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ABSTRACT

We show that the requirement for Prp18 during the
second step of actin pre-mRNA splicing
dictated by the distance between the branch point and
the 3’ splice site. Prp18 is dispensable for splicing of
precursor RNAs in which the interval between the
branch pointand 3 ' splice site is <12 nt. This resembles
the requirement for another second step factor, Slu7.

Excess Slu7 protein can bypass the need for Prp18  in

vitro , suggesting that Slu7 and Prpl8 function in a
concerted manner. Physical interaction between Slu7
and Prp18 was demonstrated by using the two-hybrid
assay. Deletion mutants of SLU7 were tested for their
ability to support growth ofa  s/u7 null strain. Removal
of 199 amino acids from the N-terminus of the 382
amino acid Slu7 protein did not affect cell viability at
25°C. A more extensive N-terminal deletion of 221
amino acids was lethal, as was a C-terminal deletion of
47 amino acids. Deleted versions of Slu7 were also
tested for interaction with Prpl8 in the two-hybrid
system. We define a segment of Slu7 from residue 200
to 224 that is necessary for interaction with Prp18.

INTRODUCTION

in vitro is

dependent NTPase, then hydrolyzes ABR This elicits a
conformational change in the spliceosome, seen as protection of
the previously accessiblé Splice site from targeted RNase H
digestion {1). The 44 kDa Slu7 protein is also required for this
conformational changé ®). Slu7 binds to the Prp16-containing
spliceosome, as demonstrated by immunoprecipitation of the
products of step 1 by Slu7-specific antibodi€®).(Slu7 acts
subsequent to NTP hydrolysis by Prpl6, i.e. the Slu7-dependent
reaction during step 2 is ATP independentl@). Prpl6 is
liberated from the spliceosome after completion of step 2,
whereas Slu7 remains bound until the spliceosome is disassemblec
(12).

Biochemical and genetic data implicate Slu7'is8ice site
selection {2,13). The distance between the branch point and the
3 splice site can impact ohsplice site utilizationl(4-16). Slu7
is essential for splicingp vitro of precursor RNAs in which the
distance between the branch point argpBce site is >9 ntlQ).

In anin vivo situation where there is a choice between two
competing 3splice sites, thelu7-1mutant affects only the use
of the branch-distal sité §). Although the initial binding of Slu7

to the spliceosome is not via tHesglice site segment in the RNA
(12), Slu7 can be UV crosslinked to this regiai)(

PRP18s a non-essential gene encoding a 29 kDa protein; cells
that are disrupted for PRP18 grow slowly and have a temperature-
sensitive growth phenotyp8)( Horowitz and Abelsorgj have
shown that the second step of splicing is inhibited, but not

Splicing of yeast pre-mRNAs occurs in a large complex, thabolished, in extracts immunodepleted of Prpl8. The low
spliceosome, composed of snRNPs (U1, U2, U4, U5 and U6) aefficiency of splicing in these extracts could be restored by adding
protein factors that assemble onto the precursor RNA in kzack recombinant Prpl8 proteii8). Genetic interactions
coordinated fashion. The precursor RNA is spliced by twbetween Prpl8, Slu7 and U5 snRNA have been repdified).
consecutive transesterification reactions. In the first step,gplic®  The prp18-1 and slu7-1 mutant alleles each show synergistic
site is cleaved and a branched lariat intermediate is formed; in fle¢hal effects with mutant versions of U5 snRNA and with one

second step thée 3plice site is cleaved and ligated to thexX®n

another {9). Overexpression &LU7can suppress the tempera-

(1-3). Accurate recognition and selection of splice sites involvesire-sensitive growth defect pfp18-1(7).

numerous RNA-RNA and protein—RNA interactioh$);

We now show that Prp18, like Slu7, is dispensable for splicing

Events specific to the second step include identification of the vitro of precursor RNAs in which thé 8plice site is in close

3 splice site, its juxtaposition with thel8/droxyl of exon 1 and proximity to the branch point. Prp18 is required for splicing of
the transesterification reaction joining the exons. The yeagte-mRNAs in which the distance is >9 nt. The requirement for
splicing proteins Prp16, Prp17, Prp18, Slu7 and Ssfl are requiegp18 in the second stepvitro can be bypassed by excess Slu7
for the second catalytic step—(0). The earliest defined stage protein. A model for Prp18 function will be discussed, taking into
during step 2 is the binding of Prp16 to spliceosomes containiagcount our findings that Prp18 can physically interact with Slu7
the B exon and lariat intermediate. Prp16, a 121 kDa RNAin the two-hybrid assay.

* To whom correspondence should be addressed. Tel: +1 908 235 5831; Fax: +1 908 235 4783; Email: schwer@umdnj.edu



Nucleic Acids Research, 1997, Vol. 25, No. 12147

MATERIALS AND METHODS Immunodepletion

Expression of Prp18 in bacteria Whole-cell yeast splicing extract was prepared using the liquid
nitrogen method1(). To deplete the extract of Prp18, 4b

The PRP18gene was isolated by PCR amplification of totalpurified IgG were incubated with 1p0extract for 45 min on ice.

genomic DNA from a wild-typSaccharomyces cerevisiteain,  Protein A-Sepharose (15 mg, washed with PBS) was then mixed

using oligonucleotide primers corresponding to theahd with the extract/antibody mixture for 1 h. The slurry was

3-ends oPRP189). These oligonucleotides introducedNatd  centrifuged and the supernatafi§ extract) used fan vitro

restriction site at the start codon arxhal cleavage site'®fthe  splicing assays. Slu7 depletions were performed as described

stop codon. The amplified DNA fragment was digestedMdéh ~ previously (0) using affinity purified anti-Slu7 antibodies.

and Xhd and ligated into the T7 RNA polymerase-basedControl mock-depleted extracts were prepared using PBS in lieu

expression vector pET14b, so as to fuse the open reading fragi@ntiserum.

of PRP18to an N-terminal leader peptide containing six

histidines. pET14-PRP18 was transformed tgoherichia coli mRNA splicing in vitro

strain BL21(DES3). A 11 culture of BL21(DE3) pet14-PRP18 wa

grown at 37C in LB medium containing 0.1 mg/ml ampicillin

to an Aggo of 0.7. IsopropyPB-D-thiogalactopyranoside (IPTG)

was added to 0.4 mM. Cells were harvested 3 h later

centrifugation. The cell pellet was stored at*30

Radiolabeled intron-containing precursor RNAs were tran-
scribed from plasmid templates by T7 RNA polymerase and
rified by gel filtration through Sepharose CL-8B)( Splicing
reaction mixtures (1Qul) containing 8 mM HEPES, pH 7.0,
60 mM potassium phosphate, pH 7, 20 mM KCIUBDEDTA,
0.2 mM DTT, 3% (w/v) PEG 8000, 8% (v/v) glycerol, 2.5 mM
Purification of Prp18 MgCly, 2 mM ATP, 40% (v/v) yeast whole cell extract and 2 fmol
precursor RNA (100 000 c.p.m.) were incubated at room
All operations were performed at@. The cell pellet was temperature 40). The reaction products were analyzed by
suspended in 70 ml lysis buffer (50 mM Tris, pH 7.4, 150 mM:lectrophoresis through a 6% polyacrylamide gel containing 7 M
NaCl, 10 mM EDTA, 10% sucrose, 0.2 mg/ml lysozyme). Therea in TBE. The labeled RNAs were visualized by autoradio-
suspension was incubated for 30 min, then adjusted to 0.1§faphy.
Triton X-100 and incubated for an additional 30 min. Soluble and
insoluble fractions were separated by centrifugation. The solubiifsietion mutants ofSLU7
fraction (100 mg protein) was adjusted to 40% saturation with o . )
ammonium sulfate. After stirring for 30 min, the precipitate wa$ 1.8 kb restriction fragmenE€cRI-Xbd) containing the entire
collected by centrifugation. The pellet was suspended in 7 miU7 gene {3) was inserted into pBluescript (KS-) to yield
buffer A (20 mM Tris, pH 7.6, 50 mM KCI, 1 mBtmercapto- pKS-SLU7. Uracn-substltut(_ad smgle-s.trand.ed DNA was prepa_red
ethanol, 20% glycerol) and then dialyzed against the same buff§f; use as a template for oligonucleotide-directed mutagenesis. A
The dialysate was incubated with 2 ml Ni-NTA—agarose resiANA primer was designed to createNufd cleavage site at the
centrifugation and then subjected to repeated cycles of washihign inserted into pSE360RA3 CEN and pSE358TRP1
with buffer W (10 mM imidazole, 20 mM Tris, pH 7.6, 250 mM CEN) to yield p360-SLU7 and p358-SLU7. N-Terminal deletion
NaCl, 1 mM B-mercaptoethanol, 10% glycerol). Adsorbedvariants ofSLU7 were generated by PCR amplification using
material was eluted step-wise with 50 and 250 mM imidazole @figonucleotide primers designed to introdNdel restriction sites
buffer E (20 mM TriS, pH 76’ 1 mm_mercaptoethanc)l’ 10% at the codons fOI’.G|n40, LyS81, Cy5125, Thr163, G|U184, LySZOO
glycerol). Elution of the Prp18 polypeptide was monitored b@nd qu222, while substituting the respective_amino acids by
SDS-PAGE analysis of the column fractions. The fractiond€thionine. The PCR products were digestedNdthandEcaR|
containing Prp18 were pooled (4 mg protein) and dialyzed agaifgil to +1289) and inserted into p358-SLU7. In order to create
buffer D (20 mM HEPES, pH 7.9, 0.2 mM EDTA, 50 mM KClI, C-te_r_mlnal deletions, BarHl restriction site was mtroduce;d at
0.5 mM DTT, 20% glycerol). Protein concentrations werd0sition ~+1150 by site-directed mutagenesis, yielding
determined using the Bradford dye reagent (BioRad), with bovii358-SLU7(B). The C-terminal deletions were engineered using
serum albumin as the standard. The recombinant Prp18 prepdtdmers that introduced a stop codon at residues 362 and 336. The
tion was essentially homogeneous with respect to the His-tagg@&R fragments were restricted witdd andBanH| and inserted
Prp18 polypeptide, which migrated with an apparent size #fto p358-SLU7(B), so as to replace the wild-type sequence.

35 kDa during SDS—PAGE (not shown). Slu7(1-307) was created by inserting Nae—Bglll fragment
from p358-SLU7 into the p358-SLU7(B) cassette.

Anti-Prp18 serum SLU7 gene disruption

Antiserum was raised against recombinant Prp18 that had bélre SLU7 gene was disrupted by insertiontis&URA3hisG
purified by preparative SDS—PAGE and concentrated by ultraassette 1). We first constructegAslu7, a Bluescript-based
filtration with a Centricon filter to 2.5 mg/ml in 50 mM Tris, pH plasmid in which the region &LU7 from nucleotide +104 to
7.4, 150 mM NacCl, 0.1% SDS. Immunization was performed at1048 had been replaced byiaGURA3hisG cassette. The
Pocono Hill Rabbit Farm and Laboratory (Canadensis, PAhaploid wild-type strain A364A (MAF, leu2 ura3, trpl, his?)
Polyclonal anti-Prp18 serum was purified with protein A-Sepharoseas transformed with p358-SLU7 to obtain strain YXP1 (BAT
and concentrated to 15.6 mg/ml in phosphate-buffered saliteu2 ura3, his7, p358-SLUJ. YXP1 was then transformed with
(PBS; 10 mM NgPQy, pH 7.2, 150 mM NacCl). linearized Aslu7 and Uratransformants were selected. Insertion
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Figure 1. Requirement for Prp18 during the second step of pre-mRNA splicirigo. Yeast whole cell extracts were mock-depleted (mock-depleted extract) or
immunodepleted of Prp1818 extract) and incubated withP-labeled actin pre-mRNA. The reaction mixtureg(1@ere supplemented with Qg purified Prp18

where indicated by (+). The reactions were halted after incubation for 5, 10 or 20 mii@i.dh2Be experiment shown in the right panel (lanes 17322)abeled

actin pre-mRNA was incubated for 20 mi\it8 extract. The mixtures were then supplemented wiilgOPBp18 (+) or an equal vioume of buffer (-). The reactions
were terminated immediately prior to adding Prp18 (time 0) and 3 and 5 min after adding Prp18. The RNA reaction products were analyzed by PAGE. The posi
of the pre-mRNA and the products of steps 1 and 2 are indicated by symbols on the left; exon 1 is depicted by an open rectangle, the intron as a straight line an
2 as a hatched box.

at the correct position was confirmed by Southern blot analysis.Yeast strains Y187 (with thcZ reporter gene) and Y190
Selection in the presence of 5-fluoroorotic acid (FOA) yielded @ith the lacZ and HIS3 reporter genes)28) were each
strain that had lost thgRA3 gene via excisive recombination co-transformed with two plasmids and transformants were
between flankinghisG direct repeats2(l). This strain, YXP2 selected on medium lacking Trp and Leu. To test for expression
(MATa, leu2, ura3, his7, slu7:hisG p358-SLUJ, was then of the reporter genesells were patched onto SD-trp-leu plates
transformed with p360-SLU7CEN URA3. The cells were and grown overnight. A filter paper (Whatman 50) was placed on
grown in liquid culture in SD-ura to maintain p360-SLU7 butthe patches. The filter paper was removed and frozen in liquid
allow for loss of p358-SLUTEN TRP). Strain YXP3 (MAR,  nitrogen in order to permeabilize the cells. The filter was then
leu2, his7, trpl, slu7:hisG p360-SLUY was used for testing the placed onto a second filter paper that had been soaked in X-gal
ability of the various deletion mutants®ifU7(TRP1 CEN) to  solution. After incubating at 3C for 2—4 h, possitive patches

support growth using the plasmid shuffle techniq#. ( turned blue. Transformants of Y190, a strain that contained the
lacZandHIS3reporter genes (), were grown on SD-trp-leu-his
Two-hybrid assay system containing 25 mM 3-amino-1,2,4-triazole (3-AT; Sigma). Express-

i _ion of lacZ was assayed as described above.
Matchmaker System 2 (Clontech) was used in these studies.

p358-SLU7 was digested witttddd andEcdR| and inserted into

pAS2-1 to create a fusion betwegiU7 and theGAL4 binding RESULTS

domain. The resultant plasmid is pGBD-SLU7. pGBD-SLU7 Caprp18-dependent splicingn vitro

complement aslu7 null strain. The N-terminal deletions were

engineered in the same way by inserting Med-Ecdrl  We established aim vitro depletion/complementation assay to
fragments from the corresponding p358-SLU7 deletion mutaticamssess the requirement for Prpl8 during step 2 of splicing.
into pAS2-1. To create fusions with the C-terminal deletionti-Prp18 I1gG was used to deplete Prp18 from a yeast whole cell
versions, theNdd-BanHI fragment from p358-SLU7(B) was extract A18 extract). Control extracts were mock-depleted in
inserted into pAS2-1 restricted witidd and BanHI. pGBD-  parallel. We compared the ability of the two extracts to catalyze
PRP18 was created by insertion of Nag—Xhd fragment from  splicing of 32P-labeled actin pre-mRNA. A kinetic analysis is
pET14-PRP18 into pAS2-1. The fusion ®ifU7 to the GAL4  shown in Figurd. In the control extract, lariat intermediate (the
activation domain was constructed by inserting\itié (filled in ~ step 1 product) was formed within 5 min. Mature mRNA
by T4 DNA polymerasecdRl fragment from p358-SLU7 into appeared at 10 min and increased at 20 min {Fignes 1-4).
pACT2 (Sma-EcdRl), yielding pGAD-SLU7. To construct Addition of pure recombinant Prp18 protein to the control extract
pGAD-PRP18, thdldd (blunted with T4 DNA polymerase¥hd had no effect on reaction kinetics (Figlanes 5-8).

fragment from pET14-PRP18 was ligated into pACT2 digested The second catalytic step was blocked in extracts that had been
with Sma andXhd. depleted of Prp18. The products of step 1 (lariat intermediate and
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5" exon) accumulated to high levels during a 20 min incubation andp A8

almost no mature mRNA was formed (Fib. lanes 9-12). ACTwy ACT; ACTs ACTy ACTys
However, when thAl18 extract was supplemented with purified Ppl8 - + - 4 - F - + - +
Prp18, the rate and extent of splicing was restored to a level
comparable with that of the control extract (Biglanes 13-16).

R R o o I — .

By varying the order of addition, we demonstrated that Prp18 = - i
specifically complements a defect in step 2. Step 1 products that
had accumulated during a 20 min reaction catalyzéd ®gxtract T 7] - o g - -

were chased into mature mRNA upon addition of recombinant

Prp18. An increase in step 2 products (MRNA and excised lariat

intron) was evident 3 min after supplementation with Prp18 (Fig.

1, lanes 20—-22). No step 2 products were formed during a parallel o -“-Sae® - =
incubation without added Prp18 (Fig.lanes 17-19).

Prp18 is dispensible for splicing of precursor RNAs in
which the interval between the branch point and '3

AR | 1
splice site is <12 nt B |A7A18 | ACTwr ACT; ACT, ACT, ACTis
In the wild-type actin pre-mRNA (AG#7) the splice acceptor TRAAE = % & & T s k=
site is located 38 nt downstream of the branch point. We showed D, W = o - B -
previously that the requirement for Slu7 in actin pre-mRNA .

splicing can be obviated by shortening the interval between the o= el "

branch point and thée 8plice site 12). This prompted us to ask
whether the requirement for Prp18 might also depend on the
branch point to'3plice site distance. To answer this question, we
exploited a series of actin pre-mRNAs in which the interval
between the branch point aridsBlice site varied between 7 and

15 nt (2). Splicing of the ACTs pre-mRNA, like that of
ACTwr, was arrested after step 1 in Prp18-depleted extracts and
could be restored by adding back recombinant Prp18 ZKig. kR %Rk £ R ATD

lanes 9 and 10). Splicing of Agdwas also Prpl8 dependent

(Fig. ZA’ lanes 7 and 8). In contrast, SpI!Clng of Was ,C'eaf'Y Figure 2. Prp18 is not essential for splicing of ACAnd ACT precursor RNAs.
Prp18 independent. AGTRNA was spliced very efficiently in  (a) The indicated pre-mRNAs were incubated for 20 miiBiextract () oA18
the Prpl8-depleted extract and step 1 intermediates did nettract supplemented with Quf Prp18 (+). Wild-type actin precursor (AGF)
accumulate (Fig2A, lane 3). Addition of recombinant Prp18 had contains 38 nt between the branch point UAGIZA and the 3splice site UAG

. . - . (the branch sité and the introlexon border are depicted in bold). Mutated
no impact on the AC7TSp|IC|ng reaction (Iane 4)' SpllCII’lg of versions of actin pre-mRNA (AGJ containN nucleotides between the branch

ACTg was partially dependent on Prpl8, i.e. althoidi8 point and 3splice site sequences. The RNA between these two sequence elements
extracts did form mature spliced AgPproduct, they also are as follows: UCGAUUA in AGE UCGAUUAUA in ACTg; UCGAUUUG-
accumulated lariat intermediate (lane 5). Adding back Prpl8UUA in ACT13 UCGAUUAUAUGUUUA in ACTis (B) The indicated
increased the yield of mature AGMRNA and decreased lariat pre-mRNAs were incubated for 20 minAA18 extract (—) 0A7A18 extract
intermediate (lane 6). Thus, Prp18, like Slu7, is required to splicseu'o’)Iemented with 0.35 Prp18 plus 0.2fg Slu7 (+)
RNAs in which the branch point to splice site distaned Znt.

We considered the possibility that Prpl8 and Slu7 arevel of lariatintermediate (Fig, lanes 2-5). A 100-fold increase
functionally redundant in the splicing of RNAs with short branclin Slu7 concentration (to 5Qg/ml) neither enhanced nor
point—splice site intervals, but non-overlapping in the splicing dfindered splicing (Fig3, lane 6).
longer interval precursors. Were this so, we would expect thatAn unanticipated and mechanistically instructive finding was
depletion of both proteins would block splicing of short intervathat recombinant Slu7 alone could relieve the step 2 defect of the
RNAs. Yet, we observed that AgWas spliced perfectly wellby A7A18 extract. However, the Slu7 concentration dependence of
the doubly depleted7A18 extract (Fig2B, lane 3). Splicing of  splicing in the absence of Prp18 was shifted significantly to the
ACT1p, ACTy5 and ACTyT by theA7A18 extract was blocked right, i.e. 10-fold higher concentrations of Slu7 were required to
after step 1 and was complemented by adding back both purifiachieve the extents of splicing seen in Prp18-supplem&rmad

—wz "Teoeoeeee=T

-
LE X T T B

proteins (Fig2B). extract (Fig3, lanes 8-12). We conclude that the requirement for
Prp18 in the second step of splicing can be bypassed by excess
Excess Slu7 protein obviates the requirement for Prp18 Slu7. Prpl18, while not strictly required for step 2, appears to

. facilitate the action of Slu7, which is strictly required.
Recombinant Prp18 alone could not complement the step 2 defect yreq

of the doubly depletefi7A18 extract (Fig3, lanes 1). Formation - ; :

of mature actin mRNA in the presence of purified Prpl8 (al:t>rp18 and Slu7 interact in the two-hybrid assay
50 ug/ml in the splicing reaction mixture) required Slu7. TheNe employed the two-hybrid ass#3/) as a means to detect
yield of spliced RNA increased as the concentration of recomigphysical interactions between Prp18 and Slu7. The full-length
nant Slu7 was titrated from 16 to 500 ng/ml; this occurre@lu7 and Prp18 polypeptides were each fused to the Gal4 DNA
concomitant with a Slu7 concentration-dependent decline in thénding domain (GBD) and to the Gal4 activation domain
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Figure 3.In vitro complementation @t7A18 extract by Slu7 alone and SLU7

plus Prp18. Actin pre-mRNA was incubated for 20 mimA#A18 extract .}'
(-Prp18, lanes 7-12) A7A18 extract plus 0.Ag Prp18 (+Prpl8, lanes 1-6). Ve

The reaction mixtures were supplemented with increasing amounts of Slu ’

protein as follows: 0.16 (lanes 2 and 8), 0.5 (lanes 3 and 9), 1.6 (lanes 4 and 1 . P .

5 (lanes 5 and 11) and 500 ng (lanes 6 and 12). Control reactions contained SD-trp-leu-his-3AT X-gal filter X-gal filter
added Slu7 (lanes 1 and 7). (HIS3 expression) {lacZ expression) (lacZ expression)

(GAD). Four fusion plasmids were constructed: pGBD-PRP18Figure 4. Slu7 and Prp18 interact in the two-hybrid as¥agst strains Y187
pGBD-SLU7, pGAD-PRP18 and pGAD-SLU7. The GBD-SIu7 antcli‘Ylgong? cg-ttrans]formedtwith nine different cto?]wbinati%nDs ?f pllasmlidts as
fusion protein was functiondl viva L. pGBD-SLU7 geneti- — pUINeq Leq T tansiomanis were gour  ptches on S0l s
cally complemented alu7 null mutant (not shown). Pairwise \ere transferred to SD-trp-leu-3-AT medium to select for cells that expressed
combinations of the GBD and GAD fusion plasmids werethe HIS3 reporter gene. Thg-galactosidase activity of Y187 and Y190
transformed into yeast strains Y187 and Y190, which contain @ansformants was tested using the X-gal filter assay.
lacZ reporter gene with upstream Gal4 binding sites. Y190 also
contains &HIS3reporter gene with upstream Gal4 binding sites
(23). Expression of thiacZ andHIS3reporters is contingent on mutants Slu7(220-382), Slu7(1-335) and Slu7(1-307) were
bridging interactions between the GBD and GAD fusion proteinsion-functionain viva, i.e. they did not support growth on 5-FOA
lacZ expression in yeast cells was evinced by the acquisition af either 25 or 30C. All other less extensively truncated Slu7
blue color after incubation with X-gaHIS3 expression was variants supported growth at one or both temperatures. The
manifested by growth in medium lacking histidine and containing-FOA survivors were subsequently tested for growth at different
25 mM 3-AT. Control cells transformed with the pGAD andtemperatures on YPD medium. The results are summarized in
pGBD vectors did not expreB$S3orlacZ Strains transformed Figure5 (and shown in Figh). Deletion of up to 80 amino acids
with pGAD-PRP18 plus pGBD-SLU7 or pGAD-SLU7 plus from the N-terminus of Slu7 had no effect on cell growth at any
pPGBD-PRP18 expressed both reporter genes 4Fid\l other  temperature from 17 to 3Z. However, additional deletions of
combinations were negative in both assays. These result®4, 162, 184 and 199 residues elicited a progressive temperature-
demonstrated that Prp18 and Slu7 can interact phydicaliyo.  sensitive growth phenotype (Fi§sand6). The break point for
growth at 28C versus lethality was between residues 200 and
Slu7 deletion mutants define a minimum essential 222. A C-terminal deletion of 21 amino acids was well tolerated
domain [Slu7(1-361)], whereas deletion of 47 residues was lethal
[Slu7(1-335)].
A series of N- and C-terminal deletion mutants was designed to
progressively truncate the 382 amino acid Slu7 proteininThe
vivo function of the truncated genes was tested by using t
plasmid shuffle procedur@Z). Growth of theslu7 null strain
YXP3 depends on an extrachromosomal cof3L&f7on aCEN  Deletion mutants of Slu7 were fused to the Gal4 DNA binding
URA3 plasmid. YXP3 was transformed withGEN TRP1 domain. The pGBD-SLUYmutants were introduced into strain
plasmid containing either full-length wild-ty.U7or a series Y187 together with the pGAD-PRP18 fusion plasmid.*Tep"
of SLU7 deletion mutants. Tfptransformants were plated on transformants were tested for expression dbtti€reporter gene
medium containing 5-FOA to select against retention of th@-ig. 7). Elimination of 199 amino acids from the N-terminus of
SLU7 URA3plasmid. Selection was performed at 25 arfdC30  Slu7 did not affect interaction of the fusion protein with Prp18, i.e.
As expected, cells transformed with t8eU7 TRP1plasmid GBD-SIu7(200-382) cells were blue in X-gal. However, cells
encoding full-length Slu7(1-382) grew readily on 5-FOA at botlransformed with GBD-SIu7(222—-382) were white. Cells trans-
temperatures, whereas cells transformed withTRE1vector formed with Slu7 C-terminal deletion mutants were taeZen
were unable to form colonies (Figand not shown). Deletion after deletion of 158 residues [GBD—-SIu7(1-224)]. More extensive

Deletion analysis defines a domain of Slu7 required for
iteraction with Prp18
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Growth  (°0) Interaction with GAD-Prp18
17 25 30 32 37 (lacZ expression)

GBD-Slu7 (1-382) ————— +
Slu7 (1-382)  —] ot bt b bR GBD-Slu7 (40-382)  ———1 +
Slu7 (40-382)  e— St b AR bR GBD-5lu7 (81-382) | e—] +
Slu7 (81-382) —— FHE HEE REE RRE R GBD-Slu7 (125-382) ———— +
Slu7 (125-382) — ++ bt - GBD-Slu7 (163-382) — +
Slu7 (163-382) ——— A . GBD-Slu7 (184-382) — +
Slu7 (184-382) —— + ++ + + - GBD-Slu7 (200-382) — +
Slu7 (200-382) —— + + - - - GBD-Slu7 (222-382) —— -
Slu7 (222-382) —/ - - GBD-Slu7 (1-361) —— +
Slu7 (1-361) — FEE bR R bt At GBD-Slu7 (1-335) [ +
Slu7 (1-335) —————— - - GBD-Slu7 (1-307) [—————— +
Slu7 (1-307) ——— - - GBD-Slu7 (1-265) C—— +

GBD-Slu7 (1-248) —— +

GBD-Slu7 (1-224) —— +

Figure 5.SLU7deletion mutants. Gene function was tested by plasmid shuffle. GBD-Slu7(1212) ——— -
Wild-type and mutant alleles (oFRP1 CEN) were transformed into strain
YXP3. A control transformation was performed with the vector pSE358. Trp
transformants were selected and streaked on medium containing 5-FOA at 25
and 30C. —, no colonies were formed on 5-FOA medium. FOA-resistant
colonies that had lost tHeéEN, URA3 SLU7 plasmid were streaked to YPD Figure 7.Identification of a domain of Slu7 required for two-hybrid interaction
medium and incubated for 4 days at different temperatures. GrowttCaviag with Prp18. Strain Y187 was co-transformed with pGAD-Prp18 and the
assessed after 6 days. +++, growth indistinguishable from that of wild-type indicated deletion mutants of pGBD-Slu7. Positive interaction (+) was scored
cells; ++, cells grew more slowly than wild-type cells; +, strains formed only as blue color in the X-gal filter assay. White color was scored as negative (-).
very small colonies.

GBD-Slu7 (1-193) [—— .

were viable by plasmid shuffle. This suggests that the Prp18
25°C interaction domain of Slu7 (and by inference the interaction
between Slu7 and Prpl18) contributes to Slu7 funatisvo.

DISCUSSION

Five major conclusions emerge from the work presented in this
study: (i) Prp18 is dispensable for splicing of actin pre-mRNA in
which the distance between the branch point asglige site is

<12 nt; (i) excess Slu7 protein obviates the need for Prp18 during
the second step of splicing vitro; (iii) Prp18 and Slu7 interact

in the two-hybrid assay; (iv) the segment of Slu7 from residue 200
to 224 is necessary for this interaction; (v) the N-terminal 199
amino acids of Slu7 are not essential for Slu7 funttieivo. The
mechanistic implications are considered below.

Slu7 and Prp18 act in concert

The catalytic center or ‘active site’ of the spliceosome will be
located at the branch point upon completion of the first
transesterification reaction (because the branched lariat inter-
mediate is the product of that reaction). In order for the second
transesterification reaction to occur, thegice site phosphodi-
ester bond must be identified and positioned for attack by the 3
hydroxyl of exon 1. It remains to be determined whether both
git?;irrfsﬁégﬁgﬁ]ei;atﬁje“Sgtigf o Stathf: ‘;flI’g'l'é‘;f’:;”;'dsic'-;igddagiggnnl‘gsgés-ttransesterification reactions use the same active site, as suggeste
YPD medium. Th?e pIateZSvere photographed after incubation for 3 days at th%~I a model for a M()_'metal lon mechanism for Catalm or
indicated temperatures. whether a new site is created for the second chemicalsep (

In either case, structural rearrangements in the spliceosome neec

to occur to juxtapose the reactive moieties for the second catalytic
deletions were inactive, e.g. GBD-SIu7(1-212) and GBDstep. Our studies show that the protein requirements for step 2
Slu7(1-193). These results define a segment of Slu7 from residiepend on the length of the RNA segment between the branch
200to 224 that s required for interaction of Slu7 with Prp18. Notgoint and the ‘Ssplice site. Prp18 and Slu7 are required to splice
that all Slu7 deletions that were viable in the plasmid shuffle asspge-mRNAs in which this distancez42 nt, but not when this
were capable of interacting with Prp18 in the two-hybrid assainterval is<9 nt. The data suggest that Slu7 and Prpl8 act
None of the mutants that were defective in the two-hybrid assagoperatively, insofar as excess Slu7 can bypass the requirement
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for Prp18. We found that 10-fold more Slu7 is needed to promottiring encapsidation3®). It has previously been shown that
step 2 when Prpl8 is lacking. This readily accounts for theplacement of two cysteine residues within the Slu7 zinc knuckle
observation that prp18 null mutant is viable (but temperature by two serinessiu7-CCSpdoes not affect Slu7 functiém vivo
sensitive) @) and that overexpression &LU7 in vivo can  (13). We now show that an N-terminal Slu7 deletion mutant,
suppress the temperature-sensitive growth defect pfphi8-1  Slu7(160-382), which lacks the cysteine-rich motif, supports cell
mutant strain ). growth at 25C. Hence, the motif is not essential for Slu7
We infer that Slu7 is involved in the structural changes thdtinction. Progressive N-terminal deletions elicited a temperature-
identify the 3splice site and position it for attack by the upstreamsensitive growth phenotype, but were not lethal until >199 amino
exon. In principle, this could entail movement of the catalytiacids were removed. The C-terminus was less tolerant of
center (containing the' 3iydroxyl of exon 1) away from the deletions; removal of >21 amino acids was lethal. gih@-ts
branch point to the' 3plice site junction or recruitment of tHe 3 deletion mutants may prove useful for further genetic analysis of
splice site to the branch point region. This event is not ra®lu7 interactions within the spliceosome, e.g. via the identifica-
limiting for transesterification chemistry when the branch pointion of extragenic suppressors of the temperature-sensitive
to 3 splice site distance is short, but becomes rate limiting (argtowth defect. A more extensive mutational analysis of Slu7 in
hence Slu7 dependent) when the distance is long. We suggest thizsith amino acid substitutions are targeted to regions of interest
Prp18 stabilizes the interaction of Slu7 with the spliceosome. (e.g. the Prpl8 interaction domain), together with mutational
It is likely that Prp18 facilitates the Slu7-dependent step bgnalysis of Prp18, will provide additional insights into function
interacting physically with Slu7. We have shown that Prp18 araf these proteins in pre-mRNA splicing.
Slu7 fusion proteins interact in the two-hybrid assay. Deletion
mutations define a small region of Slu7, from amino acid 200 t
224, that is required for binding of Prpl8. We assume thai CKNOWLEDGEMENTS
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