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ABSTRACT

The yeast PRP28 gene has been implicated in nuclear
precursor messenger RNA (pre-mRNA) splicing, a
two-step reaction involved in a multitude of RNA
structural alterations. Prp28p, the gene product of
PRP28, is a member of the evolutionarily conserved
DEAD-box proteins (DBPs). Members of DBPs are
involved in a variety of RNA-related biochemical
processes, presumably by their putative RNA helicase
activities. Prp28p has been speculated to play a role in
melting the duplex between U4 and U6 small nuclear
RNAs (snRNAs), leading to the formation of an active
spliceosome. To study the function of Prp28p and its
interactions with other components of the splicing
machinery, we have isolated and characterized a large
number of prp28 conditional mutants. Strikingly, many
of these prp28 mutations are localized in the highly
conserved motifs found in all the DBPs. Intragenic
reversion analysis suggests that regions of motifs Ii, Il|
and V, as well as of motifs | and IV, in Prp28p are likely
to be in close proximity to each other. Our results thus
provide the first hint of the local structural arrange-
ment for Prp28p, and perhaps for other DBPs as well.

INTRODUCTION

substrate, leading to the formation of a pre-splicing complex. The
subsequent formation of the active spliceosome complex requires
the dissociation of U4 from the pre-splicing compléxg],
which occurs either concomitantly to or after the first cleavage at
the B splice site §). It has been speculated that this step is
energy-dependent and that ATP is required for RNA helicases to
unwind the U4/U6 duplex, which exhibits a melting temperature
(Tm) of 53°C (2). Similar RNA unwinding activities may also be
needed to disrupt the Ul/pre-mRNA duplex formed during
spliceosome assembly.

Mammalian eukaryotic translation initiation factor elF4&\gnd
human p68 10) were among the first proteins shown to use ATP
hydrolysis to drive the unwinding of the double-stranded RNA
substratedn vitro. It is now clear that elF4A and p68 belong to a
growing protein family called the DEAD-box protein (DBP) family,
so named because of the presence of the highly conserved
Asp-Glu-Ala-Asp (DEAD) motif {1,12). Members of this family
are similar to each other in sequence and share more than sever
highly conserved motifs with elF4A and p8&). Thus, they are all
thought to be RNA helicases which can promote separation of
strands in RNA duplexes or removal of secondary structures in
single-stranded RNA. These putative RNA helicases are found to be
involved in a variety of biological processéS8), such as translation
initiation, ribosomal biogenesis, cell growth and division regulation,
Drosophila oocyte formation and specification of embryonic
posterior structures and mouse spermatogenesis. The complexity
and the importance of these DBPs is perhaps most obvious in yeast,

The removal of introns from nuclear pre-mRNAs, referred to ashere more than 26 differeDBP genes have been identified
pre-mRNA splicing, proceeds via two consecutive transester@nd at least 16 of these are essential for cell viability (T.-H.Chang,
fication reactions(). In the first step, the' Splice site is cleaved, unpublished). There are other families of proteins which are closely
yielding a 5 exon and a lariat intron~3xon as splicing related to the DBP family; these are sometimes called the DEAH
intermediates. This is followed by cleavage at thepBce site  and the DEXH families which, together with the DBP family, form
and ligation of the two exons, with the release of the intron in the helicase superfamily IL{). Members of the DEAH and the
lariat form. This entire splicing process is carried out in th®EXH families are involved in DNA replication and recombination
spliceosome, a macromolecular complex consisting of a largad include putative RNA helicases of several positive-strand RNA
number of proteins and several small nuclear RNAs (snRNAs)iruses.
Five spliceosomal snRNAs, U1, U2, U4, U5 and U6, organized To investigate the role of the potential RNA unwinding activities
in the form of small nuclear ribonucleoprotein particlesn mRNA splicing, we have previously isolated five new yB&#®
(snRNPs), are essential for splicing. Among the five sSnRNAs, Ugenes 15). One of themCA8 (15), was shown to be identical to
is the most conserved and was thought to be central to the spliciRBP28(16). In yeast, more than 3BRP (Pre-RNA Processing)
catalytic activities %,3). Since U6 and U4 snRNAs are stablygenes involved in nuclear pre-mRNA processing have been
base-paired with each other in a U4/6 snRRIB)(it has been identified by various genetic mean$).(Five PRP proteins are
suggested that U4 could act as an antisense RNA to regulate thembers of the helicase superfamily Il. Two of these, PraZgp (
proposed catalytic function of the U6 snRN#). ( and Prp5p17) are members of the DBP family. The other three,
Pre-mRNA splicingn vitro proceeds by a sequential assemblyPrp2p (8), Prp16p {9) and Prp22p40), belong to the DEAH
of Ul, U2 and a U4/U5/U6 tri-snRNP onto the pre-mRNAfamily. Of these five proteins, Prp2p, Prp5p, Prpl6p and Prp28p
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have been shown to possess the predicted RNA-dependent ATRas@Al/leu2Al; 21). Yeast genomic DNAs isolated from the His
activities. However, evidence for their RNA unding activities transformants were used to screen by Southern analysis for
is lacking. It has been reported that the mammalian elF4A requirgansformants in which one of the t&RP28genes was replaced

a cofactor, elF4B, for its optimal RNA helicase actitrityitro (9). by theprp28::HIS3allele. The confirmed diploid strain, YTC59, has
By analogy, it is possible that other DBPSs, such as Prp28p, may alke following genotypes: MAT&/MATa  prp28::HIS3/PRP28
require auxiliary factors for their unwinding activities. ura3-52/ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 Apl-

We are interested in studying the functions of Prp28p itrpl-Al his3A200/his3A200 leu2Al/leu2Al. Transformation of
pre-mRNA splicing. To facilitate a comprehensive genetic andtrain YTC59 by pCA8032 (Tabl yielded strain YTC63. Strain
biochemical analysis of Prp28p, we sought to isolate a largéTC65 [MATa ura3-52 lys2-801 ade2-101 tr@iit his3A200
number ofprp28 conditional mutants. We found that many ofleu2-A1 prp28::HIS3(pCA8033] was derived from sporulation of
these mutations are located in the conserved DBP motif§TC63.
suggesting a probable and convenient way for constructing
analogous conditional mutants in otli#BP genes. Intragenic
reversion analysis of thesgrp28 conditional mutants has

permitted us to propose the first structural arrangement amogiteen oligonucleotides (sequences available upon request) were

Oligonucleotide-directed site-specific mutagenesis

four of the highly conserved motifs in Prp28p. designed to alter the highly conserved amino acids in Prp28p.
Single-stranded DNA derived from plasmid pCA8005 (Téble
MATERIALS AND METHODS was used as template for site-specific mutagenesis which was
) ) done as described?) using reagents from Bio-Rad Laboratories
Cloning and sequencing oPRP28 (Hercules, CA). Positive clones were verified by DNA

A YCp50 genomic library was screened by bacterial Colorq§equencmg.MutantDNAlnsertswere then recloned into pRS314

hybridization for clones carrying thPRP28 gene using a or plasmid shuffling (see below).

[32P]dCTP-labeled prob&A8(15). On the basis of the Southern

analysis, a DNA fragment thought to encompass the entitdydroxylamine mutagenesis

PRP28gene was subcloned into Bluescript KS(+) and KS(— i . _
vectors (Stratagene, La Jolla, CA) in both orientations. Two seasmid pCA8034LEU2) was reacted with hydroxylamine to
of nested deletion clones, one from each orientation, wedeld 2.6% leucine auxotrophy as describ&6).(After trans-
constructed using aExdll/Mung Bean Deletion Kit from formation of the mutagenized DNA inEscherichia coli[24
Stratagene. Single-stranded DNA templates were prepared fr§fd0 transformants were pooled for preparing a mutgpi8
each individual clone for dideoxy chain termination sequencintprary termed pCA8034-[mut].

with a Sequenase Kit (U.S. Biochemical Corp., OH). A total of

4451 nucleotides were determined. Sequence 6fRii®28gene  pCR mutagenesis

(2452 nucleotides in total) was independently determined by

Strauss and Guthrié®). Our sequence extends 1980 nucleotide#\ 950 bp DNA fragment was PCR-amplified by primers 28-19

beyond the 3end of the published sequence. (agtactagatgaagctga) and 28-18 (aagataaaaggatatatt) using
plasmid pCA8009 (Tabl&) as template. Primer 28-19 is comple-
Plasmids mentary to the VLDEAD region (motif Il) iPRP28and primer

28-18, which contains an engineei@ahH| site (underlined), is
Plasmids used in this study are summarized in Tablhree complementary to a regiodl90 bp downstream from the stop
centromere yeast shuttle vectded)( pRS314 TRPJ), pRS315 codon. Mutagenic conditions described by Cadwell and Jayge (

(LEU2) and pRS316U4RA3 were used in this study. were used for PCR amplification. The resulting product was isolated
and re-amplified under non-mutagenic conditions. The final PCR
Yeast strains product was digested wiBarrHI andMunl, which cuts 5to motif

IV (IIF). The resulting 650 bMuni-BanHI fragment, covering a
A Spé-EcdRl fragment containing therp28::HIS3 allele was region from motif IV to motif VI, was used to replace a cognate
isolated from pCA8033 (Tabl#) and transformed into a diploid fragment in plasmid pCA8056 (Tablg. Approximately 6000
yeast strain YPH274MATa/MATa ura3-52/ura3-52 lys2-801/ bacterial transformants were pooled for preparing a second mutant
lys2-801 ade2-101/ade2-101 trAd/trpl-Al his3A200/his3A200  prp28library termed pCA8056-[mut].

Table 1.Plasmids used in this study

Plasmid Description

pCA8005 A 3.6 kbKpnl fragment containing’RP28was cloned into Bluescript KS(+) vector for site-specific mutagenesis

pCA8009 A 3.6 kiKpnl fragment containingPRP28was cloned into pRS316 vect@EN/URA3J for PCR mutagenesis

pCA8031 A 1.5 kiBcll-BanHI fragment downstream 6fRP28was deleted from pCA8005 for constructing pinp28::HIS3allele (see pCA8033)
pCA8032 A 2.1 kiKpnl-Bcll fragment containing’RP28was cloned into pRS316 vect@EN/URA3

pCA8033 An internal 1.7 kBglll fragment ofPRP28in pCA8031 was replaced 1S3 carried on a 1.7 kBanH| fragment to yield th@rp28::HIS3allele
pCA8034 A 2.1 kiKpnl-Bcll fragment containing’RP28was cloned into pRS315 vect@EN/LEU2 for hydroxylamine mutagenesis

pCA8056 A 2.1 kbKpnl-Bcll fragment containingPRP28was cloned into pRS314 vect@EN/TRP}) for PCR and site-specific mutagenesis
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Plasmid shuffling and screening of conditional mutants For hydroxylamine and PCR mutagenesis, transformants were
replica-plated onto four 5-FOA plates which were then incubated at
Site-specific mutagenized plasmids, pCA8034-[mut] library, an@0, 37, 25 and 1%, respectively. Conditional mutants were picked
pCA8056-[mut] library were transformed into yeast strain YTC63rom the master plates and re-streaked on 5-FOA plates for isolation
(see above). Selection for pCA8032RA3, which carries the of single colonies. To confirm the growth phenotypes of the isolated
wild-type PRP28gene, in YTC65 was omitted, thus allowing this mutants, mutagenized plasmids were recovered and reintroduced
plasmid to be lost freely. For each site-specific mutant, founto YTC65 for a second round of 5-FOA counterselection. Only
independent transformants were streaked out on 5-fluoroorotic agihismid-linked mutations were further analyzed. Mutations were
(5-FOA) plates at 30C to counterselect cells in which pCA8032 hasdetermined by sequencing the entire coding regioAR®28 A
not been lost. The isolated single colonies were then analyzed. Th&al of nine and seven conditional mutants were isolated by
inability to isolate viable single colonies on 5-FOA plates &C30 screening 30 000 and 14 000 transformants from hydroxylamine and
was taken as an indication that the engineered mutation was letff®CR mutagenesis experiments, respectively (B3ble

Table 2. Summary ofprp28 mutants

Mutation Location Phenotype Allele name Methodology
A221V motif | Ts +Cs prp28-103 (o
T223I motif | no growth at 2%C or lower prp28-117 Hb
R264E motif la lethal (0]
R264D motif la lethal O
E265Q motif la Ts+Cs prp28-99 (0]
Q268/UAG motif la Ts+Cs prp28-76 H
T3171 motif Ib no growth at 37, 25 and 3C prp28-36 H
T317Y motif 1b lethal (@)
G319V motif Ib Ts +Cs prp28-100 (0]
G319E motif Ib Ts+Cs prp28-17 H
M376I motif 111 Cs- prp28-32 H
A379W motif 111 no growth at 29C or lower prp28-102 (0]
A379V motif 111 wild-type (0]
F442H motif IV wild-type (0]
F442G motif IV Ts +Cs prp28-101 O
F442Ss motif IV Ts prp28-55 pe
M491K conserved Ts prp28-52 P
R499K motif V Cs prp28-86 H
R499G motif VI lethal (0]
R499E motif V wild-type (0]
D502N motif V lethal (0]
Y521D motif VI Ts™ prp28-37 P
R527K motif VI wild-type O
R527D motif VI lethal (@)
Q56/UAA - Ts +Cs prp28-59 H
T2741 + Q275/UAA - Ts prp28-98 H
Q481/UAA - Ts prp28-47 H
L480/UAG - Ts prp28-46 P
1440F + F546S - Ts prp28-56 P
+ N584E

P438L + H468L - Ts prp28-61 P
+ N486D

A449T + V541A - Ts prp28-66 P
+ L549V + K580N

+ 1586V

20ligonucleotide-directed site-specific mutagenesis.
bHydroxylamine mutagenesis.
°PCR mutagenesis.
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Isolation and characterization of intragenic suppressors (29). The mutagenize®RP28clones were then introduced into

- : : ._strain YTC65 for screeningrp28 mutants failed to grow at either
Four conditionaprp28strains (see Results) were used for |solat|or§7 (temperature-sensitivregr%utantsr)Ter 15C (cgl d-sensitive

of revertants capable of growing at the non-permissive temperatur . .
: ; tants; C3. Remarkably, many of thegep28 mutations were
Cells were grown to saturation, diluted and plated on YPD (1% ¥e38lind to localize in the highly conserved regions present in all the

extract, 2% peptone, 2% dextrose) for isolation of spontaneo : P
revertants as describedlyj. Plasmids carrying the originptp28 BBPs. These resifts are summarized in Figued Table

mutation from each revertant were recovered and re-introduced int
strain YTC65. The growth phenotypes of the resulting strains aft
5-FOA counterselection of pCA8032 were then examined. Plasmiflfotif | (A/S 2p1-X-T/Sp23G-S/T-GKT), also known as ATPase A
which yielded strains with identical growth phenotype to the parentahotif, is present in the majority of nucleotide-binding proteins
conditional mutants were considered to harbor only the origingb? 33). In most of the DBPs, the first position of this motif is
prp28 mutations. Plasmids which rendered a wild-type growtfjjanine. Substitutions of this alanine residue with serine or glycine
phenotype were assumed to either have reverted the opigp28 iy mammalian elF4A were neutratd) and similar alanine-to-
mutation or to have acquired a second-site suppressor mutatiogiine change in yeast elF4A had no effect on the yeast cell growth
within thePRP28gene. The locations of the intragenic suppressio[31). These data were consistent with the fact that this position is

utations in motif |

mutations were then determined by DNA sequencing. occupied by a serine residue in Spb4p and Prp5p and by a glycine
residue in Prp2p, Prp16p and Prp22p. However, in yeast elF4A, an
Northern analysis alanine-to-valine mutation is leth&@), and the same mutation in

mammalian elF4A abolishes the ATP-binding and consequently the
ATPase and the RNA unwinding activiti€s). We constructed an
analogous mutation, A221V, in Prp28p. Surprisingly, this mutant
train was viable but grew poorly at 37 and@gFig. 2). Thus, it
appeared that this valine substitution was less disruptive to the
nucleotide-binding capability of Prp28p.

Northern analyses were done as descriéjl {Yeast cultures

One of the aliquots was shifted to 37 oP@5for 2 h prior to
extraction of the total RNAs. We used®#{]dCTP-labeled probe

prepared from a 2.2 KHindlll DNA fragment, which consists of A ; N - .
! i . mong all the DBPs, the third position in motif | is occupied by
an intron-containing gen&RY1 and theSNR18%ene £7), to either a threonine or a serine residue. However, hydrophobic

examine the accumulation of &Y 1pre- mRNA. Th&SNR189 SLtlbstitutions, such as valine, isoleucine and glycine, can be found in

gfe E?\Iioﬁ)‘:’iggé ?rc]) r;cg::nhﬁ:]c;n and serves as a control for amouHu%leotide—binding proteins3p) other than DBPs. A conditional

mutation at this position was isolated by random mutagenesis. This

mutant, T223l, was unable to grow af@5or lower (Fig.2).
RESULTS . was u grow wer (Fig2)

Cloning and sequencing of théRP28gene Mutations in motif la

We have previously identified five ne®BP genes in yeast The function of the motif la (APTR4E26d-A) remains un-
Saccharomyces cerevisie). One of them, originally designated known. We have made two mutations, R264D and R264E, to
asCAS8 was cloned and sequenced and found to be identical tgplace the invariant arginine in this motif. Both mutations were
PRP28PRP28is the wild-type allele of a cold-sensitive mutationlethal, suggesting that a positive charge may be important at this
which impairs nuclear pre-mRNA splicingvivo (16). PRP28is  position. The adjacentbs is also highly conserved, except that
an essential gene as shown by standard gene disruption exprireast MSS116 protein, itis an aspartic acid instead. A mutation
ments (6, data not shown). The predicted molecular mass foat this position, E265Q, yielded a Gshenotype and a slightly
Prp28p is 66.6 kDa, in good agreement with the size of thieaky Ts phenotype (Fig2), suggesting that elongating the
overproduced Prp28p iBscherichia coli(T.-H.Chang, unpub- carbon side-chain (from E to D in MSS116) or eliminating the
lished). We noted that there is a potential leucine zippenegative charge (from E to Q) at this position can both be tolerated
L3006X-L3076X-L3146X-L301-7X-L30gL 330 (amino acids to a certain extent.
numbered in subscripts), in the predicted Prp28p sequence.

Mutations in motif ‘Ib’

Strategies for constructing conditionalprp28 mutants Although highly conserved, the sequence element A/

Sequence alignments revealed that there are at least seven conséd+&gh PGz dR-[Hb] was previously undesignated. Since this
motifs present in all the DBPs (Fid) (11). Several of these elementis invariably located between motifs la and II, we therefore
conserved motifs in mammalian and yeast elF4A proteins have bdemmed it motif ‘Ib’. Two mutations, T317Y and G319V, were
studied by site-specific mutagene&i§{31); these include motif I introduced into this sequence element. Replacing the invariable
(AJS-X-T/S-G-S/T-GKT), motif Il (DEAD), motif Ill (S/T-AT) and  threonine with a tyrosine (T317Y) was lethal. However, changing
motif VI [Y/F-(Hb)-HRIGR-T/G-R where (Hb) is a hydrophobic the conserved glycine to valine (G319V) could be tolerated. This
amino acid]. To investigate these and other conserved motifs furtherutant strain exhibited a slow growth phenotype at both 37 and
we constructed a total of 1frp28 mutants by site-specific 15°C (Fig. 2). By random mutagenesis, we have isolated two
mutagenesis and examined their growth phenotypes using a plaseuidiitional mutations at positions 317 and 319. The T317] mutant
shuffling protocol £3). We also used hydroxylamine mutagenesigirew substantially slower than the wild-type strain &tC@nd

to generate random mutations within the coding regidPR#28 failed to grow at other temperatures (. The G319E mutation
and a PCR approach to target mutations to the region of motif \Wielded both Ts and Cs phenotypes, reminiscent of the G319V
which has been implicated in RNA binding for mammalian elF4Anutant described above. The phenotypes of 8196 mutant were



Nucleic Acids Research, 1997, Vol. 25, No. 28037

| la "Ib" Il i v Vv Vi
221 223 264 265 317 319 350 376 379 438 442 499 502 521 527
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Figure 1.Schematic representation of the highly conserved sequence elements in Prp28p. The conserved regions are boxed artivesenritieboxes indicate
the distance in amino acid residues. The roman numbers above the boxes denote the nomenclature after Hodgman (42uhdLitattomsdoserved regions are

shown below the corresponding motifs. The numbers above the amino acids mark the positions of the amino acid residuethe pgti@Bge leucine zipper is
located from positions 300 to 330.

15°C

AZTIW
Fa420G
GV
E2650)
A2V
R4WE

Wild-type W08

Q4BITAA
RAMWE
TaTI
M6l
GA9E

Wild-type

223
T2741 + QITSAUAA
QMUAG
O56/UAA

Wilil-1y e

Figure 2. Growth phenotypes of the representafivg28 mutants. Cells were grown to saturation in liquid YPD medium &t 3€erially diluted and spotted onto
YPD plates. A set of four plates were incubated at 30, 25, 37 @] é&spectively. Mutations of thepg28alleles are shown to the left.

noticeably tighter than that of the G319V mutant (B)gperhaps mutation gave rise to a slightly leakyGshenotype (Fig2). In
reflecting a more dramatic change in G319E than in G319V.  DBPs, this position is occupied by either methionine, leucine or

valine. Isoleucine at the analogous position can only be found in
Mutations in motif IlI some DEAH-Box proteins (e.g. Prp2p and Prp16p).

Motif 1ll (LM 37¢~-S/T-Ag79T) has been studied in mammalian ; ; ;

elF4A. Mutations changing SAT to AAA completely eliminatedlvlumltlons in motif IV

the RNA helicase activity without affecting other biochemicalThe function of the conserved motif IV (Hf) is unknown. Here
activities £8). We have designed two mutations, A379V andve have mutated the invariant phenylalanine to either histidine
A379W, to assess the importance of the invariant alanine in thig442H) or glycine (F442G) to assess the contributions of the
motif. The A379V mutant grew normally at all temperaturesside-chain groups. Surprisingly, the F442H mutant displayed no
tested. However, the A379W mutant failed to grow at 25 ah@ 15 detectable growth phenotype, whereas the F442G mutant failed
(Fig. 2), suggesting that the sheer size of the side chain group at ttisgrow at 37 and % (Fig.2). These results suggested that the
position is important for Prp28p’s function. In addition, our randonreplacement of Jzo by another residue containing a bulky
mutagenesis yielded a mutation, M376I, within this region. Thigromatic ring (i.e. F422H) could be accommodated. Depending
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on its local environment, histidine can be either uncharged ¢
positively charged. In this case, the histidine mutation was likel
to be uncharged, since the original phenylalanine at this positic
is absolutely conserved among all the DBPs. In addition, our PC —
mutagenesis also yielded a mutation, F442S, mapped to exac P“'m“{jf“: '
the same position. This mutant exhibited afisenotype. mRNA

30 373037337 30 37 3730 153015 30 15°C

Mutations in motif V
Figure 3. Northern analysis gbrp28 conditional mutants. Equal amounts of
The function of the motif V, A/S/I-RdG-[Hb]-Dsgy has not been  total RNA were denatured by glyoxal, fractionated on 1% agarose gel, and
characterized. Two mutations, R499G and R499E, were targeted ‘Lé(}ens‘;gxﬁgLOA”;/L%”IPT:QQE‘R‘?Jﬁg&gg@fg&%ﬁ:- ;mgr\‘h’/z‘;’e‘jégﬁgg both
the cpnserved arginine in this motif. Ir_‘ addition, a R499K mutat'oriaither from cells grown at 3€ or from cells which have been shifted to either
was isolated by random mutagenesis. The R499G mutation Was or 15C for 2 h. Theprp28mutations harbored in the strains used for these
lethal and the R499K mutant exhibited a @sowth phenotype. experiments were shown on the top (see also Table 2).
However, the R499E mutation surprisingly yielded a neutral
henotype (FigR), seemingly arguing against the absolute require- o . .
pment (?f/ FzJa p(os?tzi\)/e chargeggt th?s pgsiti%n. Whether or not tf?is is aOur PCR mutagenesis yielded other types of mutations. Mutation
unique circumstance for Prp28p remains to be investigated. THE91K is in a conserved region composed of three consecutive
aspartic acid at position 502 is essentially invariable, except thatydrophobic amino acids (leucine, isoleucine, valine or methionine)
is asparagine in Prp5p. An analogous mutation, D502N, in Prpz%t”ated seven residues upstream of the motif V (A
however, yielded a lethal phenotype. /I493RG—[Hb]-D). Mutation at lgg was a nonsense mutation,
changing the UG codon to U4 (amber). We have also isolated

, ) , two triple and one quintuple mutants in this screen (summarized in
Mutations in motif VI Table?2).

The motif VI, Y521-[Hb]-HRIGR527T/G-R, was speculated to ]
be involved in protein—RNA interactions, on the basis of its thredorthern analysis of theprp28 mutants

conserved arginine residues2). Schmid and Linder3l)  the qriginalprp28 cold-sensitive mutant (cs1) was found to
mutated the first arginine re_snd_ue in yeast elF4A, anq found t_hé&cumulate pre-mRNAs at the non-permissive temperatéye (
only t_he conservative substitution (R347K) resulted in an actiMe thus examined the splicing defects of several of the newly
protein. Sonenberg and co-workers further demonstrated that @l latedprp28 mutants. As expected, thgse28 mutants also

point mutations in this region strongly reduce RNA binding,cc,mylatedCRY1pre-mRNA at the non-permissive tempera-
activity of mammalian elF4A and abolish its RNA helicasg,;reg (Fig.3), confirming the involvement of Prp28p in pre-

activity (29). We mutated the second arginine at position 527 tgeNA splicing. We noticed that some mutants accumulated
either an aspartic acid or lysine residue. The R527K mutant hag, 411 amount ofRY Ipre-mRNA at the permissive temperature

the wild-type growth rate, whereas the R527D mutation is lethal nhenotype which has been described for several ptper
This result, although indicative to the importance of a positive, jiants.

charge at this position in Prp28p, is in sharp contrast with the
mammalian elF4A data, where an analogous R-to-K mutatioI
(R362K) completely eliminates elF4As RNA helicase activity
(29. In the process of generating mutations &7Rwe  To investigate the structure and function relationship of Prp28p by
fortuitously isolated a lethal frame-shift mutation at this positiona genetic means, we sought to isolate intragenic suppressors using
This single-nucleotide deletion yielded a R527E mutation anfbur different conditiongbrp28alleles, T2231, M3761, A379W and
altered the downstream reading frame to produce a truncatRd99K. Three spontaneous intragenic revertants were obtained from
Prp28p. By PCR mutagenesis, we have isolated one additiomalitant strain carrying an A379W mutation in motif Il
mutation within motif VI. Mutant Y521D failed to grow at32.  (MFTA3z7gT). This mutant failed to grow at 26 or lower (Fig?2).

All three revertants grew well at 6 (data not shown). Sequencing
Other mutations of the recovered plasmids revealed that all three revertants possess

an identical second-site mutation, G350C (Bjg.Remarkably, a
Several conditional mutants were found to harbor either ochrifferent mutation at the same position, G350D, was found to
(UAA) or amber (UAG) nonsense mutations in BigP28gene  suppress another mutation in motif V (#GLD), R499K, which
(Fig. 2 and Table?). These include mutations agdCAA to  gave rise to a Cphenotype (FigR). Thus, two mutations altering
UAA; phenotype: Ts+ Cs), Qeg (CAG to UAG; Ts + Cs),  the conserved £3u which is 6-residue downstream of motif I
Q481 (CAA to UAA; Ts™), and a double mutant T274F¢g (CAA (VLDEAD), can respectively suppress two separate mutations in
to UAA; Ts"). Among these mutations>gg is highly conserved motifs Il and V (Fig.4). Three spontaneous intragenic revertants
in all the DBPs. Since these mutations were predicted to be lethakre also isolated from a Cstrain harboring a mutation in the
and we have ruled out the possibility that these mutations weregion of the motif lll (My7d=TAT), M376I (Fig.2). Sequencing
edited at the RNA level by sequencing across the mutations on thiealysis revealed that the second-site mutation resides at position
RNA transcripts (data not shown), we suspected that the$€6, changing a conserved valine to isoleucine (V5063 Which
nonsense codons were decoded by some uncharacterized tRiSA-residue downstream from the ARGIgpmotif, can probably
suppressors to yield mutant forms of Prp28p. Suppression of thie considered as part of the extended motif V. Taken together, these
sort arises often in yeast by spontaneous mutatizfs ( data suggest that regions of motifs Il, lll and V may be physically

n . . .
ntragenic suppression analysis
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Figure 4. Summary of intragenic suppression data. Conserved regions (motifs | to V1) in Prp28p are boxed and connected by thithénkstémmninus (Nb) to the
C-terminus (COOH). Mutations are indicated by arrows and their positions marked with corresponding numbers. Intrageois ¢sggptext are shown by thick dashed
lines ending with short thick bars. The thin dashed line depicts the proposed close proximity between motifs | and ihed bet&rray crystallography studies (38,39).

close to each other (Fig). In another suppression analysis using dydroxylamine and PCR mutagenesis contain mutations in the

strain carrying a T223I mutation in motif | (AZEGSGKT; Fig.2),  conserved regions (Tabi.

we recovered an intragenic revertant which acquired a second-sitdhe biochemical functions of the conserved motifs la

mutation, P438R. Bgis adjacent to motif IV gsdIF), suggesting (APTRxg4269-A) and ‘Ib’ (A/G-T31#PGs1gR-[Hb]) are unknown.

a potential interaction between motifs | and IV. It is interesting to note that motifs la and ‘Ib’ in Prp28p appeared to
be particularly susceptible to mutations. A total of seven mutations
within these two motifs have been examined or isolated. Of these,

DISCUSSION three (R264D, R264E and T317Y) are lethal and four (E265Q,
T3171, G319V and G319E) gave rise to #s Cs phenotype.

Two DBP genes in yeasPRP5(17) andPRP28(16,35), have  Similarly, for yeast elF4A, mutations changing the conserved

been implicated in pre-mRNA splicing. The fact thgi28-1is  glycine in motif ‘Ib’ can either slow down (G145S) or arrest the cell

synthetic lethal withprp24-1, which encodes a mutant form of growth (G145D) 81). A small sequence element, consisting of two

Prp24p, a U6 snRNA-binding protein, and that a suppressor epnsecutive glycine residues, flanked by both motifs la and ‘Ib’ has

prp28-1is a mutant allele dPRP§ which encodes a U5 protein, been found in nearly all DBPs (Fif). The originalprp28-1allele

has led to a proposal that Prp28p may be involved in destablizihgrbors a mutation, G297D, at the second glycine residi)e (

U4/U6 RNA duplex in the spliceosom@6j. However, unlike Previous studies on yeast elF4A have shown that mutations in these

several other DBPs which have been shown to unwind RN&vo glycine residues can be either lethal (G126D) or leading to a

duplexin vitro (13), the highly purified Prp28p from yea85j or  slow growth phenotype (G127D31). No mutations of these two

from E.coli overproducing strains (T.-H.Chang, unpublishedconserved glycine residues were uncovered in our search.

could not unwind RNA. This was reminiscent of elF4A whose The motif VI (Y/F-[Hb]-HRIGR-T/G-R) is one of the most

RNA unwinding activity is strongly activated by elF4B.(Thus, conserved regions in DBPs. Mutational analysis in yeast elF4A

although it is formally possible that Prp28p is not an RNA helicasidicated that most mutations made in this motif were le#ijl (

we favor the idea that other activation factors and/or specific RNBiochemical analysis showed that motif VI is required for RNA

substrates may be required to trigger Prp28p’s RNA unwindiniginding and ATP hydrolysis in mammalian elF429) but is not

activity in vitro. To gain insight into the requirement of the putativerequired for RNA binding in NPH-1136). It has been speculated

RNA unwinding activity for Prp28p and to elucidate its role in thehat the three arginine residues may directly interact with the

yeast mRNA splicing pathway, we have undertaken an extensipbosphate backbone of the RNA and that this type of interaction

search foprp28 conditional mutants. does not work well by lysine residues, a scenario analogous to the
This search resulted in a collection of 20 conditional mutan@ction of the arginine-rich motif in the human immunodeficiency
which includes nine Tsfour Cs and seven Ts+ Cs mutants  virus (HIV) Tat protein 7). However, mutations which change

(Table 2). This work rested upon an assumption that the highlshe first arginine residue in yeast elF4A (R347K})(and the

conserved motifs are particularly sensitive to mutations, in as muskecond arginine residue in Prp28p (R527K) (Tapkppeared to

as they are the outcome of the evolutionary conservation. THie neutral, suggesting that the mode of the RNA-binding by motif

hypothesis is largely supported by our site-specific mutagened#$ may be different from that of the arginine-rich motif in Tat

experiments. Among the 16 site-specific mutations we corprotein. Characterization of the RNA-binding activity of these two
structed, five gave rise to conditional growth phenotypes, sevgrast mutant proteins should provide further insight into this issue.
were lethal and only four retained the wild-type phenotype. Severallines of evidence suggest that elF4A possesses multiple

Furthermore, nine out of the 16 conditional mutants isolated byomains. First, elF4A can be crosslinked simultaneously to ATP
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and RNA @8). Second, ATPase and RNA helicase activities caiNlational Science Foundation REU grant awarded to the Depart-
be uncoupled by mutations in motifs Il and #8J. Third, allfour  ment of Molecular Genetics, The Ohio State University. This

regions, motifs I, I, Ill and VI, are involved in ATP binding or work was supported by grants awarded to T.-H.C. from American
ATP hydrolysis and consequently also affect RNA helicas€ancer Society (Ohio Division), The Ohio State University Seed

activity (28,29). It was proposed that elF4A first binds to ATP viaGrant and National Institutes of Health (GM48752).
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