGTTATGATCTGTAAAGC

AISR: 5'GACAGCTTTACAGATCCGGATGGTTCTG

YH.C: 5'GCAAGAACCATATACGATCGATGTTGACCTC

MIN1: 5'ATAACGAACATGGTTCTTGCCTTTTACCAGAACCATCCG

REV1. 5'CGGATGGTTCTGGTA

MIN2: 5"TCATAACGAACATGGTTCTTGCCTTTTACCAGAACCATC

CGGA

REV2: 5"TCCGGATGGTTCTGG

MIN3: 5'AGATCATAACGAACATGGTTCTTGCCTTTTACCAGAACC
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ATCCGGATCT

REV3: 5'AGATCCGGATGGTTC

MIN4: 5'TACAGATCATAACGAACATGGTTCTTGCCTTTTACCAGA

ACCATCCGGATCTGTA

REV4: 5'TACAGATCCGGATGG

Bacterial and Yeast Genetic Methods

All yeast genetic techniques, including transformations and media were as

described in Guthrie and Fink (1991). Bacterial transformations, oligonucleotide

kinasing and basic DNA cloning techniques were as described by Maniatis
(1982).

Sequencing

1. K. lactis. The gene for K. lactis U5 was cloned as described in (Roiha et al. 1989)

and sequenced by dideoxy DNA sequencing (Sanger et al. 1977).

2. All Other Species. U5 snRNA sequences were determined by two

methodologies: a) Polymerase Chain Reaction (PCR) amplification of 3' halves

of U5 molecules and b) oligonucleotide directed RNA sequencing of 5’ halves of

U5 molecules. RNA sequencing followed the protocol of Roiha et al (1989).

For the PCR amplification, snRNAs were purified from total cellular RNA

(Wise 1991) by immunoprecipitation with anti-Trimethyl Guanosine Cap

antibodies (Riedelet al. 1987). 15 pig of precipitated snRNA were poly-A tailed

with poly(A)-polymerase (Bethesda Research Labs) for 10 min. at 37°C, using the

manufacturer's reaction conditions. Reactions were quenched by ethanol

precipitation. Poly-A tailed RNA was then primed with the oligonucleotide T
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oligo and replicated with Reverse Transcriptase (following the BRL protocol).

Primer extension reactions were incubated at 37°C for 60 min. and then quenched

by phenol/chloroform extraction and ethanol precipitation.

Second strand synthesis was carried out by PCR amplification of 1/20 of the

sample recovered from primer extension. PCR reactions, using oligos PCR-U5

and T-oligo followed the protocol provided with Taq polymerase (Amersham).

Thirty PCR cycles were carried out as follows: 1) one min. 94°C; 2) one min.

42°C; and 3) one min. 72°C. Following amplification, overhanging ends were

filled in with Taq polymerase at 72°C for 15 min. One third of each PCR sample

was phenol/chloroform extracted, ethanol precipitated (using glycogen carrier)

and then digested with BamhI and XhoI. Digested fragments were isopropanol

precipitated (to separate large DNA fragments from smaller cleavage products)

and then ligated with BamhI/XhoI digested Bluescript(+) plasmid.

Recombinant plasmids were transformed into DH50 competent cells (BRL) and

selected on LB plates plus ampicillan, XGal and IPTG. Positive transformants

were sequenced by dideoxy DNA sequencing (Sanger et al. 1977).

Structure Probing
1. Buffers:

Buffer D. 20% (v/v) glycerol, 20 mM HEPES (pH 7.9), 100 mM sodium

chloride, 0.2 mM EDTA, 0.5 mM DTT.

HMN: 80 mM HEPES (pH 79),300 mM sodium chloride, 20 mM

magnesium chloride.
BMN: 70 mM sodium borate (pH 7.0), 300 mM sodium chloride, 20 mM

magnesium acetate.
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DMS-STOP 1.0 M TRIS-acetate (pH7.5), 1.0 M beta-mercaptoethanol,

1.5 M Sodium acetate, 0.1 mM EDTA.

2. Preparation of RNA: Splicing extracts (prepared by the method of Lin and

Abelson (1985)) were diluted three fold in Buffer D and then phenol/chloroform

extracted until the interface was crystal clear (at least 4 times). RNA was then

precipitated by the addition of 1/10 volume 3M sodium acetate and 3 volumes

ethanol, followed by centrifugation for 20 min. at 10,000 rpm. Pelleted material

was washed once with 70% ethanol and then dried under vacuum. The pellet

was resuspended in diethylpyrocarbonate (DEPC) treated H2O and the RNA

concentration determined by measuring absorbance at 260 nm wavelength.

Solutions were diluted to give a final RNA concentration of 5 mg/ml.

3. Modifications:

a. Dimethyl sulfate (DMS) modification: 25 pig RNA was diluted into 200 pil

of buffer HMN on ice. Reactions were initiated by the addition of 1 pil DMS
(Aldrich) and then incubated for either 30 min. at 25°C or 60 min. at 0°C.

Modification was quenched by addition of 50 pil of DMS-STOP, followed by a 5

min. incubation on ice. Following ethanol precipitation, RNA was resuspended
in 5 pil of DEPC treated H2O.

b. Kethoxal modification: 25 pig RNA was diluted into 200 ul of buffer HMN

on ice. Reactions were initiated by the addition of 20 pil of a 20% ethanol

solution saturated with kethoxal (Upjohn) and then incubated for either 30 min.

at 25°C or 60 min. at 0°C. Modification was quenched by the addition of 33 ul of
0.5M sodium borate (pH 7.0). After ethanol precipitation, RNA was

resuspended in 5 pil of 25 mM sodium borate (pH 7.0).
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c. CMCT (1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-

toluene-sulfonate) modification: 25 pig RNA was diluted into 100 pil of buffer

BMN on ice. Reactions were initiated by the addition of 100 pil of CMCT solution

(42 pg/ml CMCT in BMN) and then incubated for either 30 min. at 25°C or 60

min. at 0°C. CMCT was obtained from Aldrich. Reactions were stopped by

ethanol precipitation and RNA was resuspended in 5 pil of DEPC treated H2O.

d. RNase V1 cleavage: 25 pig RNA was diluted into 100 pil of buffer HMN on

ice. Reactions were initiated by the addition of 0.2 Unit of RNase V1

(Pharmacia) and then incubated for 90 min. at 0°C. Reactions were stopped by

ethanol precipitation. Pelleted material was resuspended in 300 ul of 0.3 M

sodium acetate, phenol/chloroform extracted and then re-precipitated. RNA

was resuspended in 5 ul of DEPC treated H2O.

4. Primer Extension: Primer extension of modified RNAs followed the protocol

of Frank and Guthrie (1992).

Deletion Mutagenesis

1. Oligo-Directed Mutagenesis: Deletion mutants AVSL, AIL#1.5, AIL#1.3,

AL#1, A3, A4 and MIN5 were constructed via oligonucleotide directed

mutagenesis, following the protocol of McClary et al. (1989). The substrate for

mutagenesis was plasmid pBS-7EB (for AVSL) or pBS-AVSL (all other deletions).

The nucleotides deleted by each oligo are as follows: AVSL (nts. 41-74), AIL#1.5
(nts. 75–83), AIL#1.3' (nts. 111-113), A3 (nts. 146-157) and A4 (nts. 18-40). In

construct AL#1, nts. 92-102 are replaced by the sequence GAGA.

2. Bal 31 Deletion: Deletion mutants A1 and A2 were created by digestion of

pBS-7EB with the exonuclease Bal 31. Mutant A(1+2) was created by ligating the
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KPN1-HPAII fragment of construct A1 with the HPAII-BamHI fragment of
construct A2. The nucleotides deleted in each construct are as follows: A1 (nts. 7

27), A2 (nts. 126-141) and A(1+2) (nts. 7-27 and 126-141).

3. MIN Series Construction. As a first step in the construction of the MIN series

nucleotides encoding U5 positions 7-141 were deleted from pHS-7EB, via oligo

directed mutagenesis; this created construct pbS-7APVU. This deletion creates a

Pvu■ I site consisting of nucleotides 4, 5, 6, 142, 143 and 144 of U5. A DNA

fragment encoding the remainder of each MIN gene was then ligated into the

blunt sites created by Pvull digestion of pBS-7APVU. To create the double

stranded DNA fragments, oligonucleotides encoding MIN1-4 were first

synthesized. Complementary oligos REV1-4 were used to prime second-strand

synthesis templated by MIN1-4. Template and primer oligonucleotides (200

pmoles template, 50-70 pmoles primer) were mixed in annealing buffer (200 mM

TRIS-HCl (pH 79), 20 mM MgCl2,500 mMNaCl), heated at 68°C for 3 min. and

then rapidly chilled on ice (Milligan and Uhlenbeck 1989). To this mixture was

added 2 pil of 10X synthesis buffer (100 mM TRIS-HCl (pH 74), 50 mM MgCl2,

20 mM DTT and 5 mM each dnTP) and 1-2 Units of T4 DNA polymerase (New

England Biolabs). Extension reactions were carried out at 37°C for 60-90 minutes.

Reaction mixtures were separated on 20% polyacrylamide gels and bands of the

appropriate mobility were excised. DNA was eluted by incubating crushed gel
slices in elution buffer (500 mM ammonium acetate, 1 mM EDTA) overnight.

The eluate was phenol/chloroform extracted once and the DNA ethanol

precipitated. The MIN DNA fragments were then ligated with 1 mg of pBS
7APVU DNA that had been linearized by Pvull digestion.

4. Chimeric U5 Construction. A portion of the human U5 gene (nts. 1-85) was

first subcloned into the HinDIII and EcoRI sites of Bluescript to create pBS-HU5.

A Scal restriction site was then created (by oligonucleotide mutagenesis with
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oligo 7DBW) by insertion of a guanosine nt. between positions #1 and #2 of the

U5 coding region. The Xbal-HinFI fragment encompassing the human U5

sequence was blunted with T4 DNA polymerase and inserted into vector p3S

7APVU, which had been linearized by digestion with Xbal and Pvu■ I. This

construct fuses human U5 nucleotides 3-78 to the yeast U5 sequence 142-215 (and

yeast 3' sequences). The Scal-BamhI fragment encompassing this chimera was

then subcloned into vector pBS-7APVU, which had been linearized by digestion

with Pvu■ I and BamhI. This construct, pHS-YH.A, fuses the upstream region of

yeast U5, ending at position 6, to nucleotide 3 of human U5. The final, chimeric

U5 coding region is shown in fig. 6.

5. U5 Expression. All of the U5 variants described above were constructed in

Bluescript(+) vectors. To express the U5 snRNAs in yeast, EcoRI-BamhI

fragments containing the mutant U5 alleles were subcloned into the EcoRI

BamhI sites of pSE360 (a centromeric plasmid carrying the URA3 gene). These

plasmids were then transformed into strain ASNR7 (pCAL1-SNR7) for analysis of

growth phenotypes, or strain ASNR7 (pBWHis600) for RNA analysis.

Growth Assays

Doubling times of strains homozygous for U5 deletion mutant alleles were

determined by monitoring the OD(600) of log-phase cultures grown in liquid

YEPD media at 30°C. For each culture, a graph of time vs. ln(OD(600)) was

plotted; the slope of such a plot gives the value of ln(2)/(doubling time). For

each mutant, doubling times were determined from three independent

transformants. Mean doubling times are reported in the text and figures.

Plate growth assays were accomplished by streaking strains heterozygous for

pGAL1-SNR7 and deletion mutant U5 genes for single colonies on YEPD plates at

18°, 25°, 30°, 33° and 37°C. Cellular growth was scored by noting the growth
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rates of individual colonies, relative to positive and negative controls streaked on

the same plate. The plate growth assays shown in figures 5 and 6 represent

cultures frogged onto YEPD plates at the specified temperatures. For each patch,

an approximately equivalent amount of cells was suspended into 100 pil of sterile

TE buffer (10 mM TRIS-HCl (pH 8.0), 1 mM EDTA). The results of this assay can

only be interpreted qualitatively and are presented simply as a survey of the

temperature effects on U5 deletion mutant bearing strains. Three independent

transformants were scored in each plate assay and identical results were
observed within each set of three mutants.

RNA Analysis

Yeast strains heterozygous for wild-type and deletion mutant U5 genes were

grown on the appropriate selective media at 30°C. Cells were harvested at mid

log phase (OD(600)) and RNA prepared as described in (Frank et al. 1992). For

each sample, 16 pig of RNA was separated on a 8% polyacrylamide gel and then

transferred to Hybond-N membranes (Amersham) by electroblotting in 25 mM

sodium-phosphate pH 6.5. RNA was fixed to Hybond-N filters by u.v.

crosslinking (UV Stratalinker 1800, Stratagene). Filters were hybridized at 25°C

in a buffer of 6x SSC, 5x Denhardt's solution, 0.2% SDS. 5' end-labeled oligos

complementary to U5 and U4 snRNAs were added at a concentration of 4x10°
cpm/ml. Filters were washed 4 times at 37°C in hybridization buffer (minus

Denhardt's solution) and then autoradiographed. SnRNA levels were

quantitated by phosphorimager analysis of the labeled filter (Molecular

Dynamics).
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TABLE 1. Growth phenotypes of U5 deletion alleles

Liquid “ b
Construct Culture Plate Assay

Wild-type 1.0 +++
AVSL 1.1 +++
AIL:#1.5'

- -

AIL#1.3'
- -

AL#1
- -

A1 1.0 +++

A2 1.2 +++

A(1+2) 1.2 +++
A3 1.0 +++

A4
-

+

Doubling times were determined from cultures growing in liquid
YEP-glucose media at 30°C and normalized to Wild-type. -
signifies inviability.

b Cell growth was assayed qualitatively by streaking cultures for
single colonies on solid YEP-glucose media at 30°C. +++,
Wild-type growth; +, colony growth after prolonged
incubation; -, inviability.
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TABLE 2. Steady state levels of mutant U5 snRNAs

Relative" Growth”
Construct RNA Level @ 30°C

Wild-type n.d. +++
AVSL 100% +++

A(1+2) 81 +++
AIL:#1.5' 91

-

AL#1 96
-

AIL#1.3' 111
-

A4 59 +

MIN5 37 ++

MIN4 36 ++

MIN3 31 +

MIN2 36 +

MIN1 24
-

YH.A 43
-

YH.B 38 +

YH.C 139 +++

(l
Northern blots shown in Fig. 7 were quantitated by
phosphorimaging and the U5 snRNA levels normalized
to U4 levels. The quantity of AVSL RNA was arbitrarily
set to 100%. n.d., not determined; the quantity of
Wild-type U5 snRNA produced by construct pSE-7EB
could not be accurately determined because it
co-migrates with endogenous U5.

Cell growth was assayed qualitatively by streaking cultures
for single colonies on solid YEP-glucose media at 30°C.
+++, Wild-type growth; ++ and +, growth slower than
wild-type; -, inviability.
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Figure 1. Alignment of U5 SnRNA sequences. U5 sequences reported in this

work, along with previously determined sequences are shown in the alignment.

Abbreviations are as follows: saccer - S. cerevisiae (Patterson and Guthrie 1987);

sacklu - S. kluyveri; klulac - K. lactis; sacdai - S. dairensis; pactan - P. tannophilus;

piccan - P. canadensis; sacexu - S. exiguus; schpom - S. pombe (Small et al. 1989);

aratha - A. thaliana (Vankan et al. 1988); pissat - P. sativum (Hanley and Schuler

1991); crycoh - C. cohnii (Reddy et al. 1983); tetpyr-T. pyriformis (Branlant et al.

1983); tetthe - T. thermophila (Orum et al. 1991); caeele - C. elegans (Thomas et al.

1990); dromel - D. melanogaster (Myslinski et al. 1984); xenlav - X. laevis

(Kazmaier et al. 1987); galgal - G. gallus (Krol et al. 1981); musmus - M. musculus

(Kato and Harada 1981); ratnor - R. norvegicus (Krol et al. 1981); homsap - H.

sapiens (Krol et al. 1981). Boxed regions denote secondary structure elements as

named in figure 3. Consensus sequences were derived from the entire alignment

as well as from several taxonomic groups (Yeasts; Plants; Prot. - Protozoa; Met. -

Metazoa). In the consensus sequence, upper case denotes an invariant nucleotide

while lower case denotes identity in all but one sequence.
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Figure 2. Chemical and Enzymatic Modification. S. cerevisiae and K. lactis U5

snRNAs were modified as described in Materials and Methods. The figure

shows representative primer extension assays that map modified nucleotides in

S. cerevisiae and K. lactis snRNAs. Primer extension products were

electrophoresed alongside U5 snRNA sequences in order to determine sites of
modification.
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Figure 3. U5 snRNA Secondary Structures. (A) The current model of S. cerevisiae

U5 secondary structure. Boxed basepairs represent a subset of covarying

basepairs used to establish the secondary structure. Arrows point to examples of

the covariations, along with the species in which these pairs occur: S.p. – S.

pombe; K.l. - K. lactis; S.K. - S. kluyveri; P.c. - P. canadensis; P.t. - P. tannophilus; S.d.-

S. dairensis. (B) Summary of chemical and enzymatic structure probing data.

Bold, capital letters denote homologous nucleotides that were strongly modified

in both S. cerevisiae and K. lactis snRNAs, while bold, lower case letters represent

positions that were at least weakly modified in both species. Arrows denote

RNase V1 cleavage sites observed in both species. Primer extension products

could accurately resolvents. 20-150 of S. cerevisiae U5 and nts. 15-127 of K. lactis

U5. (C) Model of mammalian U5 secondary structure for comparison to yeast

U5. (D) Schematic model of S. cerevisiae U5 along with our nomenclature

describing the sub-domains of this snRNA.
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Figure 4. U5 Deletion Analysis. The extent and placement of deletions

introduced into the S. cerevisiae U5 snRNA are depicted. Details of mutant

construction are given in Materials and Methods.
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Figure 5. Summary of U5 MIN Series. (A) Structures of the MIN series of U5

constructs (see Materials and Methods for construction details). (B) Results of

growth assays comparing the phenotypes conferred by this series of constructs at

a variety of temperatures. The doubling times of strains bearing these constructs

were measured at 30°C in liquid YEPD media.
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Figure 6. Analysis of Yeast-Human U5 Chimeric snRNAs. (A) Structures of the

chimeric U5 snRNAs. (B) Growth phenotypes conferred by these constructs at a

variety of temperatures. The doubling times of strains bearing these constructs

were measured at 30°C in liquid YEPD media.
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Figure 7.: Northern Blot Analysis of Selected U5 Constructs. RNA was extracted

from strains heterozygous for the deletion U5 constructs and pHWHis600 (the

Source of wild-type U5) and probed with U5 and U4 oligonucleotides.
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CHAPTER 2

Synthetic Lethal Mutations Suggest Interactions between U5
snRNA and Four Proteins Required for the Second Step of Splicing
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SUMMARY

To investigate the function of the U5 small nuclear ribonucleoprotein

(snRNP) in pre-mRNA splicing, we have screened for factors that genetically

interact with Saccharomyces cerevisiae U5 snRNA. We isolated trans-acting

mutations that exacerbate the phenotypes of conditional alleles of the U5 snRNA

and named these genes SLU for Synergistically Lethal with US snRNA. SLLI1

and SLU2 are essential for the first catalytic step of splicing, while SLLIZ and

SLU4 (an allele of PRP17; [U. Vijayraghavan, M. Company, and J. Abelson, 1989])

are required only for the second step of splicing. Furthermore, slu4-1 and slu7-1

are lethal in combination with mutations in PRP16 and PRP18, which also

function in the second step, but not with mutations in genes required for the first

catalytic step, such as PRP8 and PRP4, We infer from these data that SLU4,

SLU7, PRP18, PRP16 and the U5 snRNA interact functionally and that a major

role of the U5 snRNP is to coordinate a set of factors that are required for the

completion of the second catalytic step of splicing.
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INTRODUCTION

The discovery that small nuclear RNAs (snRNAs) are functional

components of the spliceosome allowed major advances in our understanding of

the mechanism of pre-mRNA splicing. First was the elucidation of the role of the

U1 snRNA in identifying the 5' splice site, via direct Watson-Crick basepairing

with the pre-mRNA (Zhuang and Weiner 1986; Siliciano and Guthrie 1988);

Séraphin et al. 1988). This intermolecular RNA interaction provided a powerful

paradigm, which has been extended to the identification of the branchpoint by

the U2 snRNA (Parker et al. 1987; Zhuang and Weiner 1989; Wu and Manley

1989). Roles for the U4/U6 and U5 snRNAs have been harder to assign since no

extensive snRNA-pre-mRNA complementarity is apparent. It has been

suggested that U6 may play a role in the catalysis of the transesterification

reactions, while U4 may be a regulated antisense inhibitor of U6 (Guthrie and

Patterson 1988; Brow and Guthrie 1989).

The U5 snRNP appears to join the spliceosome simultaneously with

U4/U6 in a tripartite complex (Konarska and Sharp 1987; Cheng and Abelson

1987). This occurs after the binding of U1 and U2 to the substrate. In the absence

of the U5 snRNA, pre-mRNA splicing is, in most instances, blocked prior to the
first transesterification reaction, both in vitro and in vivo (Patterson and Guthrie

1987; Winkelmann et al. 1989; Lamm et al. 1991; Séraphin et al. 1991). The U5

snRNP has been indirectly implicated in binding of the polypyrimidine stretch in
mammalian systems (Gerke and Steitz 1986; Tazi et al. 1986; Chabot et al. 1985).

This interaction with the polypyrimidine tract, in conjunction with in vivo and in
vitro evidence demonstrating a requirement for U5 in the second catalytic step of

splicing (Patterson and Guthrie 1987; Winkelmann et al. 1989), has led us to
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suggest that the U5 snRNP plays a role in 3' splice site identification and

utilization (Parker and Patterson 1987). Strong support for this interpretation has

recently been provided by Newman and Norman (1992), who demonstrated that

point mutations in the conserved loop I of the U5 snRNA (see Fig 1.; Guthrie and

Patterson 1988) can suppress point mutations in the 3' splice-site/3' exon region

of the CYH2 gene. Since point mutations in other loop I positions can suppress

mutations at the first position of the CYH2 intron, the U5 snRNA is also

implicated in the process of 5 splice site selection (Newman and Norman 1991).

Although the sequence of the U5 snRNA clearly influences the use of both 5' and

3' splice sites in the case of the cyh2 mutants tested, it remains to be established

whether the structure of the U5 loop also influences the splicing of wild-type

genes, or of mutant introns other than cyh2. The lack of conservation in yeast 3'

exon sequences (see Appendix C) clearly suggests that any such U5 snRNA pre

mRNA interaction is not mediated solely by loop I of the U5 snRNA. Indeed, the

low level of sequence conservation observed among U5 snRNAs from different

species (Guthrie and Patterson 1988), the large number of proteins associated

with the U5 snRNP (Bach et al. 1989), and the number of proteins already

implicated in specific 3' splice site interactions (Gerke and Steitz 1986; Choi et al.

1986; Tazi et al. 1986; Ruskin et al. 1988; Garcia-Blanco et al. 1989) suggest that

any U5-splice site interaction is mediated extensively by proteins.

In order to better define the role of the U5 snRNP in splicing, we have

employed a genetic screen with the goal of identifying gene products with
functions related to that of the U5 snRNA. We have searched for mutations in

genes that synergize with partially functional alleles of U5 snRNA to produce a

lethal phenotype. In addition, we have demanded that the synergistic lethal
mutations confer a temperature-sensitive phenotype of their own, i.e. in the

Presence of the wild-type U5 allele. Such a conditional lethal phenotype greatly
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facilitates the further analysis of new genes by allowing their role in splicing to

be analyzed directly. The isolation of synergistic lethals offers several potential

advantages over a classical suppressor hunt (see Huffaker et al. 1987 for a general

discussion of these genetic strategies). In particular, the range of mutations that

would exacerbate a given phenotype should be broader than the range of

mutations that would improve it. For this reason, a synergistic lethal approach is

an especially promising one for isolating components of a multi-subunit complex

such as an snRNP or the spliceosome. Indeed, the identification of synergistic

lethal interactions has proven to be helpful in the characterization of such

complex systems as the secretory pathway (Kaiser and Schekman 1990), the

cytoskeleton (reviewed in Huffaker et al. 1987; Novick et al. 1989; Adams and

Botstein 1989), the translation apparatus (Donahue et al. 1988) and the

transcription machinery (Arndt et al. 1989).

RESULTS

*dentification of synergistic lethal mutations.

We first generated several point mutations in the highly conserved loop I

**Iuence of the yeast U5 snRNA. Several of these U5 alleles (Figure 1a) confer
*&nificant growth impairment to the cell when provided as the sole source of U5

activi ty. Point mutations at position 98 (U98C and U98A), for instance, cause

*Yere defects in growth at 37°C. The double mutant UU97,990C confers both

Solci sensitivity, at 18°C, and heat sensitivity, at 37°C (we have not yet

**ermined how each of the two point mutations in UU97,990C contribute to

*hese phenotypes). Examination of several spliced messages under non

****issive conditions failed to reveal a striking defect in splicing (B. Patterson
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and C. Guthrie, unpublished). Nonetheless, these defective U5 alleles provide

genetic tools for identifying new gene products which function in conjunction
with the U5 SnRNA.

Cells containing both wild-type and mutant U5 genes were mutagenized

armici screened for second-site mutations which supported growth in the presence

of the wild-type U5 allele, but which were inviable when synthesis of the wild

ty Pe U5 allele was abolished. We employed two different means to achieve

corn clitional expression of the wild-type U5 allele. In strategy A (diagrammed

schematically in Figure 1b), the wild-type U5 allele (the SNR7 gene) resides on a

yeast centromere plasmid bearing the URA3 gene. In the absence of a wild-type

chromosomal URA3 gene, this plasmid allows selection of cells which either
Cºrntain the plasmid (by selecting for uracil prototrophy) or have lost the plasmid

clue to its low-level mitotic instability (by selecting on media containing 5-fluoro

°rotic acid; Boeke et al. 1987). In strategy B, conditional expression of U5 is

*chieved by fusing it to the yeast GAL1 promoter, U5 RNA is transcribed on
Salactose-containing, but not glucose-containing, media (Patterson and Guthrie
Iss2).

After screening approximately 4000 mutagenized colonies we recovered

** *rutants that were viable when wild-type U5 was provided, but which failed

** sirow (or grew extremely poorly) when only a mutant U5 allele was present.

VVe <designate these mutants SLU genes for Synergistic Lethal with U5 snRNA.

Sluz I -I, 2-1,3-1 and 13-1 were isolated using strategy B and the U5-UU97,990C

allele, while slu4-1 through slu10-1 were isolated using strategy A and the U5

US's A allele. slu11-1 and slu12-1 were isolated using strategy A and the U5-C98A

*llele. For clarity, we will include the name of the U5 allele against which the slu
****le was originally isolated, e.g. slu1-1(UU9799CC).
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Since we were specifically interested in conditional-lethal alleles of slu

genes, we examined the ability of the mutants to grow at 18", 30° and 37°C. This

screening was done under conditions where the wild-type U5 allele was

expressed and thus the growth data reflect the defect of the slu allele rather than

of the recessive U5 mutant allele. As shown in Table 1, slu1-1, 2-1,3-1,4-1, 5–1, 6–

1 arid 7-1 all displayed a temperature sensitive growth phenotype at 37°C. In

adclition, služ-1 exhibited a cold sensitive growth phenotype at 18°C. These

firm clings have subsequently been repeated after introducing the slu alleles into

strains with a wild-type chromosomal U5 gene, and in all cases the growth

characteristics were the same. In contrast, sluš-1, 9–1, 10-1, 11-1 12-1 and 13-1 did

not display conditional growth phenotypes at 18°, 30° or 37°. For the remainder

ºf this work we will focus on the temperature sensitive mutations, which are
irº clicated in Table 1.

*Fernetic characterization.

In order to determine whether the synergistic lethal phenotype

Sºsegregated with the ts phenotype, we back-crossed slu1-1 through služ-1 to the
****rutagenized parental strain. The resulting diploids were sporulated and
*issected, and the segregation patterns of the synergistic lethal and temperature

*erasitive phenotypes were examined. For each of the mutants tested (slu1
*Feugh služ), we found that the ts and synergistic lethal phenotypes

Sºsegregated in all spores that could be scored (at least 8 tetrads were scored in

each case). This result indicates that a single genetic defect is responsible for
both phenotypes in each of the mutant strains. We also determined that all

*** tations segregated independently of the plasmids being used and the SNR7
*s■ s. and therefore do not represent alterations of the U5 snRNA.
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We next tested whether the slu mutations were allelic with each other or

with any of the previously identified temperature-sensitive splicing factors (prº2

prºp27, reviewed in Ruby and Abelson 1991). To do so, we performed

corruplementation tests by crossing the slu alleles to one another and to the prp

alleles. From all possible combinations, only the slu4-1(U98A)/prp17-1 diploid

failed to grow at the non-permissive temperature. Dissection of this diploid

yielded only ts spores, indicating that these two mutants are indeed allelic (data

ract shown). Interestingly, prp17-1 was isolated in a general screen for splicing

rrn Ultants and confers a temperature sensitive block in the second

trarnsesterification reaction (Vijayraghavan et al. 1989). The formal designation

for slu4-1(U98A) is prp.17-2, but for clarity in this work, we will continue to refer

tº it by its slu designation.

Fischemical Characterization.

We next analyzed the ability of slu1-služ to perform mRNA splicing at the

**Cºrn-permissive temperature. For these experiments, we used slu alleles that had
*eer outcrossed into an otherwise wild-type genetic background. In each case,

*RNA was prepared from cells that had been shifted to 37°C for 4-6 hours (2-3

5*rnerations). This RNA was analyzed by primer extension to ascertain the
*ffects on splicing of specific mRNA precursors; several different mRNAs were
**sarmined in each case.

In the case of slu1-1(UU97,990C), we observed an accumulation of MATal

F*ecursors at the non-permissive temperature (Figure 2a). Interestingly, while

the AMATal pre-mRNA contains two introns, our primer extension data indicated

th= t the predominant accumulated product contained one, but not both introns.
" * have not ascertained whether only one of the two introns is always unspliced
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or whether either is spliced randomly, but both are rarely removed from the

sarme transcript.

For slu2-1(UU9799CC) there was also a first step defect in the splicing of

MA Tal transcript (data not shown), but this defect appeared to be non

corn clitional. In the case of both slu1-1(UU97,99CC) and slu2-1(UU97,99CC)

accumulation of precursor was not accompanied by accumulation of lariat

in termediate (occurrence of the latter intermediate would provide evidence that

the alleles were only partially defective in the first step); the slu1-1(UU97,99CC)

armici slu2-1(UU97,99CC) alleles are primarily defective in the first step of splicing.

The splicing defects of slu4-1(U98A) and služ-1(U98A) were very similar to

orne another both in terms of pre-mRNA substrates affected and defects observed.

Irm each case, the most striking defect was in the splicing of the actin intron (the
actual transcript analyzed was an ACT1-CUP1 fusion construct containing the

*ctirl intron, see Materials and Methods). In contrast to slu1-1(UU97,99CC) and

****2–1(UU9799CC), precursor levels were unchanged in slug-1(U98A) and sluz
* CUS8A) (data not shown). Instead, as shown in Figure 2b, we observed a defect

** the second step of splicing that resulted in the accumulation of the lariat

**termediate at both a permissive (25%) and non-permissive (37°) temperature.
***e lariatmature ratio provides a measure of the extent to which the second step

*s Blocked. Phosphorimaging analysis indicated that this ratio was increased 7

folci. for slu4-1(U98A) and 2.5 fold for služ-1(U98A) at 25°. At the non-permissive
*****perature, the increase in this ratio was 40-fold for slu4-1(U98A) and 6-fold for

slzz >-I(U98A). Our observation of a second step defect for slu4-1 (an allele of

*R =>+7) thus corroborates the results of Vijayraghavan et al. (1989).

In the cases of slu3-1(UU97,990C), slu5-1(U98A) and slué-1(U98A) we

***e unable to observe any splicing defects.
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For slu4-1(U98A), we also noted a dramatic decrease in the absolute levels

Of nºn RNA without a commensurate increase in the level of the lariat intermediate.

In Figure 2b, this is clearly evidenced by the disappearance of the spliced ACT1

CLIP1 fusion relative to the internal control, U1 snRNA. As further controls for

germ eral RNA loss, we examined the intronless URA3 mRNA as well as the U5

srn IRNA (data not shown); in neither case did we observe a decreased level of

these RNAs at the non-permissive temperature. In contrast, mRNA levels were

greatly reduced in slu4-1(U98A) for the spliced transcripts of CYH2, MATal and

2 ACT1. We have also observed this reduction in CYH2 mRNA with služ-1(U98A),

PrP17-1, slu5-1(U98A), slub-1(U98A) and, to a lesser extent, slu1-1(UU97,990C)

CGiata not shown).

We interpret this "loss of mature" phenotype to be a secondary effect of

the splicing defects caused by the slu / pro mutants. Such a phenotype can arise if
the splicing mutations cause an increase in the degradation rates of the splicing
in termediates (precursor or lariat-intermediate), in addition to their primary
effects on splicing. Thus, the accumulation of intermediates would be partially
Courtered by a greatly increased rate of their degradation. The net effect of this

Process would be a decrease in spliced mRNA, without a commensurate increase

in the levels of splicing intermediates. Since this phenotype results from

destabilization of either precursor or lariat-intermediate, however, it is not an

informative means of differentiating first-step from second-step mutants.

Nerletheless, the "loss of mature" phenotype represents a novel splicing

Phenotype that could potentially be exploited in future genetic screens.

While the in vivo splicing phenotypes of slu1-1(UU9799CC), slu2

1 (GU9799CC), slu4-1(U98A) and služ-1(U98A) suggest that these genes function

in the splicing process, they do not reveal whether the gene products act directly

(i.e.- are spliceosomal components) or indirectly (i.e. are biosynthetic components)
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in splicing. In order to differentiate direct from indirect effects of the slu

rrnutations on splicing, we prepared whole cell extracts (Lin et al. 1985); (Lustig et

a 1- 1986) from slu1-1,4-1, 5-1, 6-1 and 7-1 strains grown at a permissive

termperature (25°C) and tested their in vitro splicing activity. In vitro splicing

reactions were carried out at either 15°C or 23°C, the standard temperatures for

assaying temperature sensitive splicing mutants (Lustig et al. 1986).

Extracts made from slu1-1(UU97,99CC), slu5-1(U98A) and sluó-1(U98A)

exhibited no splicing defects at 15° or 23°C, even after prior heat inactivation

treatment of the extracts at 32°C (data not shown). In contrast, splicing time

course experiments carried out at 15°C revealed that extracts made from slu4

1 (U98A) and služ-1(U98A) strains were defective, relative to a wild-type extract,

in the conversion of lariat intermediate to mature RNA (Fig 3). The failure of the
mutant extracts to efficiently complete the second step of splicing is clearly

°vicienced by the accumulation of lariat-intermediate and free exon 1, with little
°r r\o subsequent production of mRNA. The kinetics of lariat-intermediate and

*Gr, 1 production were identical in the služ-1(U98A) and wild-type extracts,
inclicating that the služ-1(U98A) allele is defective solely in the second step of

*Plicing. Lariat-intermediate and exon 1 formation in the slu4-1(U98A) extract
la Sºsed behind the rates observed for wild-type and služ-1(U98A), suggesting that

*e slug-1(U98A) mutation causes some inhibition of the first step. The first step

*s observed in the slug-1(U98A) extract is minor, however, compared to the

alrriost complete inhibition of mRNA formation. We interpret this result to mean

*at the slug-1(U98A) allele is primarily defective in the second step of splicing in

vitro. Splicing time course experiments carried out at 23°C produced similar

*sults to those at 15°C for both slu4-1(U98A) and služ-1(U98A) extracts. Thus,

*th of these mutant extracts are constitutively defective in the second step of

*Plicing, in vitro. The in vitro splicing phenotypes of slug-1(U98A) and sluz
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1 (U98A) were not exacerbated by heat treatment at 32°C. Finally, slug-1(U98A)
and slu7-1(U98A) extracts prepared independently of those assayed in Fig. 3

produced identical results to those shown here.

While the results of the in vitro experiments do not precisely parallel those

of the in vivo experiments, we attribute these differences to the dissimilarities

between the two assay systems that have been observed for other splicing

rrnutants (Lustig et al. 1986). Nonetheless, for both slu4-1(U98A) and slu7

1 CU98A) we observed strong support for the hypothesis that these alleles are

specifically defective in the second step of splicing. Preliminary experiments in

which splicing extracts have been immunodepleted of SLU4 or SLU7 proteins

Support these conclusions (M.Haltiner-Jones and D.N.F., data not shown).

Finally, U5 snRNA levels were measured for slu1-1(UU9799CC), slu2
1CUU97,990C), slu4-1(U98A), slu5-1(U98A), slué-1(U98A) and služ-1(U98A)

Strains upon shifting cultures to a non-permissive temperature (the same
SGre ditions were used as for the primer extension analysis). In no case did we

observe an appreciable change in the cellular level of U5 snRNA (data not
shewn). Thus, these alleles probably do not influence the expression or stability
of the U5 snRNA.

Senetic Interactions.

A major concern with the synergistic lethal approach arises from

**rn certainty regarding the 'relatedness' of the new mutation to the starting

*utation with which it synergizes. The splicing defects seen in slu1
*CUU9799CC), slu2-1(UU9799CC), slug-1(U98A) and služ-1(U98A) argued for
***ch a link. We had no evidence, however, that these genes were directly
*volved in U5 function. Similarly, we wanted to test the hypothesis that the

°ther slu mutants were related in function to U5, even though we had been
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unable to discern a splicing defect. We addressed this problem by examining the
interaction of each of the slu alleles with each of the conditional U5 alleles used in

the initial screen (Fig. 1). We reasoned that mutations in a factor only distantly

related to U5 function, such as a transcriptional regulator, would show linear

effects when combined with the mutant U5 alleles; i.e. all of the U5 mutant

phenotypes would be exacerbated to a similar degree by a given slu mutant. The

double mutant phenotypes would therefore display the same relative severities,

with respect to the U5 alleles, as in the presence of the wild-type SLLI allele.

Alternatively, if a slu allele showed a much stronger genetic interaction with a

SPecific U5 allele, we could infer that the slu allele either interacts physically with

the U5 snRNA or acts closely to it in time or space.
To characterize the allele specificity of the synergistic lethal interactions,

each of the slu mutations was introduced into a genetic background in which the
only wild-type U5 allele was carried on a centromeric plasmid bearing the URA3
8erne. These strains were then transformed with HIS3 centromeric plasmids
Pearing one of the mutant U5 alleles (U98A, U98C and UU9799CC) or wild-type
95- We then selected for cells on 5-FOA (which is lethal to UIRA3+ cells), thus

**Yealing the viability of cells expressing only the mutant U5 allele.
The results, tabulated in Table 2, represent the actual growth rates of the

haploid double-mutants relative to their 'expected' growth rates. That is, a

double mutant that grew more than twice as slowly as would be predicted from

the behavior of the single mutants was scored as having a synergistically lethal

Phenotype. In an otherwise wild-type background, the relative health of the U5
alleles at either 25°C or 30°C is:

WTCU98) > U98A > U98C = UU9799CC. Clearly, the different slu alleles showed

* Slifferent spectrum of responses to the three U5 alleles examined. Thus, slu1
*CUU9799CC) was primarily affected by U5-UU97,990C, only marginally
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affected by U5-U98C, and showed no apparent synergistic effect with U5-U98A.
slu2-1(UU97,99CC) was lethal in combination with U98C and UU97,99CC, but

vvas viable with U98A. In contrast, slu4-1(U98A) synergized strongly with U5

U98A (>2x doubling time) and moderately with U5-UU97,99CC (>1.25x doubling

time). slu5-1(U98A) was markedly less perturbed by U98C than the other alleles,

while sluó-1(U98A) was relatively allele non-specific, synergizing to some degree
with each U5 allele tested.

Finally, slu7-1(U98A) did not display a synergistic interaction with any of

the U5 alleles at 25°C, but at 30°C we observed synergistic interactions with both

U98A and UU97,990C. We could not score the interaction with U98C, since

otherwise wild-type cells bearing only U98C are unable to grow at 30°C on
5FCA. To alleviate this problem, we examined the allele specificity of služ
1 (US8A) using the inducible GAL-U5 construct. In this system služ-1(U98A) was
lethal in combination with U98A, but not U98C or UU9799CC (data not shown).

Note that the služ-1 :UU9799CCmutant grew on YEPD (rich media), but not

5FCA (minimal media) at 30°, a result that we attribute to the different

Stringencies of the growth media.
As a control for this analysis, we examined the interaction of several

Previously characterized temperature sensitive splicing mutants (pre-mRNA

Processing or prp; (Ruby and Abelson 1991)) with the mutant U5 alleles. We
included in this analysis an allele of the previously characterized U5 snRNP

Protein pro8-1 (Lossky et al. 1987), two mutants that have second step splicing
defects (pro18-1 (Vijayraghavan et al. 1989) and prp16-2 (Schwer and Guthrie

1991) and prp24-1, a U6 snRNP protein encoding allele (Shannon and Guthrie

1991). Only pro8-1 and prp18-1 showed synergistic interactions. In both cases the

**sultant lethality was allele-nonspecific, with respect to the U5 mutations. Since
P’ PI6-2 was not lethal in combination with the U5 alleles tested, we conclude that
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synergistic lethality with U5 mutants is not a general property of second-step

defective splicing mutants.

The finding that slu1-1(UU97,990C), slu4-1(U98A), slu5-1(U98A) and slu7

1 (U98A) interacted differently with the three alleles of U5 tested (i.e. altered the

relative severity of the U5 alleles) is important for several reasons. First, the

allele specificity suggests that these slu genes are related functionally to U5

snRNA since they are sensitive to the sequence of U5 snRNA. The different

syriergistic interactions also suggest that the different U5 snRNA mutants are

defective in different ways; interactions or functions which are perturbed in U5
US8A may be with different proteins or at different stages of the splicing reaction
from those perturbed in U5-UU9799CC. This possibility is bolstered by the
observation that U5-UU97,990C is the only U5 allele that confers a significant

cold-sensitive phenotype.

Genetic Interactions Among Second Step Mutants.

To determine whether the second-step defective alleles interact genetically

with one another and with other splicing factor mutants, we generated double

mutant strains and then tested their viability and growth characteristics.

Included in this analysis were the second step defective slu alleles, slu4-1(U98A)
and služ-1(U98A), as well as slu1-1(UU97,990C) and the two U98A-derived

alleles for which we have been unable to identify splicing defects (slu5-1(U98A),

and sluó-1(U98A)). From the previously characterized prp alleles we chose:

prp16-2, which has been shown to be required in vitro for the second, but not the

first step of splicing (Schwer and Guthrie 1991); prp17-1, which is allelic to slu4

1(U98A); prp18-1, which shows a second step defect in vivo; and prp.27-1, which

accumulates excised lariat in vivo (prp17, pro18 and pro27 are described in

Vijayraghavan et al. 1989). We also included prp4-1 and pro8-1 because they

82



12/

\

| 4 || | | | |
,11: ".
tº tº

ºis * *
* r * *||f|| || ||
it tº1.** 11t

º a it
: ; H =

is a “it
life

1 tº it it

|, on
, ■ º if it
*| ºf

* *!tºwn
* | * iii!

1 i■ tº it!!



demonstrate first-step splicing defects and are both constituents of the U4/5/6

tri-snRNP; PRP4 is a U4 snRNP protein (Banroques and Abelson 1989; Bjorn et

al. 1989) and PRP8 a U5 protein (Lossky et al. 1987). The growth phenotypes of

the double mutant haploid strains are summarized in Table 3.

Our most striking finding was that the slu alleles required for the second

step of splicing (slu4-1(U98A) and služ-1(U98A)) exhibited the strongest

interaction with each other, as well as with other gene products required for the

second step (prp16-2 and pro18-1). Indeed, we were unable to recover viable

double-mutant combinations for any of the pairwise combinations of slu4

TCU98A), služ-1(U98A) and pro18-1. Similarly, prp16-2 was lethal in combination

with both slu4-1(U98A) and služ-1(U98A), but not pro18-1. The failure of pro16-2

to synergize with pro18-1 indicates that involvement in the second step of

splicing is not itself sufficient to give rise to synergistic lethality. Nonetheless,

the interactions were not necessarily allele specific, because prp17-1 (an

independently isolated allele of slu4-1(U98A); Vijayraghavan et al. 1989) showed
the same interactions as slu4-1(U98A).

DISCUSSION

Identification of genes encoding products functionally related to U5

snRNA. One caveat of screens that identify new gene products on the basis of

phenotypic enhancement is that alleles isolated using such screens may exert

their effects indirectly, and thus be functionally unrelated to the defective

starting allele (See, for example, Munn et al. 1991). However, we reasoned that a

search for synergistic lethal phenotypes would offer the potential of recovering a

broader spectrum of mutants than a suppressor hunt and might also enrich for
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conditional defects. Furthermore, the lack of clear splicing defects exhibited by

the starting U5 alleles prompted us to search for conditions (i.e. synergistic

lethality) that would exacerbate the starting phenotypes. An analysis of the

resulting synergistic phenotypes could thus provide useful information about the

functions of the starting U5 alleles; specifically, how the various alleles disrupt

Splicing.

By starting with defective alleles of U5, we identified thirteen synergizing

alleles which are unlinked to the U5 gene. Each of these alleles defines a distinct

complementation group since all pairwise combinations of mutants

complemented one another. Of these thirteen mutants, seven are temperature

sensitive for growth. To date, we have been able to identify splicing defects in

vitro and/or in vivo for four of them (slu1-1(UU97,99CC), slu2-1(UU97,990C),

slu4-1(U98A) and služ-1(U98A)). Indeed slu4-1(U98A) is allelic to pro17-1, a

mutation previously isolated on the basis of its splicing defect (Vijayraghavan et

al. 1989). Furthermore we have shown that most of these mutants exhibit allele

specific synergistic lethality with different mutant U5 alleles, suggesting that

they associate, either physically or functionally, with the U5 snRNA. Indeed,
several of the slu mutant strains reverse the relative severities of the U5

mutations examined; while in a wild-type background U5-U98A is the leas
severe U5 allele, it is the most severe in the slu4-1(U98A), slu5-1(U98A) and služ

1(U98A) backgrounds. Such non-linear responses are clearly inconsistent with

models that explain synergistic lethality in terms of simple additive mutational

effects (Munn et al. 1991). Finally, two of the gene products that we identified in

this screen (slug-1(U98A) and služ-1(U98A) are specifically defective in the

second step of splicing and show synergistic interactions with one another as

well as other genes involved in the second step of splicing (pro16-2 and prp18-1;
see below). For these reasons, we conclude that slu1-1, slu2-1, slu%-1 and služ-1
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are likely to be defective in functions directly related to those perturbed in the

starting U5 alleles. Clearly, the strength of this conclusion is limited by the

analysis of single mutant alleles; we are now attempting to isolate additional

alleles of these genes in order to further test this hypothesis.

While synthetic-lethal screens have long been used to identify genes with

overlapping functions (Dobzhansky 1946) our results indicate that screening for

synergistic lethality can be a powerful approach for identifying factors that are

functionally related. As described in the introduction, multi-subunit complexes,

such as the cytoskeleton and the transcription machinery are especially good

targets for this type of analysis. In a number of cases, these genetically

interacting factors are known, by other criteria, to physically interact (Arndt et al.

1989; Adams et al. 1989), thus further validating the utility of this genetic

approach.

Role of U5 snRNA and slu Mutations in Splicing.

Although the precise role of the U5 snRNP in splicing remains somewhat

enigmatic, it has been implicated in several aspects of spliceosomal function. On

the basis of in vitro splicing complex studies, it has been concluded that the U5

snRNP can form a tri-snRNP complex along with the U4 and U6 snRNPs

(Konarska and Sharp 1987; Cheng and Abelson 1987, Black and Pinto 1989;

Bordonné et al. 1990). It is in this form that these snRNPs are thought to join the

committed complex, prior to the first catalytic step. Hence, the depletion of the

U5 snRNA in vivo, or the U5 snRNP in vitro, severely impedes the first step of

splicing (Patterson and Guthrie 1987; Winkelmann et al. 1989; Lamm et al. 1991;

Séraphin et al. 1991). Furthermore, the genetic data of Newman and Norman

(1991), suggests that the U5 snRNP may play a functionally active, rather than

simply structural, role in the first step (see introduction for details). Finally,
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Some transcripts do undergo the first transesterification reaction, but fail to

undergo the second, upon depletion of U5 (Patterson and Guthrie 1987;

Winkelmann et al. 1989). From these latter results, we and others have inferred

that the U5 snRNP also plays a key role in the second step of splicing (Patterson
and Guthrie 1987; Parker and Patterson 1987; Winkelmann et al. 1989). As

discussed above, strong genetic evidence in support of this idea has recently been

provided by Newman and Norman (1992).

Since slu1-1 and slu2-1 cause the accumulation of unspliced precursors in

vivo, they are candidates for factors that affect the first step of splicing, by

blocking, for instance, the formation of the tri-snRNP complex or its subsequent

incorporation into the spliceosome. We have not, as yet, been able to reproduce

the slu1-1 splicing defect in vitro, so it is unclear whether the effect that we

observed in vivo is a direct or indirect effect of the loss of SLU1 activity. For

instance, mutations in factors required for the synthesis, modification or stability

of bona fide splicing factors might also result in synergistic lethality. We are

continuing the biochemical analysis of slu1-1(UU97,990C) and slu2

1(UU97,990C) in order to address this question. In particular, we are interested

in determining what, if any, effect these mutations might have on either

U4/U5/U6 formation or 5 splice-site selection.

Identification of a Genetically Related Group of Factors Required for the

Second Step of Splicing.

Since we believe that the U5 snRNP plays a key role in the second step of
splicing, we further analyzed the two second-step mutants, slu4-1(U98A) and

služ-1(U98A). We found that slu4-1, služ-1 double mutant haploids were lethal,

as indeed were combinations of either of these alleles with alleles of pro16 and

Prp18, which are also defective in the second-step of splicing. The prp.16-2 and
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prp18-1 alleles, however, were not synergistically lethal when combined with one

another; thus lethality is not caused simply by the combination of any two

second step mutants. Finally, we have shown that prp18-1 shows synergistic

lethality with U5 mutations. These relationships are shown graphically in Figure

4, where solid connecting lines specify synergistic lethal interactions.

While we acknowledge that synergistic phenotypes cannot be interpreted

as strongly as allele-specific suppressor mutations, we suggest that Figure 4

represents a provisional "relatedness map" of these particular alleles. The most

powerful argument for the specificity of the genetic interactions derives from two

data sets: 1) none of the slu mutants that have first step defects exhibit synergistic

lethality with those that show second step defects, and 2) two previously isolated

splicing mutants with defects in the first step, prp4-1 and pro8-1, were also tested

against slu4-1(U98A) and služ-1(U98A), and did not show synergistic

interactions. This is of particular interest with regard to prp8-1, which both

shows synergistic lethality with the three U5 alleles discussed in this work (see

Table 2) and is known to be a component of the U5 snRNP (Lossky et al. 1987).

The fact that a group of genes, required for the second step of splicing, exhibits

synergistic lethality with the U5 snRNA and with one another lends credence to

the idea that these factors represent multiple components of a single unit of

function. Whether this unit represents a discrete physical entity or is rather a

manifestation of involvement in a common process awaits biochemical tests.

What roles might these second-step factors play in splicing? Earlier

evidence from other systems, indicating a role for the U5 snRNP in 3' splice site
binding (Tazi et al. 1986; Gerke and Steitz 1986; Chabot et al. 1985), lead us to

propose that the U5 snRNP plays a key role in the identification and utilization of

3' splice acceptor sites prior to the second transesterification reaction (Parker and

Patterson 1987). In addition, the provocative work of Newman and Norman
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(1992) suggests that the U5 snRNA, itself, may play an instructive role in 3'

splice-site specification. In light of the low information content of the 3' exon

sequences that are predicted by Newman and Norman (1992) to interact with the

U5 snRNA, it is likely that additional factors are required to enhance, or stabilize,

this snRNA::pre-mRNA interaction (see Appendix C). If this hypothesis is

correct, then slu or prp alleles that show defects in the second step of splicing may

represent participants in this specific aspect of U5 function (i.e. interaction with

the 3' splice site). As an initial step in assigning a specific role to these factors, we

have developed a series of constructs that allow us to assess the effect of these

mutations on 3 splice site choice (Patterson and Guthrie 1991). This work (Frank
and Guthrie, submitted), indicates that SLU7 is involved in the selection of 3'

splice sites, while SLU4, PRP16 and PRP18 perform generic second step function.

MATERIALS AND METHODS

Plasmids and strains.

Mutagenesis was performed on SNR7 gene-disruption strains generated in

(Patterson and Guthrie 1987). The URA+ plasmid bearing wild-type SNR7 was

created by ligating a 600 nucleotide HindIII-Clal fragment encoding SNR7

(Patterson and Guthrie 1987) into HindIII-Clal digested YCp50 to generate

YCp50-WT. This same fragment was used to create pBWHis-WT by cloning into

pBWHis3 (Patterson and Guthrie 1987). To create the SNR7 mutants, the wild

type fragment was cloned into M13 and oligo-directed mutagenesis was

performed by standard methods (Kunkel et al. 1987). These mutant SNR7 alleles



º

\

*** * * * * *

tº a ** *

, “ .
! is a tº

*** *|}}} * * * * *

# * ** 1
º it tº t

º, “ .
fºr it. "
1st tº it

1st it!" "

|, is is tº

; : *
*lhi tº a
º, ""
"it in a
* 1: *** n



were also cloned into YCp50 and pBWHis3. Construction of the pG1-ACT1

CUP1 fusion is described by Lesser and Guthrie (in prep.)

Yeast Genetic Methods.

All yeast genetic techniques, including transformations, media, diploid

selection, sporulation, dissection and the plasmid shuffle were as described in

Guthrie and Fink (1991). For the mutagenesis, mid-log phase cells were pelleted,

washed with sterile, deionized H2O and then mutagenized by irradiation with

U.V. light for either 15 or 30 seconds, which resulted in 30% or 90% lethality

respectively. Cultures were then plated on selective media and allowed to grow

at 25°C. All plates were wrapped in tin foil so as to prevent exposure to visible

light.

Allele Specificity.

To determine growth characteristics of strains containing slu mutations

and the various U5 mutant alleles, strains containing YCp50-WT and mutant U5

alleles on HIS3 plasmids were streaked from histidine-, uracil-deficient media to

5-FOA plates and placed at 25°C (slu7-1(U98A) was also scored at 30°C). We

scored the time for single colonies to reach an average diameter of 1mm.

RNA Analysis.

Cells were grown at the temperature indicated in the text and on the

appropriate selective media to an OD(600) of 0.8-10 then harvested. For
temperature shift experiments cells were initially grown at a permissive

temperature (25°C), pelleted and then resuspended in pre-warmed media.

Dilutions were established to produce an OD(600) of 0.8-1.0 at harvest time.

RNA was then extracted by the method of Wise et al. (1991).
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Primer extensions were performed as follows: 13 pig of RNA were mixed

with 1 ng of *P kinased oligonucleotide in a volume of 6.4 pland then added to
1.6 ml of annealing buffer (250 mM Tris-Cl pH83,300 mM NaCl, 50 mM DTT).

After heating for 3 minutes at 68°C, this mixture was frozen in dry ice-ethanol

and then allowed to thaw on ice. To this mixture was added 11.3 pil of reverse

transcriptase buffer (18 mM Tris-HCl pH8.3, 21 mM NaCl, 3.6 mM DTT, 11 mM

Mg(OAc)2, 0.72 mM in each drTP) and 14 U of AMV Reverse Transcriptase (Life

Sciences, Inc.). The reaction mixtures were incubated at 37°C for 5 min. and then

at 42°C for 20 min. Reactions were stopped by adding 10 ul of formamide dyes

before heating for 3 min. at 90°C. Primer extension products were resolved on

6% polyacrylamide 7M Urea gels, which were subsequently dried for one hour.

Quantitation of primer extension products was accomplished via

phosphorimaging (Molecular Dynamics). The sequences of oligonucleotides

used in this study, as well as the positions in the mRNA with which they anneal,

are as follows:

MATal: 5' GAATTTATTTAGATCTCATACGTTT (nts. 380-405)

ACT1-CUIP1: 5' CTTCATTTTGGAAGTTAATTAATT (nts. 74-97 of CUIP1)

SNR19: 5’ CAATGACTTCAATGAACAATTAT (nts. 97-119)

In vitro Splicing.

Whole cell splicing extracts were prepared following the protocol of Lin et

al. (1985). Splicing assays were performed at both 15° and 23°C, as described by

Lustiget al. (1986). For the splicing time course experiments, splicing reactions
were incubated at 15°C for 20, 40, 60 or 80 minutes. Reactions were quenched on

ice by the addition of 0.2 ml. of Stop Solution: 50 mM NaOAc, 1 mM EDTA, 0.1%

SDS, 33 pg/ml E. coli tRNA. Similar time courses were also performed at 23°C
for 15, 30, 45 or 60 minutes.
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TABLE 1. Phenotypes of temperature-sensitive slu alleles

b Known com

(l —“– Splicing" plementation
Strain U5 allele 18°C 25°C 37°C defect group

Wild-type
---

+++ +++ -H-H-
--- ---

slul-1 UU97,990C +++ +++
-

Step 1
---

slu2-1 UU97,990C +++ +++
-

Step 1
---

Sluj-1 UU97,990C +++ +++
-

Q
---

slu4-1 U98A +++ -H++
-

Step2 PRP17
Sluj-1 U98A +++ -H++

-
Q

---

sluff-1 U98A +++ +++
-

º
---

slu7-1 U98A
-

+++
-

Step2
---

! I A t-s

1 tº a
' ' sis."

i■ * -- ai■
** *

! 1 tº º
1 ts:- -

"...i

: -

º

(l

b Allele against which the mutants were identified.Effects of different temperatures on the growth of strains carrying each allele in the presence of
wild-type U5 snRNA.

The catalytic step of splicing that appears to be defective in each mutant.
º
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TABLE 2. Allele Specificity of slu-U5 interactions

Growth with U5 allele"
Strain

U98 U98A U98C UU97,990C |

WT +++ +++ +++ +++ |
slul -1 (UU97,990C) +++ +++ ++

- it

slu2-1 (UU97,990C) +++ +++
- -

*
slu3-1 (UU97,990C) +++ nd nd nd |
slu.4-1 (U98A) +++

-
+++ ++ trea:

slu5-1 (U98A) +++
-

++
-

! --
sluo-1 (U98A) +++ ++

- -
a

služ-1 (U98A) +++
-

+++ +++ n
prp8-1 +++

- - -

prp.18-1 +++
- - -

prp.16-2 +++ +++ nd nd
prp24-1 +++ +++ +++ nd ; : ***

(l Wild-type cells bearing the wild-type U5 allele produce a 1-mm colony in 4 a
days at room temperature. For each U5 mutant and each slu allele, the extent
of phenotype was assessed as the factor by which 4 days was multiplied to
give the observed time for colony appearance. For double mutants, the
expected value was derived by multipling 4 days by both factors. If the
observed time was less than or equal to this value, growth is represented as
+++, ++ and + designate 1.25 and 1.5 times slower growth, respectively, than
anticipated; - signifies more than twice the predicted time. nd, not
determined. In an otherwise wild-type background, the relative health of
the U5 alleles at either 25 or 30°C is wild-type (U98) > U98A > U98C =
UU97,990C. Note that služ was assayed at 30°C on YEPD rather than
5-FOA-SD (see text for details).

º

º º

º
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TABLE 3. Synergistic lethal interactions between different slu and prºp alleles

Growth at room temp (l

Strain slu-4-1

(prp.17-2) prp.17-1 slu5-1 sluff-1 Slu■ /-1 prp.16-2

" . . e.

| tºº º! Hºwra, a
it. * -

i ºr.
it |

*** *
1 a rºw -
' ' tax *

-

•

Sluj-1 +++ nd
sluff-1 +++ nd +++

slu7-1
- -

+++ +++

prp.18-1
- -

+++ +++
-

+++
prp.16-2 -/+ nd +++ +++ -/+ nd
slul-1 +++ nd +++ +++ +++ nd
prp4-1 +++ nd +++ +++ +++ nd
prp8-1 +++ nd +++ +++ +++ nd
prp.27-1 +++ nd +++ +++ +++ nd

(l

+++, normal growth; +/-, slow growth; -, the double mutant is inviable; nd, not determined

| ****' ' tea
* usin, sº

º
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utiºns: ºn

, ºr "-s:
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Fizure 1. U5 mutant phenotypes and strategy for isolation of synergistic lethal

lc-sci. (A) Schematic of the structure of the yeast U5 snRNA (Frank, unpublished;
G = + thrie and Patterson 1988). The sequence of the loop Idomain is shown, and
tº e alterations in the three U5 mutants used in this study are indicated. The
six G-vºwth phenotypes of the wild-type (Wt) and three mutant strains are indicated

fºr the temperatures used in this work. IL1 and IL2, internal loops; Sm, Sm

Prºtein binding site (Guthrie and Patterson 1988). (B) One of the strategies used

fºr isolation of synergistic loci. The first panel shows the starting strain

Sº-ra taining a chromosomal disruption of the SNR7 gene (which encodes the U5

Sri LºNA), a wild-type copy of the SNR7 gene on a uRA3+ plasmid, and the

**** a tant U5 allele being studied on a HIS3+ plasmid. The SLU locus is wild-type,

*r■ ci thus interacts productively with both U5 alleles. In the second panel, UV

*** Gluced mutagenesis of the SLu locus has produced the slux mutation, and the

size X gene product no longer interacts productively with the mutant U5 allele.
The strain is viable because of the presence of the wild-type U5 allele, however, it
is now temperature sensitive because of the defect in the slux gene product. In
the third panel, the URA3 plasmid has been lost (this event is selectively
recovered by the inclusion of 5-FOA in the medium), leaving only the U5 mutant

allele. Since this allele does not interact productively with the slux mutant, this
Strain is inviable under all conditions.
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Figure 2. In vivo splicing defects of slu mutants. (A) Primer extensions of the

MATal transcript in wild-type (WT) and slu1-1(UU97.99CC) strains under a

variety of temperature shift regimens. In each case, the strain was shifted to a

non-permissive temperature (30 or 37 as indicated) for the amount of time

shown prior to RNA extraction. The positions of the primer extension products

derived from spliced (mature), unspliced (precursor) and hemi-spliced (one

intron removed) MATal transcripts are indicated. (B) Primer extensions of the

pG1-ACT1-CUP1 fusion transcript, which contains the actin intron (see Materials

and Methods). The positions of mature mRNA and lariat intermediate extension

products are as indicated. The arrowheads indicate the positions of endogenous

CUP1 and U1 snRNA primer extension products, included as internal controls
for RNA levels.
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Figure 3. In vitro splicing of the actin intron in extracts of slu.4-1 and slu7-1.

Products from in vitro splicing reactions performed at 15°C using extracts

prepared from wild-type (WT), slu4-1(U98A) and služ-1(U98A) are shown.

Splicing reactions were incubated for the designated time and then quenched on

ice (see Materials and Methods for details).
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Figure 4. Genetic interactions between U5 SnRNA, prp and slu mutants. Mutants

which show defects in the first step of splicing are shown to the left of the

dividing line, while those which show second step defects are shown on the

right. Wide, Solid lines indicate synergistic lethal interactions observed between

certain alleles of the connected genes. Thinner, lighter lines indicate cases where

double mutant strains have been constructed, but in which no synergisms have

been observed. Not shown are slu5-1(U98A) and sluó-1(U98A) (which synergize

only with U5), and prp4-1 and pro27-1, for which no synergisms have been
detected.
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CHAPTER 3

An Essential Splicing Factor, SLU7, Mediates 3'Splice-Site Choice
in Yeast
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SUMMARY

We have recently reported the identification of several genes that exhibit

genetic interactions with the U5 snRNA. Two of these genes, SLLI4 and SLU7

(SLLI: Synergistic Lethal with U5 snRNA), encode products required for the

second catalytic step of splicing. To analyze the specific roles of SLU4 and SLU7,

we have determined how mutants influence the relative usage of competing 3

splice-sites. We find that mutations in SLU7 eliminate the normal 20-fold

preference for 3' splice-sites located 222nts. downstream of the branchpoint. In

contrast, mutations in SLU4 inhibit usage of all 3' splice-sites, regardless of their

location. This suggests that SLU7 is involved in the process of 3' splice site

choice, while SLU4 fulfills a generic requirement for the second step. We show

that SLU7 is an essential gene that contains a small motif with striking similarity

to the cysteine-rich "zinc-knuckle" of retroviral nucleocapsid proteins, which has

been implicated in RNA binding. Mutational analysis of SLU7 indicates that this

motif influences the efficiency, but not the sequence specificity, of 3' splice site

selection. The identification of a component of the constitutive splicing

machinery that can promote 3' splice site choice has potentially important

implications for alternative splicing.
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INTRODUCTION

Nuclear pre-mRNA introns are defined by three conserved sequence

elements. Two mark the 5' and 3' exon-intron boundaries while a third, the

branchpoint sequence, is located just upstream of the 3' splice site. Unlike

autocatalytic introns, these intron sequences are not sufficient to catalyze their

own removal (Cech and Bass 1986). Instead, numerous cofactors, including the

small-nuclear ribonucleoprotein particles (snRNPs), are essential for splicing.

These factors bind to the pre-mRNA in a defined hierarchy that culminates in the

assembly of a splicing-competent structure termed the spliceosome. Once this

complex is assembled, intron removal proceeds via two consecutive catalytic

steps. The first step entails a transesterification reaction between the 5’ exon

intron junction and an adenosine residue within the branchpoint sequence that

results in cleavage of the 5’ exon from the intron. During the second step,

cleavage occurs at the intron-3’ exon border and the free 5’ exon is concomitantly

ligated to the 3’ exon (Padgett et al. 1986; Guthrie 1991).

Given the complex matrix of interactions that occur between the splicing

factors and the pre-mRNA, a key problem in understanding the splicing process

has been to determine which of these factors are responsible for the primary

recognition of the pre-mRNA. The U1 and U2 snRNPs are important

determinants of 5' splice site and branchpoint recognition (respectively) that

function via direct basepairing between snRNA and pre-mRNA (reviewed in

Steitz et al. 1988). Unambiguous identification of the factor(s) that specify the 3'

splice acceptor site has proven to be less straightforward. Indeed at least seven

mammalian proteins (IBP, 70K, hnRNPC, hnRNP A1, hnRNPD, U2AF, PTB)

have been reported to bind at the polypyrimidine tract preceding the AG at the 3'
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splice site (Chabot et al. 1985; Tazi et al. 1986; Gerke and Steitz 1986; Choi et al.

1986; Swanson and Dreyfuss 1988; Buvoli et al. 1990; Ruskin et al. 1988; Garcia

Blanco et al. 1989). The situation is further complicated by the fact that, in

addition to its role in specifying the 3' border of intron cleavage, the mammalian

3' splice site region functions to recruit the U2 snRNP into pre-spliceosomes prior

to cleavage at the 5' splice site (Smith et al. 1989; Reed 1989; Zhuang and Weiner

1990). A similar complication may also pertain in the fission yeast

Schizosaccharomyces pombe, where the AG dinucleotide is clearly recognized by

the U1 snRNP prior to the first step of splicing (Reich et al. 1992).

The situation in Saccharomyces cerevisiae is potentially simpler because

Rymond et al. (1987) have demonstrated that 3' splice site sequences are largely

dispensable for spliceosome assembly and 5' splice site cleavage. This result

argues that the 3' splice site sequences of S. cerevisiae introns are likely to function

solely in the second step of splicing. If so, then S. cerevisiae provides an ideal

system for the identification of trans-acting factors specifically required for 3

splice site selection.

To apply the power of a genetic approach to this problem, we have

employed two recently described tools. The first is a set of splicing substrates in

which two alternative 3' splice-sites compete in cis. Experiments using these

constructs suggested that the efficient utilization of 3' splice-sites separated from

their branchpoints by more than 22 nucleotides is likely to require the activity of

a factor that binds 3' splice-sites, with a preference for poly-uridine (Patterson

and Guthrie 1991). The majority of yeast introns follow this configuration, which

has been termed 3' Long (3'L; Parker and Patterson 1987). In contrast, yeast

introns with a branchpoint to 3' splice site distance of 10-15 nts. (3 Short or 3'S;

Parker and Patterson 1987) are not enriched for uridines; the short spacing in
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these introns may obviate the requirement for the putative uridine-binding factor

(Patterson and Guthrie 1991).

The design of the second genetic tool derived from observations tying U5

snRNP function to both 3' splice site binding and to the second catalytic step of

splicing (Chabot et al. 1985); Gerke and Steitz 1986; Tazi et al. 1986; Patterson and

Guthrie 1987; Winkelmann et al. 1989; Frank et al. 1992). We searched for

mutations that exacerbated the growth defects of mutants carrying lesions in the

conserved loop of the U5 snRNA. By restricting our attention to alleles that are

lethal in the presence of mutant U5, and conditionally lethal (either temperature

or cold-sensitive) in the presence of wild-type U5, we identified thirteen

complementation groups (Frank et al. 1992). Two of these Synthetic Lethal with

U5 (SLU) mutants, slu4-1 (an allele of PRP17; Vijayraghavan et al. 1989) and služ

1, were shown to be specifically defective in the second catalytic step of splicing.

In this paper, we present the first test of the hypothesis that SLLI4 and

SLU7 are 3' splice site recognition factors. We asked whether conditional

mutations in these genes alter the relative use of competing 3' splice-sites,

reasoning that such a phenotype would be indicative of a defect in 3' splice site

selection. We find that slu4-1 inhibits the splicing of both of the alternative sites.

In contrast, the služ-1 allele is defective in splicing 3'L introns but is fully

functional in splicing 3'S introns. We propose that SLU7 functions in the

selection of 3L introns. Interestingly, sequence analysis of the essential SLU7

gene reveals a cysteine-rich "zinc-knuckle" motif previously implicated in RNA

binding by retroviral nucleocapsid proteins.

RESULTS

3'Splice Site Competition Studies.
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In order to determine the effect of sluq-1 and služ-1 mutations on 3 splice
site choice, we introduced a set of 3' splice site competition reporter constructs

(Fig. 1, and described below) into wild-type and mutant cells. RNA was isolated

from these cells, which were grown under semi-permissive conditions (30°C),

and then analyzed by primer extension. This assay provides a measure of the

steady state levels of the alternatively spliced products (Mature-Proximal (MP)

and Mature-Distal (MD)) as well as the splicing intermediates: Precursor (P) and

Lariat-intermediate (L). To interpret these data we have modeled 3' splice site

selection in terms of a simple competition between pairs of splice-sites.

According to this model (see Materials and Methods), the ratio of Mature

Proximal RNA to Mature-Distal RNA (MP/MD) is directly proportional to the

ratio of the frequencies with which their respective 3' splice-sites are selected.

Although a change in the ratio of MP/MD is indicative of a change in the relative

competitiveness of the two splice-sites, it does not indicate whether one site is

activated or the other site deactivated. However, the efficiency of selecting an

individual 3' splice site is proportional to the ratio of its mature level to the level

of lariat-intermediate (MD/L or MP/L). Thus by measuring MD/L and MP/L it

is possible to determine whether a mutant is defective in using one or both

competing 3' splice-sites. Accordingly, our analysis of SLU4 and SLU7 is based

upon a consideration of these parameters.

We first examined the splicing of a construct (+0WT) in which a distal, 3L

splice site was placed in competition with a proximal 3'S splice site (Fig. 1;
Patterson and Guthrie 1991). This construct tests whether a mutant is defective

in spiking either 3'S or 3L type splice-sites. Figures 2a and 2b show the results

of a primer extension analysis of +0WT RNAs isolated from slu4-1, slu7-1 and

wild-type cells grown at a semi-permissive temperature (30°C; This figure also

shows the analysis of a construct in which two 3'L splice-sites were placed in
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competition; these results will be discussed below). Measurements of MP/MD,
MP/L and MD/L for each of the strains are summarized in Table 1a. In

agreement with previous studies (Patterson and Guthrie 1991), we observe that

in a wild-type strain, use of the distal-site was strongly favored relative to the use

of the proximal site (MD/MP = 22). A similar pattern of splicing was also

observed in the slu4-1 strain (MD/MP-18). In contrast, when the +0WT

construct was placed in the služ-1 background we observed that use of the

proximal site was approximately equivalent to the use of the distal site
(MD/MP- 0.8).

The effect of služ-1 on the ratio of Mature-Distal to Mature-Proximal

suggested that either the proximal 3' splice site had been activated or that the

distal 3' splice site had been deactivated. That the latter case is more likely is

indicated by the measurements of MP/L and MD/L, which reflect the

efficiencies of using the individual sites. The observation (Figs. 2a & 2b, Table

1a) that slu7-1 caused a 16 fold decrease in MD/L clearly indicated that slu7-1

was defective in using the distal 3' splice site. In contrast, služ-1 had little or no

significant effect on MP/L, suggesting that use of the proximal site was

unimpaired. In sum, these results indicated that the služ-1 mutation inhibited

the use of the distal, 3L splice site of the +0WT construct, but had no effect on the

proximal 3'S site.

Unlike služ-1, slu4-1 caused a decrease in both MP/L (3 fold) and MD/L (4

fold). The degree of each site's inhibition was approximately equal, since the

ratio of MD/MP was not significantly changed in sluá-1, relative to wild-type.
Hence, slu4-1 inhibited the splicing of both the proximal (3S) and the distal (3'L)

splice-sites, indicating that this defect is independent of the spacing and uridine

content of the 3' splice site.
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In the experiment described above, the cells were grown continuously at a

semi-permissive temperature (30°C) so that the levels of the various RNA species

would be at a steady-state. We next asked if the change in RNA levels in the

slu7-1 mutant could be correlated with its temperature-sensitive growth and

splicing phenotypes (Frank et al. 1992); we did not test the cold-sensitive defect

of služ-1). To do so, we analyzed +0WT RNA that was isolated from cells shifted

to a non-permissive temperature (37°C) for either 4 or 8 hours (see materials and

methods for details). The latter time point corresponds to the time after a shift to

37°C when growth of a služ-1 culture is effectively blocked. A primer extension

analysis of RNAs isolated from wild-type and služ-1 cells is shown in Fig. 2C, and

the data are summarized in Table 1b. We observed that the ratio of MD/MP for

slu7-1 fell from 0.77 to 0.26 upon heat shifting for 8 hours, while the wild-type

strain exhibited only a slight change in MD/MP (from 22 to 20). Thus, the defect

exhibited by the služ-1 cells in splicing the distal site of +0WT was more

pronounced upon shifting to a non-permissive temperature. More significantly,

this loss of distal splicing in služ-1 was accompanied by an increase in the

absolute level of Mature-Proximal RNA in slu7-1, relative to wild-type. We

interpret this to mean that at a non-permissive temperature, proximal splicing

was still competitive: slu7-1 was not defective in splicing the proximal site, even

under conditions in which it could not support viability. The results of the 4

hour shift were similar to those of the 8 hour shift, indicating that we had

observed the full extent of the 37°Cslu7-1 phenotype.

The analysis of +0WT splicing in služ-1 strongly suggested that this

mutation causes a defect in the utilization of 3L splice-sites. To further test this

hypothesis, we examined the effect of slu7-1 on the pattern of splicing a

construct, +AWT, which places two 3'L sites in competition. This construct was

made by inserting 14 cytosine and adenosine residues between the branchpoint
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and the proximal splice site, hence placing the proximal splice site 24 nts.

downstream of the branchpoint. Based on the +0WT results, we predicted that

služ-1 would inefficiently use both splice-sites.

An example of the primer extension analysis of RNA produced by the

+AWT construct in slu4-1, služ-1 and wild-type cells is shown in Figures 2a and

2b, and the data obtained from this experiment are summarized in Table 1a. The

analysis revealed that the slu7-1 mutation significantly inhibited splicing at both

sites, relative to wild-type, since both MP/L and MD/L were reduced (11 fold

and 12 fold respectively). As a result, the overall decrease in mature mRNA

production was accompanied by an increased level of lariat-intermediate in služ
1. Furthermore, the observation that the ratio of MD/MP in +AWT was

unaffected by služ-1 argues that the magnitude of the splicing defect was similar

at both sites. These findings support the hypothesis that služ-1 is defective in

splicing all 3'L splice-sites, regardless of their relative distances from the

branchpoint. Similarly, the defect of služ-1 was not sensitive to the uridine

content upstream of the splice-sites, since the uridine-rich distal site was affected

to the same extent as the uridine-poor proximal site.

The pattern exhibited by slu4-1 in splicing the +AWT construct was

similar to its pattern of splicing the +0WT construct. In particular, slu4-1 caused

a significant reduction in both MP/L and MD/L (12 fold and 20 fold,

respectively), indicating that use of both the +AWT proximal and distal splice

sites was inefficient relative to wild-type; this result is clearly evidenced by the

accumulation of lariat-intermediate in slu4-1. Slu4-1 thus caused a general

inhibition in the use of all 3. splice-sites tested. Unlike the situation with slu7-1,

we found that slu4-1 caused a slight (approx. 2 fold) decrease in the ratio of

MD/MP. Thus while both the proximal and the distal sites were inefficiently

used in slu4-1, the defect was somewhat more severe in the case of distal splicing,
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suggesting that SLLI4 might function in "measuring" the branchpoint to AG

spacing.

Cloning The SLU7 Gene.

The unique phenotype that the služ-1 strain exhibited in splicing the 3'

splice site competition constructs lead us to clone and sequence the wild-type

SLU7 gene. SLU7 was cloned by complementation of the slu7-1 cold sensitive

phenotype with a yeast genomic DNA plasmid library (Rose and Broach 1991).
Cold-resistant transformants were then streaked at 37°C to test for

complementation of the slu7-1 heat sensitive phenotype. Two independent,

temperature resistant transformants were isolated, which carried identical

complementing plasmids (pyS7-1). The complementing activity of pyS7-1 was

localized to a 2.5 KB fragment (plasmid pyS7-7). The DNA sequence of both

strands of this fragment was subsequently determined (Fig. 3). This fragment

contains one large open reading frame (ORF1), which is predicted to encode a

382 amino acid protein of approximately 44 kd molecular weight.

To determine whether ORF1 was identical to the SLU7 gene, we replaced

over three quarters of ORF1 with the TRP1 gene and used this construct to

disrupt a SLU7/služ-1 heterozygous diploid (details in Materials and Methods).

Disruption of ORF1 produced two classes of diploids. The first class consisted of

diploids that were wild-type with respect to growth at 37°C and gave rise, upon

sporulation, to two wild-type Trp spores and two inviable spores. In the second

class, the diploids were temperature-sensitive and produced two temperature

sensitive Trp spores and two inviable spores. In no case did a temperature

sensitive diploid give rise to a wild-type spore. We infer from these results that

the temperature sensitive diploids were generated by disruption of the wild-type

SLU7 gene through integration of the ORF1-TRP1 construct, which left only the
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služ-1 gene intact. The wild-type diploids, on the other hand, resulted from

disruption of the slu7-1 allele. We conclude that the integrated ORF1 gene

disruption is tightly linked to the služ-1 allele and, therefore, that the

complementing plasmid, pyS7-7 does encode SLU7. Furthermore, since all

diploids tested produced only two viable Trp progeny upon sporulation, we

conclude that SLLIZ is essential for the viability of S. cerevisiae.

An examination of the predicted SLU7 protein sequence revealed a region

that bears striking similarity to a cysteine-rich "zinc-knuckle" motif of retroviral

nucleocapsid proteins (Table 2; Berg 1986; South and Summers 1990). The

hallmark of this motif is the consensus sequence CX2CX4HX4C, which

coordinates zinc in a manner reminiscent of classical zinc-finger proteins (Schiff

et al. 1988; Roberts et al. 1989; Green and Berg 1990; Summers et al. 1990;

Fitzgerald and Coleman 1991). Note that the relative spacing of Cys and His

residues is strictly specified in the case of nucleocapsid proteins, unlike the case

of zinc-finger proteins. In addition to this consensus sequence, the SLU7 motif

shares several other features with its retroviral counterparts, including: 1) highly

conserved Gly residues at positions 5 and 8, 2) charged residues at positions 6

and 13, 3) a polar residue at position 3, and 4) several Lys or Arg residues

directly following the "zinc-knuckle" (Berg 1986; Katz and Jentoft 1989; South and

Summers 1990). For these reasons we propose that SLLIZ encodes a "zinc
knuckle" domain.

In retroviral particles, the nucleocapsid proteins are associated with the

genomic RNA, and indeed, these proteins bind RNA non-specifically in vitro

(Karpel et al. 1987; Jentoft et al. 1988; Roberts et al. 1989). Mutations within the

zinc-knuckle motif, in particular the conserved cysteine residues, abolish the

packaging of genomic RNA into viral particles (without otherwise disrupting

particle assembly). These findings have prompted the hypothesis that the zinc

115



knuckle plays an essential role in specifically binding the retroviral genomic

RNA during viral particle assembly (Gorelicket al. 1988; Meric and Goff 1989;

Aldovini and Young 1990, Gorelicket al. 1990; Dupraz et al. 1990). We thus

wanted to address the intriguing possibility that the putative zinc-knuckle of

SLU7 might bind RNA in some capacity during splicing. To test this idea, we

mutated two of the conserved cysteine residues within the zinc-knuckle, C122

and C125, to serine (the double mutant is referred to as slu7-CCSS).

We first tested whether slu7-CCSS could support viability in the absence

of the wild-type SLU7 gene product. To this end, a LEU2 plasmid carrying služ

CCSS (pyS7CCSS-LEU) was transformed into a strain, yS7-GK, in which the

chromosomal SLU7 gene was disrupted by TRP1; wild-type SLU7 activity was

provided by pyS7-7, a URA3 plasmid. To assay mutant activity, Leut

transformants were streaked onto 5FOA, which selects against cells carrying the

URA3 gene, and hence the wild-type SLU7 plasmid (Guthrie and Fink 1991).

Under these conditions, cells could live only if služ-CCSS provided some degree

of SLU7 activity. We observed that služ-CCSS supported yeast cell growth

comparable to wild-type SLLIZ under all conditions tested (data not shown).

Therefore, disruption of the SLU7 zinc-knuckle does not appreciably affect the

growth characteristics of yeast.

As a more sensitive test of SLU7 activity, we again turned to the 3' splice

competition construct +0WT, and asked whether služ-CCSS might affect the

pattern of competitive splicing. Results of the primer extension analysis of +0WT

RNA isolated from SLU7, služ-1 and slu7-CCSS cells are shown in Figure 4 and
summarized in Table 1a. By this assay, the activity of slu7-CCSS is measurably
different from the activities of both SLU7 and služ-1. That is, služ-CCSS caused

the levels of both Mature-Proximal (MP) and Mature-Distal (MD) to fall relative

to Lariat-Intermediate, approximately 2 fold and 3 fold respectively. Unlike slu7
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1, therefore, služ-CCSS is moderately defective in splicing both 3'S and 3L splice

sites. Finally, the decrease in the ratio of MD/MP (from 5.5 in the case of wild

type to 3.1) observed for služ-CCSS indicated that the distal site was slightly

more sensitive to this mutation than was the proximal site. The phenotype of the

služ-CCSS allele is significant because it links SLU7 activity to 3'S splicing; i.e.,

wild-type SLU7 activity is required for the efficient splicing of these splice-sites,
as well as for 3'L sites.

DISCUSSION

The SLLI4 and SLU7 genes were identified on the basis of their genetic

interaction with the U5 snRNA (Frank et al. 1992) and are both required for the

second catalytic step of splicing (Frank et al. 1992; Vijayraghavan et al. 1989).

Note, SLU4 is allelic to PRP17). In this paper we have begun to address the

specific mechanisms by which they act, and whether their roles can be linked to

the function of the U5 snRNP. In the simplest view, one can imagine several

modes of action for a factor required for step two: 1) selection of a specific 3'

splice site among several potential sites (e.g., 3'L vs. 3'S); 2) identification of the 3'

splice site as a fixed landmark (e.g., the first AG 3' to the branchpoint); or 3)

promotion of the cleavage/ligation reaction. Since the latter two roles are

presumably generic requirements for all introns, we sought to distinguish the

first mechanism by employing a construct in which two potential 3 splice-sites
compete in cis. An alteration in the ratio with which these sites are used should

be indicative of mutation in a factor that mediates splice site choice.

slu7-1Affects 3'L but not 3'S Splicing.
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Our experimental evidence strongly suggests that SLU7 is a factor

involved in the selection of 3L type splice-sites, which are located - 22nts.

downstream of the branchpoint and are normally preceded by a uridine-rich

sequence (Parker and Patterson 1987). The slu7-1 mutant was defective in

splicing the +0WT distal site and both the distal and proximal sites of +AWT, but

spliced the +0WT proximal site normally. As discussed above, both of the +AWT

splice-sites are 3L type splice-sites, as is the +0WT distal site. The +0WT

proximal site, on the other hand, is located just 10 nts. downstream of the

branchpoint and is therefore similar to 3'S splice-sites. The phenotype of the

služ-1 mutation can thus be explained by a decrease in the spliceosome's ability

to productively utilize splice-sites located the typical distance (>22nts) from the

branchpoint. Since the slu7-1 allele had little effect on the splicing of a 3'S site,

use of this type of site probably bypasses the SLU7 activity that this mutation

disrupts.

The relative use of 3'L splice-sites is influenced by two considerations: 1)

optimal branchpoint to 3' splice site spacing and 2) uridine tract strength

(Patterson and Guthrie 1991). In principle, disruption of the factors responsible

for either of these preferences could inhibit 3'L splicing. Our data do not support

the hypothesis that the služ-1 mutation is defective in poly-uridine recognition,

since a 3L splice site with little or no uridine enrichment (the proximal site of
+AWT) was affected to the same extent as uridine-rich sites. In other words,

služ-1 caused little, if any, change in uridine specificity relative to the overall

effect on 3'L splicing. Indeed, in a preliminary set of experiments, we have found

that služ-1 responds to increases in uridine strength almost to the same degree as

does wild-type (data not shown). These results suggest that the slu7-1 mutation

does not disrupt a poly-uridine binding domain, but they do not rule out the

possibility that other domains of SLU7 might function to bind RNA.
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"Zinc-knuckle" Mutations Confer a Modest Phenotype.

Intriguingly, the SLLIZ gene does encode a fourteen amino acid motif that

is suspected to function in RNA binding: the cysteine-rich "zinc-knuckle" motif

of retroviral nucleocapsid proteins (Berg 1986; Katz and Jentoft 1989; South and
Summers 1990). Several in vitro studies have demonstrated that these

nucleocapsid proteins can bind RNA non-specifically (Karpel et al. 1987, Jentoft

et al. 1988; Roberts et al. 1989). Furthermore, mutations in the zinc-knuckle, most

notably in the conserved cysteine residues, result in the production of viral

particles that are devoid of viral genomic RNA, but instead package host RNA.

These findings have lead to the proposal that this motif specifically binds

retroviral genomic RNA during retroviral particle assembly (Gorelick et al. 1988;

Meric and Goff 1989; Aldovini and Young 1990; Gorelicket al. 1990; Dupraz et al.

1990. In contrast to the retroviral studies, we found that mutating two of the

conserved cysteine residues of the SLU7 zinc-knuckle motif (C122 and C125; služ

CCSS) produced no discernible growth phenotype in cells homozygous for this

mutation. služ-CCSS did, however, cause a moderate, but reproducible, decrease

in the splicing of both 3'S and 3L introns. Thus an intact zinc-knuckle promotes

efficient splicing per se, but it is not preferentially required for 3'L introns and

therefore does not specifically bind to the uridine-enriched tracts of 3'L splice

sites. If this motif does function in RNA recognition (which has yet to be

rigorously shown for any protein listed in Table 2), another candidate substrate is

the U5 snRNA, since slu7-1 was isolated in a genetic screen for factors that

interact with the conserved loop of this RNA. We are currently testing this

possibility.

The lack of strong growth or splicing phenotypes conferred by služ-CCSS

was surprising, given the strong homology to retroviral zinc-knuckles, which are
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essential for viral RNA packaging. Our results clearly limit the possible roles of

the SLU7 zinc-knuckle in RNA binding and/or splicing. It is possible that the

SLU7 zinc-knuckle does indeed function as an RNA binding domain, but that its

activity is not rate limiting under the growth conditions tested.

slu4-1 Is More Typical of Step 2 Mutants.

In contrast to služ-1, slu4-1 is defective in splicing both 3'S and 3L splice

sites. This phenotype indicates that SLU4 is required for a more general process

that occurs during the splicing of all 3' splice-sites (e.g. recognition of AG

dinucleotides). A preliminary examination of other second step splicing mutants

revealed that their behavior in the competition assay was more similar to that of

wild-type or slug-1 than to that of služ-1 (data not shown). To date we have

tested mutations in all published second step factors (pro18-1, Vijayraghavan et

al. 1989; pro16-2, Schwer and Guthrie 1991), slu4-1 and služ-1) as well as a variety

of other mutations that are thought to interact with SLU7 or the U5 snRNP (prp8

1, Lossky et al. 1987; pro4-1, Bordonné et al. 1990; slu1-slu12, Frank et al. 1992

and several U5 snRNA point mutations). Our results to date indicate that slu7-1

confers a unique phenotype. The phenotypic differences between slu7-1 and

služ-CCSS, however, underscore the need for multiple alleles in any such

analysis.

A Model of SLU7 Function.

The služ-1 mutation eliminates the normal twenty-fold preference of 3'L

over 3's sites; this reduction can be totally accounted for by inhibition of 3'L sites,
rather than activation of 3'S sites. Since neither of the SLLIZ mutations that we

have tested are affected by the uridine content of 3L sites, SLU7 probably does

not recognize these introns by a sequence-specific mechanism. Rather, the role of
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SLU7 is likely to be dependent on a generic feature of this class of introns,

presumably the distance (>22nts.) between the branchpoint and the AG

dinucleotide. We have previously proposed that the recognition of distantly

spaced 3' splice-sites is likely to require the participation of a factor ("PRPX") that

binds to 3' splice-sites with an affinity that is proportional to the uridine content

adjacent to the AG dinucleotide (Patterson and Guthrie 1991; Parker and

Patterson 1987). According to this view, the normal hierarchy of 3' splice-sites

(U-rich 3'L - U-deficient 3'L-3'S) would be determined by the poor affinity of

PRPX for splice-sites that are low in uridine content, or sterically constrained (or

both). A common feature of all 3 L sites would thus be their recognition by

PRPX.

As shown in Figure 5 SLU7 could serve to "recruit" the PRPX-3' splice site

complex to the assembled spliceosome. The služ-1 phenotype would result from

the inability of mutant SLU7 to productively interact with PRPX. Hence, služ-1

would inefficiently splice all 3'L sites, without influencing the relative

competition between such sites (which is determined by the affinity of PRPX for

the splice site RNAs). Use of 3'S sites, on the other hand, would be unaffected by

slu7-1, because recognition of such sites does not normally require the SLU7

PRPx interaction. The modestinhibition of 3S splicing caused by the služ-CCSS

indicates that SLLIZ might also play some role (albeit minor) in recognizing

features common to all 3' splice-sites, for instance the AG dinucleotide.

SLU7 is depicted (Fig. 5) as an intrinsic component of the spliceosome,

rather than as a specialized factor associating only with 3'L complexes, for

several reasons. First, the phenotype of the putative zinc-knuckle mutant služ

CCSS argues that perturbation of SLU7 function can also (modestly) affect the

use of 3'S sites. Second, the služ-1 mutant exhibits genetic interactions with U5 as

well as with prp16 and prp.18 mutants (Frank et al. 1992). In that U5 (Patterson
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and Guthrie 1987) and PRP16 (Couto et al. 1987) are known to be required for

splicing of 3'S as well as 3L introns, it is likely that these are all constitutive

components of the spliceosomal machinery. Moreover, in light of recent

provocative evidence for an interaction between the U5 snRNA and the exon2

sequences of CYH2 (Newman and Norman 1992), it is tempting to speculate that

the SLU7-PRPX complex and the U5 snRNA might function in concert to select 3'

splice-sites. Biochemical experiments are in progress to directly test these

predictions.

Finally, preliminary experiments in which splicing extracts have been

immunodepleted of SLU7 protein indicate that this protein is required for the

second, but not the first, step of splicing (data not shown), as would be predicted

for a factor that functions solely in 3' splice site selection. This result suggests

that the second-step defect exhibited by the služ-1 allele does not arise from a

neomorphic (novel gain-of-function) change in the SLU7 gene; rather, the mutant

phenotype is an effect of disrupting an essential function of SLU7.

Implications.

The development of a sensitive in vivo assay for 3' splice site competition

revealed that alterations in spacing and sequence can profoundly alter 3' splice

site choice in S. cerevisiae (Patterson and Guthrie 1991). Using these constructs as

reporters, we have now identified a trans-acting factor (SLU7) that functions in

the selection of 3' splice-sites. Because SLU7 is likely to be a component of the

constitutive splicing machinery, this work lends credence to the emerging belief

from mammalian systems that even tissue-specific splice site choice can be

primarily determined by ubiquitous splicing factors (Ge and Manley 1990;

Krainer et al. 1990). It is an intriguing possibility that SLU7 analogues will be
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found to influence splice site selection in higher eukaryotes, where alternative

splicing abounds.

MATERIALS AND METHODS

Genetic Manipulations.

All yeast genetic techniques, including transformations, diploid selection,

sporulation, dissection and the plasmid shuffle were as described in Guthrie and

Fink (1991).

RNA Analysis.

In most cases, cells were grown at 30°C on the appropriate selective media

to an OD(600) of 0.8-1.0 then harvested. For the heat shifts, cells were first grown

in tryptophan deficient media at 30°C to an OD(600) of 1.0. Aliquots of the

cultures were diluted (such that the final OD(600) would be 1.0) into tryptophan

deficient media that had been pre-warmed at 37°C and then grown for either 4 or

8 hours before being harvested. RNA was extracted by the method of Wise et al

(1991) except that the Guanadinium buffer was replaced by the following buffer:

50 mM TRIS (pH 74), 100 mMNaCl, 10 mM EDTA, 1% SDS.

Primer extensions were performed as follows: 13 pig of RNA were mixed

with 1 ng of 32P kinased oligonucleotide in a volume of 6.4 pil and then added to

1.6 ml of annealing buffer (250 mM Tris-Cl pH 83,300 mM NaCl, 50 mM DTT).

After heating for 3 minutes at 68°C, this mixture was frozen in dry ice-ethanol

and then allowed to thaw on ice. To this mixture was added 11.3 pil of reverse

transcriptase buffer (18 mM Tris-HCl pH83,21 mM NaCl, 3.6 mM DTT, 11 mM

Mg(OAc)2, 0.72 mM in each drTP) and 14 U of AMV Reverse Transcriptase (Life
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Sciences, Inc.). The reaction mixtures were incubated at 37°C for 5 min. and then

at 42°C for 20 min. Reactions were stopped by adding 10 pil of formamide dyes

and heating at 90°C for 3 min. Products were resolved on 6% polyacrylamide 7M

Urea gels, which were subsequently dried for one hour. Primer extension

products were quantitated by phosphorimaging (Molecular Dynamics). All

numerical results are based on an analysis of three independent transformants. t

tests were performed for all sets of triplicates in order to assess the statistical

significance of the data (Dowdy and Wearden 1983). In discussing the results,

the term "significant" was used to signify p > 95% for a given test.

Strains.

The following yeast strains were employed in this study:

TR3: MATa uraj lys2 his3 ade2 trp1

yDFA7; MATa služ-1 uraj lys2 his3 ade2 trp1 leu2 snry:LEu2 pBWURA-SNR7

yDFA7C; MATa služ-1 uraj lys2 his3 ade2 trp1 leu2

yDFA4: MATa slu4-1 uraj lys2 his3 ade2 trp1 leu2 snry:LEU2 pHWURA-SNR7

SNR7D : MATauraj lys2 his3 ade2 trp■ leu2 snry:LEu2pBWURA-SNR7

yDFA7-GK1: MATaura: lys2 his3 ade2 trp■ leu2 služ:TRP1 pyS7-7

Plasmids.

The following plasmids were employed in this study:

pSE358, pSE360 and pLN100 were the gift of Steve Elledge (Baylor College of

Medicine, Houston, TX). The yeast genomic DNA library, in YCp50, was a gift of
Mark Rose (Princeton University, Princeton, NJ).

Bluescript IISK (+) was purchased from Stratagene.
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pG1+0WT:TRP, pC1+0WT:LEU and pC1+AWT:TRP were constructed by J.

Umen. These constructs were made by replacing the Actin intron sequence of

the pG1-ACT1-CUP1 fusion (Lesser and Guthrie, in prep.) with the appropriate 3

splice site sequences (the origin of the competition constructs is described in

Patterson and Guthrie (1991)). The parental vector is a 2H plasmid and

transcription of the ACT1-CuP1 fusion utilizes the GPD1 promoter. The +OWT

constructs in the pG1+0WT:TRP and pC1+0WT::LEU plasmids differ with

respect to the reading frames encoded by the competing messages (in +0WT:TRP
the Mature-Distal is in frame while in +0WT::LEU the Mature-Proximal is in

frame). Since the relative stabilities of the mRNAs differ according to their

reading frame, the MD/MP ratios are not directly comparable between these
COnStructS.

pyS7-1: Parental služ-1 complementing clone obtained from the Rose library
(Rose and Broach 1991). 6.5 KB insert.

pyS7-7: 2.5 KB Clal-EcoRI fragment of pyS7-1 insert cloned into YCp50.

pBS7-CR: Clal-EcoRI fragment of pyS7-1 in Bluescript

pBS7-GK: pBS7-CR with TRP1 replacement of SLuž (see below for details)

pyS7CCSS-LEU. SLuz gene mutated at C122 and C125 (CYS-> SER). Bami-Sall

fragment of pBS7-CR in pun100

pyS7CCSS-URA: Identical insert as pXS7CCSS-LEU cloned into pSE360.

pyS7-LEU: SLU7 gene in pun100

pyS7-ura. SLuz gene in pSE360

Cloning, Sequencing and Disruption of SLU7 Gene.

The wild-type SLU7 gene was cloned by complementing the slu7-1 cold

sensitive phenotype with the Rose yeast genomic DNA plasmid library (Rose
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and Broach 1991). Approximately 6x104 transformants (representing approx. 15

genomes) were screened for complementation by directly plating the

transformation mix at 18°C. Two independent plasmid linked suppressors were

identified by this means (both also complemented the temperature sensitivity of

slu7-1). Suppressor plasmids were isolated from yeast by the method of

Hoffman and Winston (1987) and then electroporated into the bacterial strain

dg28. Since the restriction maps of the two plasmids were identical, one of the

suppressing plasmids was chosen for further analysis and designated pyS7-1.

A series of subclones was generated from pyS7-1 and tested for

complementation of the slu7-1 ts defect. The smallest complementing plasmid

identified was pXS7-7, which contained a 2.5 KB fragment of pyS7-1. The

sequence of both strands of the pYS7-7 insert (subcloned into the Bluescript II

plasmid) was determined by dideoxy sequencing (Sanger et al. 1977) with the

Sequenase kit (U.S. Biochemicals).

To disrupt the putative SLU7 ORF, the TRP1 containing SspI-BgllI

fragment of pSE358 was inserted into plasmid pHS7-CR that had been linearized

with NcoI-BgllI and then filled in at the NcoI site (Maniatis et al. 1982). This step

produced plasmid pBS7-GK, which replaces amino-acids 41-356 of SLU7 with the

TRP1 fragment. Plasmid pBS7-GK was then digested with CLAI and EcoRI,

which excises the entire SLU7-TRP1 fragment from Bluescript. This fragment

was transformed into a SLU7/slu7-1 trp1■ trp1 diploid and Trp" prototrophs were

selected. Of 14 Trp" diploids, streaking on SD media minus tryptophan at 37°C

revealed that 12 were temperature sensitive for growth while 2 were wild-type.
A total of eight of these diploids, including both of the wild-type diploids, were

dissected in order to determine linkage between služ-1 and the ORF1::TRP1

integrant.
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Oligo Directed Mutagenesis.

Oligo directed mutagenesis of SLU7, on plasmid pHS7-CR, was

accomplished using the dut'ung protocol of McClary et al. (1989). Mutations

were identified by screening for the introduction of a novel EcoRI site in pBS7

CR and then confirmed by sequencing. The mutant gene was then cloned into

either pun 100 (pyS7CCSS-LEU) for viability assays or pSE360 (pyS7CCSS-URA)

for the competition assays. As controls, similar plasmids (pyS7-LEU and pyS7

URA) were constructed with wild-type SLU7.

For the viability assay, pyS7CCSS-LEU and pyS7-LEU were transformed

into strain yDF7-GK. Viability was then assayed by plasmid shuffle at 25°C and

30°C. Strains cured of the SLU7-URA3 plasmid pyS7-7 were streaked onto YEPD

at 18°C, 25°C, 30°C and 37°C to test for conditional defects.

For the competition assays pXS7CCSS-URA and pyS7-URA were

transformed into a derivative of strain yDF7-GK in which SLU7 was provided by

pyS7-LEU. Transformants were then cured of pyS7-LEU and re-transformed

with the plasmid pC1+0WT:LEU.

A Model of 3'Splice Site Selection.

To model the process of 3' splice site selection, we extended the hypothesis

of Pikielny and Rosbash (1985) to include both steps of the splicing pathway and

a branch in the pathway that represents alternative splicing at the 3' splice site:
k k

kr kl Xºw MP →t-DEGRADAmon
—- P –- L kSº up toº.**! “al MD DEGRADATON

DEGRADATKON

Where: P = [Precursor]; L = [Lariat-Intermediate]; MP = [Mature-Proximal]; MD

= [Mature-Distal]; kT = rate of transcription; kL = rate of lariat formation.;
----
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kMP, kND = rates of splicing at proximal (MP) and distal (MD) splice-sites;

kDP, kDL, kDMP, kDMD = degradation rates of the various products and

intermediates. At steady state (dP/dt=0; dL/dt=0; dMP/dt=0; d.MD/dt=0):

MP -
“Me “ovo MP “we MD -

“wo
MD T

-
L -“wo “ove L “ove k DMD

Thus,
k P k

L = — P = —
K of KMet “wo Kpet k

k . . L k . . L
MD = MD MP = MP

“oo “ove
MP/MD is therefore proportional to the ratio of the individual rates of MP and

MD production (kMP and kMD) and MP/L and MD/L provide a measure of

these individual rate constants. MP/MD, MP/L and MD/L are also influenced

by message stability (kDMP and kDMD). The sluá-1 and služ-1 mutations must,

however, influence rates other than the mature mRNA degradation rates, since

one effect of these mutations is to increase the absolute level of lariat

intermediate; a change that can not be attributed to altered message stability.
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Q
TABLE 1. Quantitation of primer extension data

A

Strain RNA MD/MP MP/L MD/L

Wild-type +OWT-TRP 21.9 +1.9 7.0+0.8 153.9 +22.2
služ-1 +OWT-TRP 0.8 +0.0 12.1 +3.6 9.3 + 2.7
slu-4-1 +OWT-TRP 18.3 +1.4 2.1 +0.2 38.2 + 4.5

Wild-type +AWT-TRP 2.3 +0.1 2.9 +0.5 6.8 + 1.3
slu7-1 +AWT-TRP 2.4 +0.0 0.3 +0.0 0.6+ 0.1
slu.4-1 +AWT-TRP 1.4 +0.0 0.2 +0.0 0.3 + 0.1

Wild-type +0WT-LEU 5.5 +0.2 34.2 +4.5 181.2 +16.6
služ-1 +0WT-LEU 0.2 +0.0 41.1 +2.6 7.2 + 0.4
Slu■ /-7CCSS +0WT-LEU 3.1 +0.0 18.4 +1.5 56.1 + 4.3

B
MD/MP

Strain 0 hrs. G)37C 4 hrs. ©37C 8 hrs. (3)37C

Wild-type 21.9 +1.9 17.9 +3.1 19.8 +0.9
služ-1 0.8 +0.0 0.2 +0.0 0.3 +0.0

al
(MD/MP) The ratio of mature-distal to mature-proximal RNA; (MP/L) the ratio of mature
proximal to lariat intermediate RNA; (MD/L) the ratio of mature-distal to lariat intermediate
RNA. The data, which were obtained by Phosphorlmaging, are expressed as the mean ts.e.m.
of three independent samples. (A) The analysis of +0WT and +AWT RNA in wild-type, sluá-1,
slu7-1, and služ-7CCSS. The identity of the +0WT construct used is designated either +0WT-TRP
or +0WT-LEU; these constructs differ in the reading frames of the MD and MP mRNAs (for
details, see Materials and methods). (B) The analysis of +0WT RNA after shifting wild-type and
slu7-1 cultures to 37°C for the designated time.

130



TABLE 2. Alignment of zinc knuckles (l

1 5 10 14

SLU7 C RN C GEAG H KEKD C MEKPRKMQKLVP
RSV – a C YT C GSPG H YQAQ C PKKRKSGNSRER

—b C QL C NGMG H NAKQ C RKRDGNQGQRPG
MOMuEV C AY C KEKG H WAKD C PKKPRGPRGPRP
MMTV—a C FS C GKTG H IRKD C KEEKGSKRAPPG

—b C PR C KKGY H WKSE C KSKFDKDGNPLP
HIV I — a C FN C GKEG H IARN C KAPRKKG

—b C WK C GREG H QMKD C TERQANFLGKIW
Ty3–2 C FY C. KKEG H RLNE C RARKASSNRS
COPIA C HH C GREG H IRKD C FHYKRILNNKNK
CNBP C FK C GRSG H WARE C PTGGGRGRGMRS

C YR C GESG H LAKD C DLQEDA
C YN C GRGG H IAKD C KEPKREREQ
C YN C GKPG H LARD C DHADEQK
C YS C GEFG H IQKD C TKVK
C YR C GETG H VAIN C SKTSEVN
C YR C GESG H LARE C TIEATA

COnS. C XX C XXXX H XXXX C XXX . . .

(l

The zinc knuckle motif of SLU7 (amino acids 122-135) is shown in alignment with
other representative zinc knuckle motifs. The consensus sequence, CX2 CX4 H4C
is indicated by Cons. The examples shown are as follows: Rous sarcomía virus
(RSV, Schwarz et al. 1983); Moloney murine leukemia virus (MoMulV; Shinnick
et al. 1981); Mouse mammary tumor virus (MMTV; Jacks et al. 1987); human
immunodeficiency virus (HIV; Wain-Hobson et al. 1985); yeast Ty element 3-2
(Ty3-2; Hansen et al. 1988); Drosophila Copia element (Copia; Mount and Rubin
1985); and cellular nucleic acid binding protein (CNBP; Rajavashisth et al. 1989).
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Figure 1. 3 splice site reporter constructs. (A) Partial nucleotide sequences of

the RNA substrates (+0WT and +AWT) used in this study. Each sequence begins

at the branchpoint sequence UACUAAC (the branchpoint adenosine is

highlighted) and extends to the AG acceptor site of the distal 3' splice site. The

competing 3' splice acceptor sites, which are highlighted, are classified as being

either 3. Short or 3 Long based on the distance between the branchpoint and the
AG dinucleotide [for more details, see text and Parker and Patterson (1987)].

Details of the construction of the reporter plasmids are given in Patterson and

Guthrie 1991) and Lesser and Guthrie (in prep.). (B) A diagram of the mature

proximal and mature-distal products that arise from the use of the competing

splice-sites.
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Branch
Point

Proximal 3 'SS Distal 3 'SS

A
UACUA CAUCGAUUAG CUUCAUUCUUUUUGUUGCUAUAUUAUAUGUUUAG +OWT

3 'Short 3'Long

UACUA CAUCGAAACAACAAACGAUUAG CUUCAUUCUUUUUGUUGCUAUAUUAUAUGUUUAG +AWT

3'Long 3'Long

MD 5. 3.

*
|

5'
-

A AG *~~~~ AG 3.
P D

MP 5. º AG D 3.
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Figure 2. Primer extension analysis of 3' splice -site competition RNAs isolated

from služ-1, slu4-1 and wild-type cells. The products of splicing at the proximal

or distal 3' splice-sites are designated MP or MD, respectively (see Fig. 1b for

details). The Lariat-Intermediates produced from the +0WT and +AWT

constructs differ in mobility and are thus labeled according to their type. An

internal control, the U1 snRNA, and the products of the endogenous CLIP1 gene

are also indicated. (A) Analysis of +0WT and +AWT RNA extracted from cells

grown at a semi-permissive temperature (30°C). (B) A longer exposure of the gel

shown in A, which highlights the levels of lariat-intermediate. (C) The effect on

+0WT splicing of shifting slu7-1 and wild-type cells to the non-permissive

temperature of 37°C for either 0, 4 or 8 hours.
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Figure 3. Nucleotide and deduced amino acid sequence of SLU7 gene. The

sequence of the smallest služ-1 complementing fragment is shown along with the

amino acid sequence of the largest ORF. The sequence of the "zinc-knuckle",

amino acids 122-135, is indicated by overlining.
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AACCAGAAGATTCCAGGTTCAAGTCCTGGCGGGGAAGATTTTTTATACATTTTTCTAGACTTTTGATTTTTATACCTAGTGACAATTAAA

ATATAGAAAAGAGTTGGTAACCTCAGCTGCCGTACTCTTCAATTTAATTGGAGAAGTTATCGAGTTTTTTTAAAGTACATTTCATTGGAA

CAACTAGTGACTAGTTCGAACGCGGAAAGACAATAATAGTACCCATAACGATAACTCCTTCGTTATCTATTGAATAGCTTGCCTTTCAAG

TAAATCAATAATCAAGTCTGCGTATATCATTTATCGAGCACTTCTGAAAAAGATACCAGTTACACTGAAATACAACGATCGGATTACATA

M N N N S R N N E N R S T I N R N K R Q L Q Q A K E K N E N
ATGAATAATAACAGCAGAAACAACGAAAATCGAAGCACTATTAACAGAAATAAAAGGCAACTACAACAAGCAAAAGAAAAAAATGAAAAT

I H I P R Y I R N Q. P W Y Y K D T P K E Q E G K K P G N D D
ATTCATATCCCCAGGTATATTAGAAATCAACCATGGTACTATAAGGATACCCCCAAAGAACAAGAAGGGAAGAAGCCCGGCAATGATGAT

T S T A E G G E K S D Y L V H H R Q K A R G G A L D I D N N
ACGAGCACTGCAGAAGGAGGAGAAAAAAGCGACTACTTGGTGCATCATAGGCAAAAAGCAAAAGGGGGTGCTTTAGATATTGACAATAAT

S E P K I G M G I K D E F K L I R P Q K M S v R D S H S L S
TCAGAACCAAAAATTGGTATGGGTATAAAGGATGAGTTCAAACTAATCAGACCCCAGAAGATGTCCGTCCGAGATTCTCATTCGCTGTCA

F C R N C G E A G H K E K D C M E K P R K M Q K L V P D L N
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Figure 4. Effects of "zinc-knuckle" mutations on +0WT splicing. The effect of

slu7-CCSS, slu7-1 and wild-type on splicing +0WT RNAs was measured by

primer extensions. The products of splicing at the proximal or distal 3' splice

sites are designated MP or MD, respectively (see Fig. 1b for details). Lariat

Intermediate, an internal control (the U1 snRNA) and the products of the

endogenous CUP1 gene are also indicated. (A) The analysis of +0WT RNA

extracted from cells grown at a semi-permissive temperature (30°C). (B) A

longer exposure of the gel shown in A, which highlights the levels of lariat

intermediate. Note that the +0WT construct examined in this experiment differs

from the +0WT construct examined in fig. 2 with respect to the reading frames of

the competing messages. Consequently, the MD/MP ratios are not directly

comparable between the two experiments.
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Figure 5. Model of SLU7 function. This model shows an assembled spliceosome

immediately prior to the selection of a 3' splice site (in this case, a 3L site). The 3'

splice site is bound by a putative 3' splice site binding factor, PRPX. Splice site

selection occurs when SLU7 binds to the PRPX-3' splice site complex, thus

"recruiting" the site into the spliceosome. The phenotype of the slu7-1 mutant is

hypothesized to arise from a block in the "recruitment" process, as indicated by a
dashed line.
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CHAPTER 4

Prolegomena To Any Future Biochemistry of SLU7
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SUMMARY

In order to study the function of wild-type SLU7, we have developed a

biochemical assay for SLU7 function. Antibodies were raised against

heterologously produced SLU7 protein and used to deplete splicing extracts of

SLU7 protein. Depletion of SLU7 protein has no effect on the first step of pre

mRNA splicing but strongly inhibits the second step; SLU7 is therefore required

for completion of the second step of splicing. Complementation of the splicing

defect with bacterially produced SLU7 protein demonstrates that the effect of

immunodepletion is directly due to the loss of SLU7 protein. Furthermore, fully

assembled, arrested spliceosomes can be complemented by the addition of SLU7

protein, further indicating that this factor is not required for spliceosome

assembly. Finally, no specific co-immunoprecipitation of snRNAs with SLU7 has

been observed by anti-SLU7 immunoprecipitation. Thus, SLU7 is not tightly

complexed with any of the splicing snRNPs under the conditions used in

immunoprecipitation.
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INTRODUCTION

The analysis of SLU7 function described in the previous two chapters was

based primarily on the characterization of a single mutant allele, služ-1. Despite

the valuable information obtained from služ-1, we were concerned that the

analysis of a single mutant allele might provide only a narrow picture of SLU7

function. If, for instance, this particular allele disrupts only one of several

functions carried out by wild-type SLU7 then its characterization will provide

only limited information about wild-type function. Consequently, we have

begun to directly examine the activity of the wild-type SLU7 protein. The

analysis of wild-type activity has necessitated a change from genetic to

biochemical methodologies. In particular, we are now exploiting the yeast in

vitro splicing system in order to attack the problem of SLU7 function. The

development of two biochemical tools, anti-SLU7 antibodies and heterologously

produced SLU7 protein, have also greatly aided this task. The results of initial

experiments utilizing these reagents generally support the results obtained in the

analysis of služ-1. The results presented in this chapter lay the groundwork for

future analysis of SLU7 function.

RESULTS AND DISCUSSION

Our general approach to studying SLU7 function is based upon specific

removal of this protein from splicing extracts via immunodepletion. Anti-SLU7

antibodies were raised against a TrpE-SLU7 fusion protein expressed in E. coli

(see Materials and Methods). This fusion protein encodes the central two-thirds

of SLU7 (residues 122-382; fig. 1), including the putative zinc-knuckle motif. Of
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three antisera tested, two produced strong signals corresponding in mobility to

SLU7 on Western blots of yeast splicing extracts (data not shown). Preliminary

immunodepletion experiments indicated that only one of these antisera (O3)

affected in vitro splicing (see below). Consequently, the following experiments

all utilized this particular antiserum.

Two lines of evidence were used to demonstrate that O2 antiserum

specifically recognizes SLU7. First, the intensity of the signal obtained in

Western blots was substantially increased (fig. 2; compare lanes 1 and 2) when

SLU7 was expressed from a high-expression promoter (the GPD1 promoter of

plasmid pC-1; Schena et al. 1991). When a truncated form of SLU7 was

overexpressed in a similar manner, the O2 antiserum detected a protein with

increased mobility (fig. 2). Secondly, an E. coli strain producing SLU7 (via a T7

SLU7 fusion gene) gave rise to a signal on a Western blot corresponding in size to

SLU7, while cells carrying the parental vector produced no such signal (the

increased mobility of SLU7 resulted from the addition of 14 amino acids to the

amino terminus of SLU7). Thus, the oº antiserum used in this study reacts

specifically with the SLU7 protein.

The first set of experiments was designed to test the effect on in vitro

splicing of removing SLU7 from a splicing extract. To this end, Protein-A

sepharose purified oº antiserum was used to immunodeplete a yeast splicing

extract of SLU7 (see materials and methods). As a control, splicing extract was

mock depleted with Protein-A sepharose beads alone. The kinetics of pre-mRNA

splicing were then assayed in the experimental and control extracts. As shown in

fig. 3. an extract depleted of SLU7 was almost completely incapable of producing

excised lariat and fully spliced mRNA, the products of the second step of

splicing. Furthermore, the first step of splicing was unaffected by SLU7

depletion, relative to the control extract. The slow kinetics of mRNA formation
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cannot be explained simply by inhibition of the first step of splicing (i.e. that the

first step is limiting) because lariat-intermediate accumulated in the SLU7

depleted extract. Therefore, the second step becomes rate limiting for mRNA

formation in the absence of SLU7. Thus, the results of this assay strongly imply

that wild-type SLU7 protein functions solely in the second step of splicing. This

finding confirms our previous conclusion (chpt. 2), based on the in vitro and in

vivo analysis of slu7-1, that SLU7 is a second step factor.

Anti-SLU7 depletion usually produced a substantial (e.g. 75%-90%), but

not complete, block of the second step. The degree of inhibition varied with the

source of extract and preparation of antibodies and was only rarely 100%. The

partial effect of anti-SLU7 depletion can be explained in two ways: 1) removal of

SLU7 from extracts was incomplete or 2) SLU7 is not absolutely required for

second step catalysis. Analyses of PRP17 and PRP18 provide clear precedents for

the latter explanation; these two genes are not essential and immunodepletion

produces only partial inhibition of the second step (M.H. Jones, unpublished;

Horowitz and Abelson 1993). However, SLU7 differs from these two examples

because the SLU7 gene is essential for viability. Thus, the partial effect on

splicing caused by anti-SLU7 depletion probably resulted from incomplete

removal of SLU7. Western blot analysis of depleted extracts has been

inconclusive as of yet.

While Western blot analysis demonstrates that the O2 antiserum reacts

primarily with SLU7, it is formally possible that the block in splicing (fig. 3)
resulted from the removal of a factor other than, or in addition to, SLU7 from the

splicing extract. To test this hypothesis, I attempted to complement an O.3

immunodepleted splicing extract with E. coli produced SLU7 protein. The

rationale for this experiment was that heterologously expressed SLU7 protein,
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which is free of any other splicing factors, would complement the oº induced

splicing defect only if the inhibition were caused by the specific removal of SLU7.

SLU7 protein was expressed in E. coli by fusion to the T7 RNA polymerase

promoter (Studier et al. 1990; this protein is referred to as TV-SLU7 to denote its

production in E. coli). The details of the T7-SLU7 expression system, as well as

production of TV-SLU7 protein containing bacterial extracts are presented in

Materials and Methods. Control extracts were prepared from cells devoid of the

T7-SLU7 encoding plasmid.

Initial attempts to complement the O.3 antiserum induced splicing defect

failed uniformly, due to extensive nucleolytic degradation of splicing substrate

by T7-SLU7 and control extracts. In order to minimize this damage, a

complementation protocol was developed that entailed three critical features: 1)

TZ-SLU7 extract was added to o-SLU7 depleted, pre-assembled spliceosomes

that had arrested after the first step (depleted extract was incubated with

precursor for 25 minutes, ample time for completion of the first step.); 2) the time

course of complementation was shortened from 25-30 min. to 5-10 min.; and 3)

substantial quantities of RNase inhibitors were added to the splicing reactions.

Following this revised protocol, I was able to observe strong complementation of

the second step block by the T7-SLU7 extract, but not by the control extract (fig

3). Thus, the inhibition in splicing caused by os immunodepletion resulted from

the specific removal of SLU7, rather than another protein, from the extract.

Two other important conclusions can be drawn from this

complementation experiment. First, complementation with heterologously
produced SLU7 indicates that if other second step factors are co

immunoprecipitated with SLU7, they are not completely removed from the

extracts. The possibility of this scenario arises from the demonstration, on
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genetic grounds, that slu7-1 alleles are synthetically lethal with mutant alleles of

several other step 2 factors (Frank et al. 1992; chpt. 2).

Second, TŽ-SLU7 protein complemented pre-assembled spliceosomes that

had already catalyzed the first step of splicing. In the experiment shown in fig. 3,

an excess of cold competitor pre-mRNA was added to the splicing reactions

immediately prior to complementation with TV-SLU7. Since the quantity of

competitor added is sufficient to block de novo synthesis of spliceosomes,

complementation must have resulted from chasing spliceosome-bound exon 1

and lariat-intermediate into mRNA and excised lariat. Thus, the SLU7 protein is

capable of productively interacting with assembled, arrested spliceosomes and

promoting catalysis of the second step of splicing. In this respect, SLU7 activity

is analogous to the activities of both PRP16 and PRP18, which can also

complement arrested, assembled spliceosomes (Schwer and Guthrie 1991;

Horowitz and Abelson 1993).

The SLU7 gene was initially identified on the basis of a genetic interaction

with the U5 snRNA. Whether the SLU7 protein physically interacts with U5

remains, however, an open question. It is unlikely that SLU7 is a tightly bound

constituent of the U5 snRNP. If this were so then immunodepletion of SLU7

would likely also remove the U5 snRNP from extracts; this would result in a

strong block of the first step of splicing, which was not observed. Furthermore, I

have not detected specific co-immunoprecipitation of the U5 snRNA, or any

other snRNA, with anti-SLU7 antibodies, as assayed by Northern blot analysis

and pCp labeling (data not shown). Both of these results indicate that SLU7 is

not tightly associated with the U5 snRNP, or any other splicing snRNP. A model

in which a weak interaction between SLU7 and U5 exists, but is destabilized by

the O.3 antiserum, can not be ruled out, though.
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MATERIALS AND METHODS

General Methods

General yeast methods and media were as described by Guthrie and Fink

(1991). Bacterial cloning methodologies followed the protocols of Maniatis et al.

(Maniatis et al. 1982). Plasmid pbS-7Bam was created by introducing a BamHI

site, via oligonucleotide directed mutagenesis (McClary et al. 1989), immediately

upstream of the SLU7 start codon in plasmid pBS7-CR (Frank and Guthrie 1992).

Buffers

Cracking: 10 mM Na phosphate (pH 72), 1% B-mercaptoethanol, 1%
SDS, 6M urea.

PBS: 10 mM Na phosphate (pH 7.2), 150 mM NaCl

Splicing buffer D. 20% (v/v) Glycerol, 20 mM HEPES pH79, 100 mM

NaCl, .2 mM EDTA, .5 mM DTT

RNA elution: 500 mM NH4 Acetate, 10 mM MgCl2, 1 mM EDTA

Antibody Production

Polyclonal antibodies were raised against a TrpE-SLU7 fusion protein
expressed in E. coli (Koerner et al. 1991). The fusion protein gene was

constructed by ligating the EcoRI fragment of pyS7-C122S (Frank and Guthrie

1992) into the EcoRI site of the TrpE expressing vector paTH3 (thus forming

pATH-SLuz. fig. 1). This construct joins amino acid residues 122-382 of SLU7,

including the putative zinc knuckle motif, to the carboxyl terminus of TrpE.

Plasmid paTH-SLU7 was transformed into E. coli strain CAG456 (Baker et al.

1984) and the fusion protein induced in liter cultures as described by Koerner et
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al (1991). Cells were harvested by centrifugation, lysed in 20 ml. of cracking

buffer for 30-60 min. at 37°C and separated by denaturing PAGE. TrpE-SLU7

protein was identified by briefly staining the gel with Coomassie Blue stain. The

gel slice surrounding the protein was excised and SLU7 was electroeluted as

described by Hunkapiller et al. (1983). An aliquot of concentrated, purified

protein was electrophoresed alongside a BSA standard in order to estimate the

yield of TrpE-SLU7. These protein preparations were subsequently used to raise

antibodies in three rabbits. Polyclonal sera were produced by the Berkeley

Antibody Company. Antisera were screened for reactivity with the SLU7 protein

by Western Blot analysis of yeast splicing extracts.

All antisera used in this study were partially purified by Protein-A

Sepharose chromatography using the Bio-Rad Affi-Gelº Protein-A MAPSG kit.

Following dialysis in PBS, antibodies were concentrated to 10-15 mg/ml by

centrifugation through Centricon filters (Amicon).

SLU7 Overexpression

SLU7 was overexpressed in yeast by fusing the SLU7 gene to the GPD1

promoter of the multi-copy plasmid pC-1 (Schena et al. 1991). A construct

expressing full length, wild-type SLU7 was made by cloning the BamhI

fragment of pBS-7Bam into the BamhI site of plasmid pC-1 (to form pC1-SLU7;

fig. 1). In addition, a truncated form of SLU7 (a.a. 1-306) was constructed by

subcloning the BamhI-BgllI fragment of pBS-7Bam into the BamhI site of

plasmid pC-1 (to form pC1-SLU7A). Plasmids pC1-SLU7, p.G1-SLU7A and pC-1

were transformed into strain BJ2168, a protease deficient strain (Jones 1991), for

analysis of SLU7 expression.

For protein preparations, transformed cells were grown at 30°C in

selective media (4 ml. liquid cultures) to an OD(600) of 1.0. Cells were harvested
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by centrifugation, washed with sterile H2O and re-pelleted. Cells were

resuspended in 50-100 ml of SDS sample buffer and an equal volume of sterile

glass beads. Samples were vortexed twice for 30 sec. and then boiled 3 min. in

order to lyse the cells and solubilize protein. Lysates were clarified by

microcentrifugation for 5 min. Typically, 5-10 pil of sample were analyzed by

Western Blotting.

Heterologous SLU7 expression

Expression of SLU7 protein in E. coli was accomplished via the T7 RNA

polymerase system (Studier et al. 1990). The entire SLU7 coding region, carried

on the BamhI fragment of pBS-7Bam, was subcloned into the BamhI site within

plasmid pET-3a, to create pET-SLU7 (fig. 1). This places the SLU7 gene

downstream of both a T7 RNA polymerase promoter and a Shine-Dalgarno

sequence. Translation of this construct adds fourteen amino acid residues (1.4kd

predicted) to the amino terminus of SLU7.

Plasmids pFT-3a and pET-SLU7 were transformed into E. coli strain
BL21(DE3) (Studier et al. 1990), which carries and IPTG inducible T7 RNA

polymerase gene. For SLU7 expression, overnight cultures of these strains were

diluted 1/100 into LB media plus ampicillin and grown for 1 hr. at 37°C. IPTG
was added to a final concentration of 1 mM and induced cultures were incubated

4 hrs. at 37°C. Cells were harvested by centrifugation and cell pellets frozen in

liquid nitrogen. Crude cell free extracts were prepared by the method of Shuman
et al (1988). To summarize, cells were lysed on ice by addition of lysozyme and

Triton X-100. Cellular debris was cleared by centrifugation at 20,000 rpm for 20

min. Finally, lysates were dialyzed against Splicing buffer D. Extracts from cells

carrying either the parental vector (pET-3a) or pET-SLU7 were made in parallel.
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Immunodepletions

In a typical immunodepletion, 60 pil of splicing extract (ca. 600 pig protein)

was incubated with 20 ul of Protein-A purified antibodies (200-300 pig IgG) on ice

for 1 hr. Approximately 50 ul (bed volume) of Protein-A sepharose beads (CL

4B, Pharmacia) that had been washed extensively with PBS were added to the

mixture of extract and antibodies. This slurry was gently shaken for 1 hr. at 4°C.

Beads (coupled to antibodies) were removed from the extract by

microcentrifugation. Supernatant was centrifuged twice to insure complete

removal of beads. Mock depleted control extracts were prepared similarly,

except PBS was added instead of antibody.

Splicing in vitro

Yeast splicing extracts were prepared by the method of Lin and Abelson

(1985), while splicing reactions followed the protocol of Lustig et al (1986). In

assays of immunodepleted extracts, the H2O in the reaction mixtures was

replaced by additional depleted extract.

Complementation assays were carried out as follows. Splicing reactions

using immunodepleted extracts were incubated for 25 min. at 25°C. A cocktail of

32.4 Units of RNase inhibitor (RNAguard, Pharmacia), excess cold competitor

pre-mRNA (determined empirically) and 1 pil of bacterial extract (pET-SLU7 or

pET-3a) was added to the splicing mixture and then the entire mixture was

incubated for an additional 5 min. at 25°C. Splicing reactions were quenched and

processed as described by Lustig et al (1986).

Preparation of pre-mRNA Transcripts

The splicing substrate used in the in vitro assays was a transcript of the

wild-type Actin pre-mRNA. Pre-mRNA substrate was prepared by transcription
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with TV RNA Polymerase, using a protocol provided by Promega. Labeled

transcripts were purified by gel electrophoresis. Gel slices containing the

appropriate bands were excised and eluted overnight at 4°C in RNA elution

buffer. Eluate was collected by centrifuging the elution mixture through glass

wool. RNA was extracted once with phenol/chloroform, ethanol precipitated

and then resuspended in DEPC treated H2O. Finally, the specific activity of the

RNA was determined by Cerenkov counting. Cold competitor RNA was

prepared in a similar manner, except 32P Y-ATP was replace with cold ATP.

Western Blot Analysis

SLU7 protein was detected by Enhanced ChemiLuminescence

(Amersham), using anti-SLU7 sera as primary antibody (diluted 1/3000) and

Goat Anti-Rabbit IgG conjugated to Horseradish Peroxidase (Bio-Rad

Laboratories: diluted 1/6000) as secondary antibody.
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Figure 1. SLU7 Constructs. The SLU7 constructs used in this study are

schematized in this figure (see Materials and Methods for construction details).

The SLU7 zinc knuckle encoding region is stippled while the remainder of the

coding region is uncolored. The amino terminus of the TrpE protein is shaded

gray. Arrows labeled "GPD" or "TV" represent the GPD1 and T7 RNA

polymerase promoters, respectively.
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Figure 2. Specificity of anti-SLU7 antibodies. Proteins were resolved by SDS

PAGE, transferred to nitrocellulose filters and probed with the polyclonal anti

SLU7 antisera oº. SLU7 protein was produced from either yeast strain BJ2168
(lanes 1-3) or E. coli strain BL21 (lanes 4 and 5). These strains were transformed

with either control or SLU7 expressing plasmids (see fig. 1, text). Equal cell

equivalents of extracts prepared from each set of strains (i.e. BJ2168-po] or BL21

pET sets) were loaded onto the gel, but comparison between yeast and E. coli

expression systems is not appropriate.
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Figure 3. Effect of SLU7 depletion on time course of in vitro pre-mRNA splicing.

Yeast splicing extracts (Lin et al. 1985) were either immunodepleted with anti

SLU7 antiserum (labeled ASLU7) or mock depleted by addition of PBS (labeled

W.T.). Details of immunodepletion are given in Materials and Methods. For

each extract, a time course of in vitro splicing (Lustig et al. 1986) was then

determined at 25°C by quenching splicing reactions at the given time points. The

splicing substrate was a 32P labeled T7-ACT1 transcript. Intermediates and

products of the splicing reaction are specified by schematics of the various

species.
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Figure 4. Complementation of splicing defect caused by anti-SLU7

immunodepletion. Yeast splicing extracts (Lin et al. 1985) were either

immunodepleted with anti-SLU7 antiserum (labeled ASLU7) or mock depleted

by addition of PBS (labeled W.T.). Immunodepletions and splicing reactions

were carried out as described in Materials and Methods. Complementing

activity was assayed by supplementing splicing reactions, at the specified times,

with SLU7 extracts and excess cold competitor pre-mRNA. Complementing

extracts were as follows: 1) Fraction 1 (labeled "F"), a 40% ammonium sulfate

fraction of yeast splicing extracts; 2) bacterially produced T7-SLU7 protein

(labeled "7"); or 3) control extract (labeled "C"), produced from cells not

expressing TV-SLU7. Splicing reactions were quenched after a total incubation

time of 25 min., so complementation occurred over the course of 5 min. The

splicing substrate was a 32P labeled T7-ACT1 transcript. Intermediates and

products of the splicing reaction are specified by schematics of the various

species.
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EPILOGUE

The Will to Splice: Future Analysis of the Second-Step
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FUTURE DIRECTIONS

The preceding chapters describe a body of work that I believe will provide

a substantial basis for further characterization of U5, SLU7 and other step 2

factors. But as is always the case in science, more questions arose from these

studies than were answered (or even addressed!) so there remains a great deal of

difficult, yet intriguing work to be done in this corner of the splicing field.

Consequently, this section provides a sampling of some interesting lines of

research that might be developed from my thesis work.

U5 snRNA Structure/Function

The phylogenetic and deletion analysis of the U5 snRNA that was

presented in chpt. 1 indicates that the heart of U5 is a 39 nt. domain that includes

two conserved sequence elements: Loop;#1 and Inner Loop;#1. Although

deletion of either of these conserved elements abolishes U5 activity, the deletion

mutant U5 snRNAs apparently form stable snRNPs. However, which specific

snRNP structures are formed has not been rigorously established for any of these

deletion mutants, or for the chimeric U5 molecules. One would like to know, for

instance, whether deletion of Loop;#1 prevents the formation of the U4/U5/U6

tri-snRNP complex. By determining which, if any, steps in the U5 snRNP

assembly hierarchy are disrupted by the deletions or chimeras, it will be possible

to determine when each of the conserved sequence elements is first required for

U5 activity. Since the deletion mutant U5 snRNAs are stable in heterozygous

strains, a biochemical analysis of mutant snRNP structure (involving glycerol
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gradient centrifugation, immunoprecipitation with anti-PRP8 antibodies etc.)

should be straightforward and highly informative.

The biochemical analysis of U5 snRNP structure would be productively

complemented by genetic screens designed to identify the various factors that

interact with the U5 snRNA. Such screens should identify factors, such as U5

snRNP proteins, that directly interact with the U5 snRNA, as well as factors that

function in concert with the U5 snRNP. The various U5 alleles discussed in chpt.

1 provide an existing set of tools that can be exploited in screens for classical

genetic suppressors or synthetic lethal interactions. Screens using the set of

chimeric yeast-human U5 constructs are illustrative of both genetic strategies.

Recall that the IL#1 region of U5 is hypothesized to interact with a U5 specific

protein. The non-functional YH.A construct, which encodes mammalian IL#1,

could be used in a screen for the isolation of a trans-acting suppressor of the

lethal IL#1 defect; the product of such a trans-acting suppressor gene would be

an excellent candidate for the factor that interacts with IL#1. Similarly,

suppression of the temperature-sensitive lethal phenotype of construct YH.B,

which encodes yeast IL#1, could be used to identify factors that interact with

either IL#1 or the putative IL#1 binding factor.

These classical suppressors could be isolated by an open-ended genetic

screen involving mutagenesis of whole genomes or by a directed approach in

which the genes of known, or suspected, U5 snRNP proteins (e.g. PRP8, PRP18)

are mutagenized in vitro. Alternatively, either the open-ended or directed

approaches could be used to isolate wild-type genes that suppress when

overexpressed.
In a contrasting approach, a screen could be established to isolate

mutations in trans-acting factors that exhibit synthetic lethal phenotypes in

combination with U5-YH.B. Again, the factors that interact either directly with
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IL#1 or with other proteins involved in this snRNA-protein complex could be

identified by such an approach.

The positive identification of factors directly involved in splicing, which is

always a major concern in the design of genetic screens, can be accomplished by

at least two means. First, secondary screens could be employed to identify

suppressors or synthetic lethals with temperature or cold sensitive phenotypes.

Such phenotypes could readily be exploited to demonstrate splicing phenotypes

(both in vivo and in vitro) of the newly identified genes in an otherwise wild-type

background (i.e. in the presence of wild-type U5). Second, the newly isolated

alleles could be assayed for either reversal or enhancement of the biochemical

phenotypes revealed in the analysis of mutant U5 snRNP structure outlined
above.

Turning to molecular genetics, the results of the U5 deletion analysis

(chpt. 1) have narrowed our attention to the conserved sequences of Loop;#1 and

Inner Loop;#1, and warrant a detailed analysis of how the individual nucleotides

that make up these two regions function in splicing. Both Loop;#1 and Inner

Loop;#1 have been subjected to site-specific mutagenesis, but these regions have

not been systematically examined. A list of the mutations that have been created

in the U5 snRNA, as well as their phenotypes, is presented in the Appendix A.

To date, U5 mutations have been analyzed by two quite different means.

First, the ability of a mutant U5 snRNA to complement the lethal SNR7 deletion

has been assayed by measuring cellular growth at a variety of temperatures.

Surprisingly few of the invariant positions tested in this manner exhibit growth

defects when mutated; the U5 snRNA, especially IL#1, can tolerate a large degree

of sequence variation with no apparent loss of activity. In fact, only two of the

point mutations studied, U5-U98C and U5-U98A, deleteriously affect cell growth

(a double mutant, U5-UU97,990C, also confers a growth defect; Frank et al.
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1992). The sensitivity of this assay may be somewhat compromised, though, by

the fact that wild-type U5 levels are normally in considerable excess relative to

the level required to maintain wild-type cellular growth (Patterson and Guthrie

1987). Consequently, slight or even moderate defects in U5 activity might not be

observed if the intracellular concentration of U5 remains in excess; in effect, the

phenotype of a given mutation could be suppressed by "overexpression" of
mutant U5 SnRNA.

The second assay of U5 function measures the suppression of either 5 or 3'

splice-site mutations in a CYH2-lacz reporter gene; this assay has produced the

beautiful, but perplexing results of Newman and Norman (1991; 1992). The

proposal by these authors that the U5 snRNA directly binds to both 5' and 3

exon sequences of CYH2 is intriguing, but difficult to generalize to other (i.e.

wild-type) spliced genes; exon sequences do not encode sufficient information to

constitute a conserved binding site that is analogous to the UACUAAC or 5'

splice-site sequences (see Appendix C). While the details of the U5 Loop;#1/pre

mRNA interaction remain to be worked out, I believe that the primary

importance of Newman and Norman's work is that the conserved Loop;#1 of U5

is clearly close to where the action occurs in splicing: the splice donor and

acceptor sites. Recently published experiments now extend this broad, genetic

conclusion to mammalian systems: cross-linking studies reveal that Loop;#1 of

the mammalian U5 snRNA is physically in contact with the 5' splice-site early in

the splicing reaction (Wassarman and Steitz 1992; Wyatt et al. 1992).

Drawing generalizations from the phenotypes of the U5 point mutations is

difficult because it is not clear how the growth and suppression assays relate to
one another. Unfortunately, the sets of U5 point mutants analyzed by the two

assays do not overlap to any great degree. However, one instance of overlap, the

U5-U98C mutation, may prove to be informative. This allele activates a cryptic 5'
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splice site in the CYH2-lacz system (Newman and Norman 1992). In the genetic

complementation assay (see chpt. 1), strains homozygous for U5-U98C exhibit

growth defects at a number of temperatures and are inviable at 37°C (B.

Patterson and D.N.F, unpublished). Despite the severe effect on cell growth

caused by U5-U98C, strains carrying this allele do not exhibit strong, general

splicing defects even after prolonged incubation at non-permissive temperatures,

as evidenced by primer extension analysis of the transcripts of several spliced

genes (R.B. Patterson, unpublished). Thus, a uridine at position 98 of U5 is not

necessary to insure efficient (and presumably, accurate) splicing of all species of

pre-mRNA, in an otherwise wild-type background. While the growth phenotype

conferred by U5-U98C is recessive, its suppressor phenotype is dominant to

wild-type U5. Overall, these results suggest that activation of the cryptic 5' splice

site by U5-U98C results from the formation of a novel (i.e. neomorphic)

basepairing interaction that is potentiated by disruption of the U1-5 splice-site

interaction (Newman and Norman 1991; C. Lesser, unpublished). However, in a

wild-type context (i.e. a wild-type 5' splice-site), U5 does not influence 5' cleavage

site selection; Newman and Norman observed that U5-U98C did not affect the

splicing of a wild-type CYH2-lacz gene (Newman and Norman 1991). A similar

argument can be made for the U5-3' splice-site interaction.

Instead of playing a determinative role in cleavage site selection, I propose

that, in a wild-type setting, Loop;#1 of U5 functions as a sequence non-specific

binding element that first binds exon 1, then exon2, during the splicing reaction.

The position of Loop■ 1 with respect to exonic sequences would be determined

by other factors, such as the U1 snRNP in the case of 5 splice-site selection (the

role of Loop;#1 in 3' splice-site selection is further elaborated in the concluding

section of this chapter; fig. 3). Thus, U5 would function largely to strengthen the

interactions that specify both 5' and 3' splice-sites. Only when the primary
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determinants of specificity (i.e. U1) were defective would U5 play a truly

instructive role in splice-site selection.

My critique of the Newman and Norman model is based on a woefully

small set of data correlating the growth and splicing phenotypes of the various

U5 alleles. Obviously, the next step in this analysis should be a systematic

analysis of how point mutations in Loop;#1 of U5 affect cellular growth and

splicing (of both wild-type and mutant transcripts). Using an ACT1-CUP1

reporter gene, C. Lesser has developed a sensitive assay for determining the

effects of U5 mutations on 5' cleavage-site choice in wild-type and mutant

introns. With this system it will be possible to quantitate the splicing phenotypes

conferred by U5 mutations (as well as other factors thought to influence 5' splice

site selection), thereby permitting direct comparisons to be made between the

severities of growth and splicing phenotypes. Particular emphasis should be

placed on the nucleotides predicted to interact with the pre-mRNA (i.e. nts. 95

98). In addition, the nucleotides of Inner Loop;#1 should be subjected to similar

analyses.

Two mutagenic strategies are possible for generating U5 alleles: 1) creation

of point mutant libraries by mutagenesis with doped oligonucleotides and 2)

total randomization of Loop;#1 and Inner Loop;#1 sequences by mutagenesis with

oligonucleotides randomized at the appropriate positions (indeed, a Loop;#1

library has been generously provided to our lab by A. Newman). Given the

seeming flexibility in sequence tolerated by U5, the latter approach may be

preferred because multiple mutations can be readily analyzed. The benefit of the

former approach is that each position would be systematically altered and so
basic information (starting with growth phenotype) about each position can be

collected. In either case, the system used to construct the MINU5 series

described in chpt. 1 could provide the ideal means of building the U5 variant
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libraries. The MIN4 and MIN5 U5 snRNAs are not as active as wild-type U5 so

subtle effects conferred by point mutations should be detectable by the U5

growth assay.

Analysis of SLU7 Function

In characterizing SLU7 function, one particularly important question is

whether the SLU7 protein actually binds to the spliceosome (preliminary

evidence says yes). If so, then a determination of when and where SLU7 binds

the spliceosome would be in order. Again, the U5 snRNP is a likely candidate for

the binding substrate for SLU7 due to the genetic interaction between U5 alleles

and služ-1. Similarly, step 2 proteins such as those encoded by PRP16, PRP17

and PRP18, which also exhibit genetic interactions with SLU7 (Frank et al. 1992),

may physically interact with the SLU7 protein. As a first step in delineating the

interplay of these second-step factors, their temporal order of addition to the

spliceosome is now being assessed by in vitro complementation assays.

A more important, though difficult, problem than determining the order

of addition will be to map the temporal order of function of these various factors.

This will undoubtedly require the analysis of alleles of second step factors that

block function, but not binding to the spliceosome. For instance, preliminary

evidence suggests that PRP16 binds to the spliceosome prior to SLU7 (but not

vice versa; J. Zallen, unpublished). If PRP16 activity must precede SLU7 binding

to the spliceosome, then all mutations that disrupt PRP16 function (e.g. ATP
hydrolysis) will prevent SLU7 binding. Alternatively, if SLU7 binding can occur

in the absence of PRP16 activity then SLU7 must function prior to, or

independently of, PRP16. In the case of ATPases, such as PRP16, non
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hydrolyzable ATP analogs may also prove useful in the ordering of step 2 factor

functions. As other second step or U5 proteins are identified, their relationship

to SLU7 activity will also become relevant.

A second interesting line of research concerns the role played by SLU7 in

3' splice-site choice. As presented in chapter 3, SLU7 functions, in part, to recruit

a particular class of 3' splice-sites (i.e. 3L, which are distantly spaced from the

branchpoint sequence) into the spliceosome. This conclusion was based

primarily on the analysis of the služ-1 allele. The function of wild-type SLU7 in

this process can now be addressed biochemically by using anti-SLU7 antibodies

to deplete splicing extracts of SLU7 protein. The effect on 3' splice-site choice of

removing SLU7 from extracts could be addressed, for example, by challenging

immunodepleted extracts with pre-mRNA transcripts prepared from the 3' splice

site competition constructs utilized in chpt. 3. As predicted by the analysis of

slu7-1 extracts, wild-type SLU7 is required for splicing 3'L splice sites (see chpt.

4), so the primary question is whether SLU7, unlike služ-1, is also required for 3'S

splicing. Recall that disruption of the SLU7 zinc-knuckle (SLU7-CCSS) effected a

slight decrease in 3'S splicing (chpt. 3) indicating that SLU7 may in fact be

required for both 3'S and 3L splicing. Resolution of this question is of primary

importance in devising and testing models of SLU7 function.

Finally, the genetic analysis of SLU7 function has been limited almost

exclusively to the slu7-1 allele. As indicated by the analysis of SLU7-CCSS, the
isolation and characterization of additional sluzalleles will, without question,

expand the known functional repertoire of SLU7. Such alleles (including služ-1)

will provide powerful tools for the implementation of synthetic lethal and

suppressor screens designed to uncover factors with which SLU7 interacts. In

addition, the allele specificity of genetic interactions between SLU7 and U5,
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PRP16, PRP17 and PRP18 could be determined in order to further delineate the

significance of these interactions.

FINAL SYNTHESIS

Following publication of our model of SLU7's function in 3' splice-site

"recruitment" (chapter 3; Frank and Guthrie 1992), work in our lab has warranted
a reconsideration of the details of this model. In this final section I will evaluate

the standing of the "recruitment" model and speculate about the role of U5 in this

process.

The function of SLU7 in 3' splice-site selection:

In devising models of SLU7's function in 3' splice-site selection, two basic

observations are critical: 1) the služ-1 allele abolishes the use of 3'Long (3L), but

not 3'Short (3'S) splice-sites and 2) all 3'L splice-sites are similarly affected by

služ-1, regardless of poly-U tract strength. Thus wild-type SLU7 greatly

enhances the efficiency of 3'L selection, but does not directly measure the quality

of a particular splice-site's poly-U tract. Instead, SLU7 must respond to some

other feature that defines 3L sites. The most obvious possibility for this feature

is the distance separating potential 3' splice-sites from their branchpoints

(Patterson and Guthrie 1991). But rather than measuring relative spacing, SLU7

apparently measures spacing in a simple, all-or-none manner; the selection of

any 3' splice-site lying greater than a given distance (ca. 22nts.) from the

branchpoint is similarly enhanced by SLU7. An alternative way of stating this

idea is that sites falling within a given distance of the branchpoint (i.e. 3'S sites)
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do not benefit from SLU7 activity. Since 3' splice-site selection may normally

occur subsequent to spliceosome assembly, it is likely that the assembled

spliceosome occludes SLU7 binding and/or activity from 3'S sites. If true, then

the 3'S vs. 3'L dichotomy would arise primarily from the fact that the

spliceosome is built upon the branchpoint sequence, rather than any inherent

dissimilarity in splice-site sequences.

How then could SLU7 facilitate the recognition of 3L splice-sites? Our 3

splice-site "recruitment" model (chpt. 3 fig. 5) proposes that 3' splice-sites are

initially recognized by a factor, PRPX, with binding affinities for: 1) the AG

dinucleotide and 2) adjacent RNA sequences, with a distinct preference for poly

U. We proposed that PRPX would exhibit a graded affinity for all RNA

sequences in order to avoid the necessity of hypothesizing a factor capable of

interacting solely with AG dinucleotides in the absence of strong poly-U tracts.

All 3'L splice-sites are therefore marked by PRPX, though sites with stronger

poly-U tracts are bound with higher affinity. It is this affinity that determines the

efficiency with which a 3L site is recruited relative to other 3L sites. The

function of SLU7, in this model, is to incorporate PRPX-3'L complexes into the

spliceosome. Loss of SLU7 activity will thus affect all 3'L sites to the same extent,

regardless of the relative strengths of their poly-U tracts.

In contrast to 3'L sites, the selection of 3'S sites is not stimulated by SLU7.

This suggests that 3'S sites are not bound by PRPX, perhaps because the

spliceosome prevents this factor from binding near to the branchpoint sequence.

Furthermore, in the absence of wild-type SLU7 activity (i.e. in a služ-1 strain), 3'S

sites are highly favored over 3L sites, suggesting that all sites are recognized by
the same mechanism under these circumstances (the differences in efficiency

probably arise simply from the effects of distance on splice-site recognition; see
below).
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A strong, though unexpected, candidate for PRPX has now been identified

by J. Umen: the U5 specific PRP8 protein (pers. comm.). An allele of PRP8

(named psfl-1) was uncovered in a genetic screen that was designed to identify

genes involved in poly-U tract recognition. Thus PRP8 carries out one of the

predicted activities of PRPX, namely poly-U recognition. The significance of this

discovery with respect to our model of splice-site "recruitment" is that since PRP8

is an integral U5 snRNP protein, poly-U recognition must occur directly on the

spliceosome. It is thus likely that the initial recognition of 3'L sites occurs on the

spliceosome, rather than in another complex, as depicted in the original model

(chpt. 3, fig. 5).

Our revised model of splice-site "recruitment" is shown in fig. 1. In this

model, both 3'S and 3L sites bind to the same site on the spliceosome. The

specificity of this interaction is determined primarily by two factors that form a

part of the second-step active-site: 1) an AG dinucleotide binding factor

(perhaps the actual branchpoint nucleotides; Parker and Siliciano 1993) and 2)

the U5 snRNA, which binds to exon2 sequences adjacent to the cleavage site (see

the following section for details). In addition to this set of interactions, it is

hypothesized that PRP8 interacts with intron RNA sequences upstream of the

AG dinucleotide and thereby enhances the stability of the 3' splice-site/active

site interaction. However, only those splice-sites located a minimum distance

downstream of the branchpoint (i.e. 3'L sites) would be able to interact with

PRP8; sites located close to the branchpoint (i.e. 3'S sites) could not interact with

PRP8 and would therefore be at a disadvantage relative to more distant sites.

Thus, the difference between 3'S and 3'L sites would be established by geometric

constraints imposed by PRP8.

Rather than recruiting a protein-3' splice-site complex into the spliceosome

(as the older model of SLU7 function proposed), the revised "recruitment" model
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hypothesizes that SLU7 activates, or stabilizes, the RNA binding capacity of

PRP8. In the absence of wild-type SLU7 activity (i.e. in a služ-1 strain) PRP8 is

unable to bind intronic RNA, so the extra binding energy that normally aids in

the recruitment of 3'L sites is lost. Because all 3'L sites are affected by the loss of

SLU7 activity, regardless of the strengths of their poly-U tracts, the effect of SLU7

function on PRP8 must be all-or-none. In other words, wild-type SLU7 switches

on PRP8 activity, while loss of SLU7 activity precludes PRP8 function.

The revised "recruitment" model differs in an appealing way from the

earlier model in its treatment of AG dinucleotide recognition. In the earlier

model, we proposed that the PRPX protein recognized the AG dinucleotides of

3'L sites. Left unstated, however, was how the AG dinucleotides of 3'S sites were

recognized, since PRPX could not function in 3'S recognition. Thus, implicit in

this model was the tenuous assumption that 3L and 3'S AG dinucleotides were

recognized by separate mechanisms. Furthermore, the AG of a 3'L site would

have to be inspected twice in the recognition process: once by PRPX and once by

the active site. These assumptions violate the principle that pluralitas non est

ponenda sine necessitate. In the revised "recruitment" model recognition of both 3'S

and 3'L AG dinucleotides is proposed to occur through the same basic

mechanism, so the assumption of multiple AG recognition is avoided.

The revised "recruitment" model also greatly simplifies our conception of

how 3' splice-site spacing is measured, relative to the branchpoint. Patterson and

Guthrie (1991) observed that even in the absence of a strong poly-U tract, a 3'L

site (42nt. from the branchpoint) strongly out competes a 3'S site in a cis

competition assay. The superiority of the 3L site was attributed to its "optimal
spacing context" while the 3'S site was thought to be relatively disfavored by

"steric hindrance" induced by the spliceosome. The revised "recruitment" model

suggests, however, that the results of the Patterson and Guthrie competition
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experiment are somewhat misleading because 3'L sites are actively recognized by

PRP8/SLU7, regardless of their sequences (though poly-U rich elements are

favored). Thus, in the "recruitment" model, the "true" baseline for interpreting

the effects of distance on splice-site selection is observed only in the absence of

SLU7 activity. Under these circumstances, 3'L sites are largely disfavored simply

by their increased distance from the branchpoint. If the initial interaction of a

potential 3' splice-site with the spliceosome is controlled by random collision,

then as the distance a given site lies from the branchpoint is increased, that site

will become progressively disfavored. The appeal of this model is that it does

not invoke ad hoc concepts such as "optimal spacing constraints" (Patterson and

Guthrie 1991) in explaining the effects of distance on 3' splice-site selection.

In summary, the revised 3' splice-site "recruitment" model is superior to

the original model in two respects. First, the model simplifies the set of factors

required to select 3'S and 3'L AG dinucleotides: these sites need be recognized

only once during splice-site recognition and by the same basic apparatus. A

strategy of multiple AG inspections may be employed to insure the accuracy of 3

splice-site choice, but it is not necessary to postulate separate systems to inspect

3'S and 3L splice-sites. Second, the initial steps of 3' splice-site recognition occur

directly on the assembled spliceosome, rather than in a separate complex (PRPX).

Thus, such intrinsic spliceosomal factors as the U5 snRNA, PRP8 and SLU7 can

play more substantial roles in the initial definition of 3' splice-sites (outlined

further in the following section).

Our "recruitment" model proposes that SLU7 functions directly with the

other factors that are known to influence 3' splice-site selection and the second
step of splicing (U5, PRP8, PRP16, PRP17, PRP18). The weight of the genetic data

concerning the interactions of SLU7 with these various factors certainly supports,

but does not prove, this assertion. Plausible models can in fact be derived in
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which SLU7 functions more indirectly in 3' splice-site selection. One such model,

in which SLU7 functions to disrupt inhibitory hnRNP structure, is presented in

Appendix B.

Ultimately, the veracity of these various models will be tested by a variety

of genetic and biochemical methods. As outlined in the preceding section, a

variety of genetic screens can be devised to determine the matrix of factors with

which SLU7 interacts. In terms of the "recruitment" model, numerous genetic

approaches could be used to test the proposed interaction between PRP8 and

SLU7. Alleles of PRP8 might, for example, be isolated that bypass the need for

wild-type SLU7 function; such mutant PRP8 proteins would be constitutively

activated for RNA binding. Alternatively, high copy expression of SLU7 would

be expected to suppress psf.1-1 like alleles of PRP8 (i.e. those causing decreased

RNA binding affinities). Biochemical reconstitution and cross-linking studies can

also be employed to determine which factors physically interact with SLU7. For

instance, either protein-protein crosslinking or a two-hybrid system (Fields and

Song 1989) could be used to test for a physical interaction between the PRP8 and

SLU7 proteins. Given that PRP8 can be crosslinked to pre-mRNA (Whittaker and

Beggs 1991), it may also be possible to crosslink SLU7 to regions of the message

near to the poly-U tract. These results will undoubtedly delimit the possible
models of SLU7 function.

Finally, the models of SLU7 function presented in this section, chpt. 3, and

Appendix B address only the function that is lost in the slu7-1 allele. As

discussed above, one of the outstanding questions with respect to SLU7 is

whether this protein might assume other, additional functions in the second step.

SLU7 might, for instance, carry out a more generic function in the second-step,

such as binding AG dinucleotides, in addition to its novel role in 3'L site
selection.
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The role of U5

In the Introductory section, I posed the question of whether the U5 snRNA

functions in the second catalytic step of splicing, particularly in the selection of 3

splice-sites. This idea, initially proposed on theoretical grounds by Parker and

Patterson (1987) and Patterson and Guthrie (1987), has now been addressed

experimentally. As presented in chpt. 2, four second step factors have been

shown to interact genetically with the conserved Loop;#1 sequence of the U5

snRNA (SLU4, SLU7, PRP16 and PRP18). As discussed above, the inability of a

služ-1 strain to efficiently utilize 3L type splice-sites indicates that the product of

the SLU7 gene can clearly influence the choice of 3' splice-sites. The genetic

interaction between the U5 snRNA and SLU7 thus provides strong, though

indirect, evidence that U5 participates in 3' splice-site selection. Furthermore, the

work of Newman and Norman (1991; 1992) suggests that the U5 snRNA interacts

with exonic sequences adjacent to the splice acceptor AG dinucleotide.

How then, might U5 participate in the selection of 3' splice-sites? The

exon sequences with which U5 is purported to interact are not appreciably

conserved at the sequence level (see Appendix C). Thus, it is unlikely that

Loop;#1 of the U5 snRNA contains sufficient information, on its own, to

accurately select 3' splice-sites. Instead, it is likely that U5 Loop;#1 functions in

concert with proteins such as SLU7 and PRP8 to select 3' splice-sites (figs. 1 and

2). The nucleotides of Loop;#1 most likely function as a sequence non-specific
binding element that serves to bind exonic RNA sequences. In this model, the

factor that binds the AG dinucleotide would provide primary specificity in

determining the site of 3' cleavage, while U5 Loop;#1 (as well as PRP8/SLU7)

would provide additional binding energy to this interaction (fig. 2).
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While U5 is shown interacting with a poly-U rich 3L splice-site in figure 2,

its function is probably not limited to the selection of this class of splice-sites.

Indeed, it is tempting to speculate that U5 Loop;#1 plays a more central role in

the selection of 3'S sites, which are not recognized by the SLU7/PRP8 complex.

The possibility that U5 is involved in selection of 3'S and 3L splice-sites is

consistent with the synthetic lethal interactions observed between U5 Loop;#1

mutants and alleles of PRP17 and PRP18, two factors that are required for

"generic" functions in the second-step of splicing (Frank et al. 1992).

Intriguingly, Parker and Siliciano (1993) have proposed that the guanosine

of the AG dinucleotide interacts specifically with the branchpoint structure (more

precisely, with the guanosine nucleotide that is linked to the 2' hydroxyl of the

branchpoint adenosine). If this interaction represents the primary event in AG

dinucleotide recognition then the fundamental process by which 3' splice-sites

are recognized (i.e. that process common to all 3' splice-sites) may be mediated

by two RNA structures: the branchpoint and U5 Loop;#1. Thus the mechanism

of 3' splice-site selection may be similar to the RNA-based recognition of 5 splice

sites and branchpoint sequences. Such an RNA based process of 3' splice-site

recognition would represent a radical departure from the prevailing hypothesis

that 3' splice-site recognition is accomplished primarily by proteins (see
Introduction).

One hint in support of the "U5 non-specific binding" hypothesis is that the

U5 Loop;#1 nucleotides implicated in Exon 2 binding are absolutely conserved

uridines (Guthrie and Patterson 1988). RNA structural studies indicate that

uridine nucleotides can form basepairs with guanine, adenine and cytosine bases.
The four conserved uridine nucleotides of U5 Loop;#1 could therefore interact

with numerous RNA sequences; this promiscuous hydrogen bonding propensity

could form the basis of the U5 snRNA's sequence non-specific binding function
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(fig. 2). Furthermore, the functions of the individual nucleotides that make up

U5 Loop;#1 might be redundant; thus formation of the U5 snRNA-Exon2 RNA

interaction might require only a subset of the possible base-pairs that could form

between these two RNA species. Functional redundancy would explain why

many point mutations in Loop;#1, especially the uridine nucleotides, do not

confer general splicing defects (B. Patterson and D.N.F., unpublished).

The hypothesis that the U5 snRNA interacts with exon sequences in a

sequence non-specific manner, resolves the paradox implicit in the Newman

Norman results (i.e. recognition of seemingly random exon sequence).

Moreover, this hypothesis predicts that this snRNA (specifically, Loop;#1) and

the SLU7 and PRP8 proteins function cooperatively in the recruitment of 3

splice-sites; a link that is substantiated by the lethal genetic interactions

demonstrated between mutant U5 alleles and alleles of PRP8 and SLU7 (Frank et

al. 1992). Future resolution of this model, including positive identification of the

factors that directly bind the 3' splice-site, will undoubtedly deepen our

understanding of the process of pre-mRNA splicing.

181



Figure 1. The 3' splice-site "recruitment" model of SLU7 function. In this model,

AG dinucleotides and exon 2 Sequences are recognized by the same sets of

factors in 3'S and 3'L site selection: the factor labeled "active-site", which binds

the AG dinucleotide and U5, which binds exon 2. Additionally, in 3'L site

selection, PRP8 interacts with RNA sequences upstream of the AG (depicted by

the looped-out intronic RNA) This interaction stabilizes the generic 3' splice-site

interactions, and thus enhances the efficiency of 3'L site utilization. The role of

SLU7 is to activate, or stabilize the PRP8 - intron interaction. In a služ-1 strain,

PRP8 can not function (depicted by an "inaccessible" RNA binding site in PRP8),

so 3L sites are inefficiently utilized. In contrast, 3'S sites bypass the requirement

for SLU7/PRP8 activity, so they are unaffected by služ-1. The overall hierarchy

of how splice-site efficiency is established by SLU7 is indicated by less-than,

greater-than or equals signs.
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Figure 2. U5 snRNA function in second step catalysis. In this model, the U5

snRNA functions in concert with other active-site components to recognize and

stabilize the 3' cleavage site during the second catalytic step of pre-mRNA

splicing. In the case of 3L splice-site cleavage, the PRP8 and SLU7 proteins also

contribute to the stability of this interaction. The conserved uridine nucleotides

of U5 snRNA Loop;#1 form a sequence non-specific interaction with the adjacent

exon 2 RNA sequences. Under wild-type splicing conditions, the U5 snRNA

exon2 interaction does not require formation of the four possible base-pairs.
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APPENDIX A: Compendium of U5 Point Mutants.

The U5 snRNA has been subjected to mutagenesis in several studies. This

section attempts to summarize the published and unpublished phenotypes of the

U5 point mutations that have been created. For an account of mutagenesis of the

U5 Sm binding site, see Jones and Guthrie (1990).

As discussed in the Epilogue, phenotypes of U5 alleles have been assessed

by two means: 1) complementation of the lethal SNR7 (i.e. U5) gene disruption

and 2) suppression of 5' and 3' splice-site mutations in the CYH2 gene (Newman

and Norman 1992). The data is presented in three forms. In table 1, U5 alleles

are grouped by the number of point mutations that were introduced into each

allele. In table 2, the U5 alleles are grouped by the particular experiments for

which they were created; the effects of the various U5 alleles on CYH2

suppression, particularly the multiple mutations, can be more readily assessed in

this form of tabulation. Table 3 lists the growth phenotypes at a series of

temperatures of U5 alleles that were created in our lab.
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Table1.
Summary
ofU5MutantPhenotypes.

5'

Splice-siteSuppressionº3
·
SS3

SequenceMutationGrowth1-12+4Auth.SuppressionCommentsSingleMutants

UGCCUUUUACCW.T.W.
T.----Loop
#1;4,5,6

UGCGUUUUACCC95Gn.d.n.d.n.dn.d.-5,
13

UGCUUUUUACCC95Un.d.n.d.n.dn.d.-5,
13UGCAU

UUUACCC95An.d.n.d.n.d.n.d.-5,
13

UGCCGUUU

ACCU96Gn.d.n.d.n.d.n.d.+5,
17

UGCCUAU

UACCU97An.d.---n.d.5,
11

UGCCUGUUACCU97GW.T.+--n.d.5,
12

UGCCUCUUACCU97Cn.d.+--n.d.5,
10UGCCUUAU

ACCU98ATS++-n.d.4,
5,6

UGCCUUGUACCU98Gn.d.-+-n.
d.5,
6

UGCCUUCU
ACCU98CTS+--n.

d.4,
5,

6OOUGCCUUUUUCCA100UW.T.n.d.n.d.n.d.n.d.18■
UGCCUUUUACGC102GW.T.n.d.n.d.n.d.n.d.18UGCCUUUUACUC102UW.T.n.d.n.d.n.d.n

-

d.18AUAACGAACW.T.W.T.n.
d.n.d.n.d.n.d.5
'

HalfofI1#1

AUAAAGAACC79AW.T.n.
d.n.d.n.d.n.d.19AUAAGGAACC79GW.T.n.d.n.d.n.d.n.d.19

AUA

AUGAACC79UW.T.n.d.n.d.n.d.n.d.19AUAACAAACG80AW.T.n.d.n.d.n.d.n.d.19AUAACCAACG80CW.T.n.d.n.d.n.d.n.d.19AUAACUAACG80UW.T.n.d.n.d.n.d.n.d.19A103GW.T.n.d.n.d.n.d.n.d.18,
21

A103CW.T.n.
d.n.d.n.d.n.d.18,
21

C112AW.T.n.d.n.d.n.d.n.d.18;
3'
HalfofIL#1



Table
1.

(continued).
Sequence

DoubleMutantsUGCCCUCUACCUGCCUUCCACCUGCCUUCUCCCUGCCUUCUUCCUGCGGUUUACCUGCCUUAUCCCUGCGAUUUACCUGCCUCUCACCTripleMutantsUGCCUUCCCCCUGUCUUCCACCUGCGCUCUACCUGCCCUCAACCUGUCUUCUCCCUGCAUUCUUCCUGCUUUCUCCCUGCGGUGUACCUGCCGUAUCCCUGCGUUAUCCCUGCGGUUUCCCUGCGGUAUACCUGCGGUUAACCUGCCCUAUCCCOthers:
G.
AUCGCAU

MutationUU97,99CC

Growth"i
-

-12

Splice-site
i suppression”+4

+

Auth.

3:
SS3Suppression:ºi

-
/
+

i.

d

i

Comments
ºr

20;Mammalian
IL#1
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Table2.
Summary
ofU5MutantPhenotypes.

5'
Splice-site

Suppression”
3:
SS3

SequenceMutationGrowth:1-12+4Auth.SuppressionCommentsUGCCUUUUACC
W.T.W.T.---n.d.Loop#1;4,5,6

UGCCUUCUACCU98CT.S.--n.d.4,5,6

UGCCUUGUACCU98Gn.d.
-+-

n.d.5,6UGCCUUAUACCU98AT.S.-+-
n.d.4,5,6

UGCCCUCUACCn.d.
+--
n.d.5,6

UGCCUUCCCCCn.d.
+--
n.d.5,6

UGUCCUCUCCCn.d.
+--
n.d.5,6

UGCCUUCCACCn.d.
+--
n.d.5,6

UGUCUUCCACCn.d.
+--
n.d.5,6

UGUUCUCCCCCn.d.
+--
n.d.5,6

UGCCCUCCCCCn.d.
+--
n.d.5,6

UGCGCUCUACCn.d.
+--
n.d.5,6

UGCCUUCUCCCn.d.
+--
n.d.5,6

UGCUCUCCCCCn.d.
+--
n.d.5,6

UGCCCUCCUCCn.d.
+--
n.d.5,6

UGCCCUCAACCn.d.
+--
n.d.5,6

UGACCUCUUCCn.d.
+--
n.d.5,6

UGGCCUCUUCCn.d.
+--
n.d.5,6

UGCCCUCCGCCn.d.
+--
n.d.5,6

UGGCCUCCCCCn.d.
+--
n.d.5,6

UGUCUUCUCCCn.d.
+--
n.d.5,6

UGCAUUCUUCCn.d.
+--
n.d.5,6

UGCCUUCUUCCn.d.
+--
n.d.5,6

UGCUUUCUCCCn.d.
+--
n.d.5,6

UGUCAUCUUCCn.d.
+--
n.d.5,6

UGCACUCUUCCn.d.
+--
n.d.5,6

UGCCUUUU.
CCn.d.
++-
n.d.5,6
f
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Table2.
(continued).

5'

Splice-siteSuppressionº3
·
SS3

SequenceMutationGrowth1-12+4Auth.SuppressionComments5

Q,

l

l

--

--

UGCGGUGUACCUGCGGUAUCCCUGCCGUAUCCCUGCGUUAUCCCUGCGGUUUCCCUGCGGUGUCCCUGCGGUAUA
CC

UGCGGUUUACCUGCGGUUAACCUGCGGUAUCCCUGCACUAUUCCUGCUAUAUC
CC

UGCCGUAUUCCUGCUAUAUUCC
UGCCUUAUCCCUGCCCUAUCCC

UGCCUUCUACCU98CUGCCUUAUACCU98AUGCCUUGUACCU98GUGCCUCUUACCU9
6CUGCCUAUUACCU96AUGCCUGUUACCU98GUGCGUUUUACCC95GUGCUUUUUACCC95UUGCAUUUUACCC95AUGCGAUUUACCUGCGGUUUACCUGCGGUGUACCUGCGGUAUACC

UGCCGUUUACCU9
6G

-

-

--

-+-

-

-

-

-

l

-- -- --

I |

I |

-

l

l

-- --

-

-

-

-

-J - - - - - - - -l

-- --

l

-

-

-

l

l

-

-

-- --

-

-

-

-

-

-

-

-

-

l

-- -- -- -- -- -- --

l

-

l

l

-

+ + +-

--

l

-

l

l

l

-

Ha Ha vo oo on o N on o N on on o N on on on o N on on o N o N on onHa
N) -a O

-

l

5 t ti ti ti ti ti ti ti ti ti ti 5 + +

Q Q Q Q Q Q Q Q Q Q Q Q Q.

-

e

■

Un Un Un Un Un Un Un Un Un Un Cn Un Un Un Un Un Un Un Un Un Un Un Un Un Un
-

Ha Ha Ha
Cao Caº Caº

a o o o o o o o o o o o o o o o o o o o o o o o o o o o a

l

o o o o o o o o,

·

5,14

-5,
15

-5,
16

+5,
16

+5,
17

o o o o o o o o,

5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

5 5 5 5 5 5 5 5 +

5 5 5 5 5 5 5 5

5 5 5 5 5 5 5 5

O. O, O Q Q Q Q Q.

--
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Table3.
GrowthPhenotypes
ofU5PointMutants.SequenceMutant18°25°30937

oCommentsUGCCUUUUACCW.T.+
+

++
+

++
+

++
+

+Loop
#1

UGCCUCUCACCUU97,99CC-+
+

++
+

+-4UGCCUGUUACCU97Gn.d.n.d.+
+

+n.d.18UGCCUUAUACCU98A+
+

++
+

++
+

+-/+4UGCCUUCUACCU98C+
+

++
+

++
+

+-4UGCCUUUUUCCA1
0

0Un.d.n.d.+
+

+n.d.18UGCCUUUUACGC102Gn.d.n.d.+
+

+n.d.18
UGCCUUUUACUC102Un.d.n.d.+
+

+n.d.18A103Gn.d.n.d.+
+

+n.d.18,
21

A103Cn.d.n.d.+
+

+n.d.18,
21C112An.d.n.d.+

+

+n.d.18;
3'
HalfofIL#1

AUAACGAACW.T.+
+

++
+

++
+

++
+

+5
'

HalfofIL#1

G.

AUCGCAUMIL1+
+

++
+

++
+

++
+

+20;MammalianIl#1

AUAAAGAACC79An.d.+
+

++
+

++
+

+19
AUAAGGAACC79Gn.d.+
+

++
+

++
+

+19
AUAAUGAACC79Un.
d.+
+

++
+

++
+

+19
AUAACAAACG80An.d.+
+

++
+

++
+

+19AUAACCAACG80Cn.d.+
+

++
+

++
+

+19
AUAACUAACG80Un.d.+
+

++
+

++
+

+19
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Notes for Tables 1, 2, and 3:

1. W.T.: Wild-type growth. T.S.: temperature sensitive growth.
2. Suppression of CYH2 intron 5' splice-site mutations. -12: Activation of cryptic 5' splice-site 12
nts. upstream of authentic site. -4: Activation of cryptic 5' splice-site 4 nts, downstream of
authentic site. Auth.: Activation of authentic 5' splice-site.
3. Suppression of CYH2 intron 3 splice-site mutations.
4. R.B. Patterson and D.N. Frank (unpublished).
5. Newman and Norman (1991) and Newman and Norman (1992).
6. Suppression of CYH2 intron 5' splice-site mutation (G1A):

5' CAGAG / GUCACGUCUCAG / AUAU / GUAGUUCC
-12 Auth. 4-4

7. Suppression of CYH2 intron 3' splice-site mutation:
5' AG / CCGG

8. Compensatory change at position-15 of CYH2-G1.A mutation:

5' CAUAG / GUCACGUCUCAG / A

The proposed interaction tested in notes 8-12 is:

5' AGAG / GU 5' splice-site
| |

3' UUUUCCG U5 Loop■ 1

9. Compensatory change at position-15 of CYH2-G1.A mutation:

5' CACAG / GUCACGUCUCAG / A

10. Compensatory change at position -15 of CYH2-G1.A mutation:

5' CAGGG / GUCACGUCUCAG / A

11. Compensatory change not tested.
12. Compensatory change at position-15 of CYH2-G1.A mutation:

5' CAGCG / GUCACGUCUCAG / A

13. Fails to suppress CYH2 3' splice-site/Exon2 sequences:

5' AA / CCGG or AA / CGCG (W.T.: AG / CCGG)

14. Weakly suppresses AA / UCGG
15. Suppresses AA / CCGG and AA / UCGG
16. Suppresses AA / CCGG (much stronger than U5-CU95,96GG)
17. Suppresses AA / CGCG
18. R.B. Patterson (unpublished)
19. H. Madhani (unpublished)
20. D. Frank (unpublished)
21. Disrupts the base-pair that closes Loop{1
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APPENDIX B; "hnRNP Clearing", an alternative model of SLU7 function.

The essence of this model (see figure 1) is that potential 3' splice-sites are

normally bound by hnRNP proteins, which render these sites inaccessible to the

splicing apparatus. In the course of spliceosome assembly, hnRNP proteins lying

within close proximity of the branchpoint are dissociated by U2 snRNP binding.

In this way, 3'S sites become accessible to the 3' splice-site recognition apparatus,
while 3'L sites remain inaccessible. The role of SLU7 is to cause the dissociation

of hnRNP proteins from potential 3'L splice-sites prior to 3' splice-site selection.

Once a region of the transcript is cleared of hnRNP proteins by SLU7, the factors

responsible for poly-U binding (i.e. PRP8) and AG recognition can then exert

their influence on 3' splice-site selection (in a manner similar to the "recruitment"

model, though PRP8 functions independently of SLU7). However, in the absence

of SLU7 activity (i.e. in a služ-1 strain), the hnRNP proteins remain bound to 3L

sites, thereby precluding the efficient utilization of these splice-sites. Thus, in

this model the 3'S vs. 3'L dichotomy arises from the differential effect of

spliceosome assembly on hnRNP structure near to, and farther downstream of,

the branchpoint.

Several precedents for the "hnRNP clearing" model already exist. Indeed,

Mayeda and Krainer (1992) have demonstrated that the balance between the

protein levels of splicing factor SF2 and hnRNP A1 influences the choice of 5'

splice-sites in a mammalian in vitro splicing assay. While this example is not

identical to our model of the SLU7-hnRNP interaction, it does provide evidence
that the interplay between splicing factors and hnRNP proteins can be an

important determinant of splice-site choice. Similarly, the activities of the

mammalian proteins hnRNPI/PTB and hnRNPC also impinge on splicing,
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though their precise roles in this process are unknown (Patton et al. 1991; Ghetti

et al. 1992; Choi et al. 1986). Perhaps though, the best representation of the

model of SLU7-hnRNP dynamics can be seen in the interplay between chromatin

and the transcription apparatus. The yeast transcriptional activating proteins

SWI1, SWI2 and SWI3 are thought to destabilize chromatin structure that

normally occludes UAS and/or promoter elements (Peterson et al. 1991). SLU7

may function analogously to the SWI proteins in clearing a regulatory element

(in this case, a 3 splice-site) of inhibitory nucleoprotein particles.

An obvious prediction of this model is that alleles of an unidentified

hnRNP protein will suppress mutant alleles of SLU7, in a manner similar to the

suppression of SWI alleles by SIN1 alleles (SIN1 encodes a non-histone chromatin

protein; Peterson et al. 1991). Classical suppressor or synthetic lethal screens,

starting with the služ-1 allele, should readily identify the genes for such hnRNP

proteins if they exist. It must be noted that no known examples of hnRNP

proteins have been identified in S. cerevisiae. However, RNA transcripts,

whether containing introns or not, are readily incorporated into "non-specific"

ribonucleoprotein particles upon incubation in S. cerevisiae splicing extracts so

the premise that hnRNP proteins exist is not implausible.

In terms of biochemical experiments, the "hnRNP clearing" model predicts

that in the absence of hnRNP proteins, splicing does not require the activity of

SLU7 (at least the functionality that is lost in služ-1). Although the creation of

such an in vitro system is technically difficult, this experiment represents

perhaps the most direct means of proving or disproving the "hnRNP clearing"

model. Finally, protein-protein crosslinking might be expected to reveal the

proposed interactions between SLU7 and specific hnRNP proteins.
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Figure 1. The "hnRNP clearing" model of SLU7 function in 3' splice-site selection.

In this model, the 3'S vs. 3'L dichotomy is created by a difference in how hnRNP

proteins, which block splice-site selection, are removed from the pre-mRNA. In

3'S selection, the initial steps of spliceosome assembly, depicted by U2 snRNP

binding to the branchpoint (A*), disrupt hnRNP structures near the branchpoint;

hnRNP proteins dissociate from 3'S sites, but remain bound to the more distantly

spaced 3L sites. The free 3'S sites are then accessible to the 3'splice-site

recognition apparatus. In contrast, disruption of hnRNP structures at sites

further downstream of the branchpoint (e.g. 3'L sites), requires the activity of

SLU7 which destabilizes the hnRNP-pre-mRNA complex. Following SLU7

activity, 3'L sites are accessible to the 3'splice-site recognition apparatus. Both 3'S

and 3'L site selection utilize the same basic factors: 1) an AG recognizing factor

(labeled the active site); 2) PRP8, which binds poly-U tracts [(Py)n]; and 3)

Loop;#1 of the U5 snRNA, which interacts with Exon2.
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APPENDIX C. Compilation of 5' and 3'Splice Site Sequences.

The results of Newman and Norman (1991, 1992) suggest that Loop;#1 of

the U5 snRNA interacts with exonic RNA sequences flanking the 5' and 3' splice

sites of the CYH2 intron. In order to assess the generality of this conclusion, with

respect to other spliced-genes, I have compiled the splice-site and flanking

sequences of a subset of genes from S. cerevisiae. Table 1 presents the 5' splice

site sequences of 35 genes along with 15 nucleotides of sequence on either side of

the splice-sites. Table 2 presents a similar analysis of 3' splice-sites. The 5' end of

each sequence is at the top of the table while the 3' end is at the bottom. In both

tables, the distribution of nucleotides at a given position is summarized under

the headings "G", "A", "T", and "C". The column labeled "Pos" represents the

position of a given nucleotide with respect to the 5' or 3' cleavage site.

As shown in Tables 1 and 2, neither exon 1 nor exon 2 sequences are

conserved to the extent of the almost invariant intron sequences that define the 5’

and 3' splice-sites. In particular, exon 1 positions -2 and -3, which are proposed

to interact with U5 nucleotides U98 and U97 (Newman and Norman 1991, 1992)

are no more conserved than any other exon 1 positions. If U5 does interact with

genes other than CYH2, then its interactions with exon sequences must not be as

rigidly determined as the interactions of U1 and U2 with the pre-mRNA. As

outlined in the epilogue, the conserved uridines of U5 Loop;#1 may function as a

sequence non-specific exon binding element; if the U5 nucleotides function
independently of one another in binding exonic RNA then U5 could function in

the general recognition of splice-sites. Indeed, exon 1 positions -1 through -4,

which would interact with U5-U96, U97, U98 and U99 in the Newman and

Norman model, are enriched in adenosine and/or guanosine. Intriguingly the
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conserved nucleotide, U5-C95 could interact with the invariant G of intron

position +1 in this register. Thus, despite the lack of sequence conservation at the

border of exon 1, the U5 snRNA could potentially basepair with all of the

spliced-genes examined.

In the proposed U5-exon 2 interaction, U5-C95 and U96 basepair with

exon 2 positions +2 and +1, respectively (Newman and Norman, 1992). Only 6 of

the 35 genes examined, however, contain guanosine nucleotides at position +2, so

the U5-C95 - exon 2 basepair could potentially form in only a small subset of

spliced-genes. Moreover, uridine is the prevalent nucleotide at position +1

(present in 13/35 genes), so the U5-U96 - exon 2 basepair must also be rare. In

fact, in 15 of the 35 genes, neither basepairing interaction is possible. The

adjacent uridine nucleotides (U97 and U98) can, however, basepair with the

conserved AG dinucleotide. If the interaction of U5 Loop;#1 with the 3' splice-site

region extends to the invariant AG dinucleotide (currently, an untested

hypothesis) then U5 could function in the recognition of all splice-genes. Finally,

U5-U99 is not predicted to contribute to this interaction because its potential

pairing partner, intron position -3, is always a pyrimidine.

Relaxing two of the assumptions made in the preceding analysis could in

principle extend the range of interactions that U5 could mediate. First, if the

register in which U5 Loop£1 binds exonic sequences can vary then U5's possible

target substrates expands greatly. Secondly, if interactions other than Watson

Crick or G-U basepairs occur (perhaps stabilized by U5 specific proteins) then the

U5-pre-mRNA interaction could be substantially stabilized.
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APPENDIX D: Another U5 SLU screen.

In the U5 synthetic lethal screen that is described in chpt. 2, Bruce

Patterson and I screened approximately 4000 colonies and obtained mutants

representing 13 separate complementation groups. Obviously, this initial screen

was not Saturated So Bruce Cree and Caroline Shamu, as rotation students,

repeated the U5 SLU screen. The results of this screen are presented in this

appendix:

Summary of screen:

Colonies Initial *Trans

U5 Allele % Kill Screened Synthetic recessive, *xrv.
Lethals TS SLUs Yield

A98 40% 2100 28
16 .3%

80% 2400 42

C98 40% 900 13
3 .1 %

80% 1500 102

C9799 40% 300 25
9 .8%

80% 900 28

Total Il.a. 8100 238 28 .34%

* Initial isolates were screened for trans-acting recessive alleles that were also
temperature-sensitive (either sick or lethal).

* 9% of trans-recessive, temperature-sensitive isolates.

Only the isolates with lethal or strong temperature-sensitive phenotypes
were further characterized. These isolates were backcrossed to an

unmutagenized parental strain and the segregation pattern of synthetic-lethal
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and temperature-sensitive phenotypes was scored. Finally, the isolates were

placed in complementation groups by crossing the isolates to the other isolates as

well as to other pro and slu alleles. From the initial group of 28 SLUts isolates, 6
emerged as promising candidates for further characterization:

SLUI Allele Isolate U5 Allele Growth (G) 37°º
slug-1 214 A98 lethal Yes

slu%-1 202 A98 lethal Yes

slu10–1 302 C98 lethal Yes

slu10-2 209 A98 lethal n.d.

*Slu11-1 Q2 C9799 v. sick Yes

D12

“slul 2-1 E11 C9799 lethal Yes

212

*Two progeny of the initial isolate were examined; these are not independent
alleles.
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