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ABSTRACT

The prp4 gene of Schizosaccharomyces pombe
encodes a protein kinase. A physiological substrate is

not yet known. A mutational analysis of  prp4 revealed
that the protein consists of a short N-terminal domain,
containing several essential motifs, which is followed

by the kinase catalytic domain comprising the C-
terminus of the protein. Overexpression of N-terminal
mutations disturbs mitosis and produces elongated
cells. Using a PCR approach, we isolated a putative
homologue of Prp4 from human and mouse cells. The
mammalian kinase domain is 53% identical to the
kinase domain of Prp4. The short N-terminal domains
share <20% identical amino acids, but contain
conserved motifs. A fusion protein consisting of the
N-terminal region from  S.pombe followed by the
mammalian kinase domain complements a temperature-
sensitive prp4 mutation of S.pombe. Prp4 and the
recombinant yeast/mouse protein kinase phosphory-
late the human SR splicing factor ASF/SF2  invitro inits
RS domain.

INTRODUCTION
Theprp4 gene ofSchizosaccharomyces pomixes identified in

a pool of temperature-sensitive (s (pre-mRNA processing)

DDBJ/EMBL/GenBank accession nos8

kinase Clk/Sty and Prp4 of fission yeast show the same domain
arrangement: a short N-terminal region is followed by the
catalytic kinase domain.

Both mammalian kinases have been shown to phosphorylate
the RS (arginine/serine-rich) domains of pre-mRNA splicing
factors, called SR proteirig,vitro. The SR proteins are involved
in constitutive and alternative splicing&-9). It has been suggested
that these two kinases do not act directly at the spliceosome, but
co-localize with the SR splicing factors in subnuclear structures,
called speckles9(10). Although the specific function of these
kinases is still unknown, there is some evidence that they play an
important role in regulating the traffic of SR splicing factors
between speckles and the location of spliceosome assembly
(4,9,11).

Five snRNPs (U1, U2, U4/U6 and U5) are required for
pre-mRNA splicing {2,13). In mammalian cells a protein kinase
activity co-purifying with the U1 snRNP has been detected. This
kinase activity specifically phosphorylates the U1 70K protein in
its RS domain. When the human SR splicing factor ASF/SF2 is
added to arin vitro assay, the Ul snRNP-associated kinase
activity also phosphorylates the RS domain of this protein (

The gene for this kinase activity has not been identified.

As yet we do not know a physiological substrate of Prp4. The
notion that Prp4 is involved in pre-mRNA splicing is based on the
observation that intron-containing genes accumulate pre-mRNA
at the restrictive temperature (8 when theprp4-73allele is
in the genetic background. When the culture is shifted back to the

mutants whose molecular phenotype is the accumulation pérmissive temperature (28) mature message appears again
pre-mRNA at the restrictive temperatutg The gene is located after 30 min. This observation gives no hint of whether Prp4 is
on chromosome Il and is essential for growth. The amino acirectly or indirectly involved in the splicing process. In many
sequence ofrpd predicts a serine/threonine protein kinaseeports it has been demonstrated that phosphorylation and
catalytic domain at the C-terminus of the protein. In addition tdephosphorylation of spliceosomal components play a crucial
the kinase domain the protein consists of an N-terminus comprisir@le in spliceosome assembly and disassembly. The specific

157 amino acids. The predictill of Prp4 is 55 0002).

functions of the protein kinase(s) and phosphatase(s) involved are,

According to the protein kinase classification system of Hanksowever, still elusivel(>-19).

and Hunter ), which is based on similarity in the amino acid

In this report we describe a mutational analysis of the N-terminal

sequence of the kinase domains, Prp4 belongs to the @Gkd kinase domains of Prp4 protein kinases gfombe This
(Cdc-like kinase) family. This family includes the mammaliaranalysis revealed short motifs in the N-terminus which are
SRPK1 and CIk/Sty protein kinas€s5). The mammalian protein essential for functiom vivo. Overproduction of Prp4 containing
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the mutated motifs revealed phenotypes which indicate that ttiee T-loop of the human sequence HsPK 2C{BGCTAGGAT-
cells are impaired in mitosis. CCTCGGCTTCACATGTTGCGGA-3 EMBL accession no.
We also describe the isolation of a mammalian kinase whichZ25435) and the T7 primer'{&TAATACGACTCACTATAG-
composed of an N-terminal regiondf70 amino acids followed GGC-3). A 1.7 kb PCR fragment produced in this reaction was
by a catalytic protein kinase domain. The mammalian kinassolated from the agarose gel and radiolabelled wif#P]dCTP
domain shares 53% identical amino acids with Prp4sp of fissi@s described previousl2)( This labelled fragment was used to
yeast. The N-terminal domain of the mammalian kinasescreen the HeLa S3 cDNA. The filter hybridization conditions
however, appears to be different, sharing <20% identical aminsed were according to the protocol from Stratagene. The inserts
acids with the yeast N-terminus. The essential motifs found in tieéthe hybridizing plaques were subcloned into pBluescript SK(-)
N-terminus of Prp4sp are highly conserved in the mouday in vivo excision following the protocol from Stratagene. The
N-terminus. When the complete mouse cDNA is expressed imouseprp4 cDNA was isolated using &gt10 library from
S.pombét does not complement the ts allpkp4-73 however  embryonic stem cells (Clontech). A 600Ndpn—EcdRV fragment
a fusion of the yeast N-terminus with the mammalian kinaseomprising part of the ORF of the humBRP4 cDNA was
domain was complementary. radiolabelled and hybridized to the filters. Recombinant phage
We show that Prp4sp of.pombeand the recombinant DNA was isolated from positive plagues. Since the inserts
yeast/mouse kinase phosphorylate predominantly the RS domedntained aicadRl site, the DNA was digested partially with this

of the human splicing factor ASF/SKvitro (20-22). enzyme and subsequently cloned into pUC18.
MATERIALS AND METHODS Sequencing of the mammalian clones
Schizosaccharomyces pomskeains and general methods The subcloned inserts from the human and mouse libraries were

sequenced with3fS]ATP using the universal and the reverse
The strains used in this study were L972, LA¥5,ura4-294  primer. Based on the first sequences we synthesized oligonucleo-
prp4-73 h~Sura4-D18 leul-32 prp4-73he prp4 ts mutant strain  tides which were used as primers in further sequence reactions.
has been described by Rosenletal. (1). Standard classical and Databank accession numbers for the humamaode sequences

molecular genetic procedures and media for growth of thge U488736 and U488737 respectively.
S.pombetrains used have been described by ek (23) and

Moreno et al. .(24) _Transformation ofs.pomb_ewith shuttle prp4 S.pombéMus musculusswap constructs

plasmids and linearized fragments for integration was performed

as previously described by Gatermanal. (25). cDNA of S.pomb@rp4was isolated using the primefSEAGC-
TCGGATCCGACGATAGATTTGCAGAAGAT-3 and 3-ATAT-
GGATCCATGAACCCGCAGTTTATT-3 and aS.pombecDNA
library. The 1.4 kb PCR product was inserted intd3dreH| site
The system used for site-specific mutagenesis was based ondha pREP1 vector in which tt&al site in the multiple cloning
method developed by Kunk&ld). The procedure was performed site was destroyed by filling in the protruding eritiy.(For the
as described previousl2). The following synthetic oligonucleo- deletion construgirp4AXI the second primer was 5CTAGA-
tides were phosphorylated and annealed to the appropriate sSing&ATCCTCAGGCGGTACGTTTCTCTG*3The same approach
stranded uracil-containing phage DNA: was used to insert a complete mouse cDNA into pREP1. The
ANLS, 5-GATGAAATTATACAGCAATTGTACCAACAGACTGGCAAT-3'; primers used weré- BIATCGATCCATGAAMGTTCAGCAAG-

' ’ AGTCT-3 and 53CCGGGGATCCTTAAATTTTTTCCTGGAT-
AANLS, S-GAAATTATACAGCAATTCGAAGATGTCGACCAAGTCTCT3 G AATGC-3. The PCR reaction was performed with one of the
SX1, B'AGTACTACTGGTGATTTGCCCGCTATCAAATCTTCTG,T'S isolated mouse clones and revealed a 1.4 kb product. This
SX2, SATGTTTGCAGATATCCCTTTGCCTGCTGTTAAGCGGCAS fragment was cloned into tBanH| site of pREP1. Both constructs
EGYL, S TCCAGGTIAACTCGGTCGTTTTTGCAGATAATAATACGGAAGT- v ara sequenced to confirm the sequence and the proper ORF. The

Site-specific mutagenesis

ECQATG%';T A CGTTAACGCAGATAATAATACGGAAGTTCTTAT first swap leading to the construct Sp/Mm1 (Bjgvas a simple
GiGé 2'. GGGACG CCCAG CGGAAGTTCTTATG- exchange of fragments from the pREP1 constructs using the

EcdRV restriction site which both cDNAs share at the same
position in the ORF. For the swap construct Sp/Mm2 &Fige
introduced arEcaRl restriction site 614 bp downstream of the
start codon ATG of th8.pomb&DNA, performing site-specific
mutagenesis as described previougl§).( This manipulation
allowed us then to exchange fragments from the pREP1
constructs using thiscaRl site, since the mouse cDNA contains
anEcadRl site at the same position in the ORF. Sequence analysis
All mutation constructs were sequenced and subsequengfthe constructs confirmed the proper ORF. The swap constructs
subcloned into the apropriate vectors for integration intorte ~ Sp/Mm3 and Mm/Sp (Fig) were constructed in a two step PCR
locus. reaction, called the ‘Megaprimer’ method, developed by Sarkar
and Sommer2A8). In the first reaction each chosen N- and
C-terminal fragment was independently amplified using primers
which create an overlap between the N- and C-terminal fragments
The human cDNA was isolated using a UNI-Zap XR HelLa S8f yeast and mouse. We used primers which Muhhsite in this
cDNA library (Stratagene), the sense primer comprising part ofverlap. TheMunl site is only present in the mouse cDNA, not

mutl, 3-CTTACTGATTTCTGCAGCACGATAAAATCG-3;

mut2, -CTCACGAGGTACCGTGTTATTTCATTTTCAG-3
mut3, 3-CTCACGAGGTACCGTGTTATTTCATTTTCAG-3
mut4, 3-CTCACGAGGTAAGCTGTTATT TCATTTTCAG-3
mut5, -CGAGGTACGGTGCTATTTCATTTTCAGAGGC-3
mut6, S-CTCACGAGGAACGGTGTTATTTCATTTTCAG-3
mut7, -CTCACGAGGAACGGTGCTATTTCATTTTCAG-3

Cloning of mammalian cDNA
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in theS.pomb&DNA. In the second PCR reaction we combinedvas routinely performed in a 20 volume containing kinase

the N- and C-terminal PCR products and used a primer sequetegfer I (20 mM HEPES, pH 9, 50 mM KCI, 1.5 mM Mggl

of the N-terminal fragment containinganH| site and a primer 0.5 mM DDT), 5uCi [y-32P]JATP, 10 mM ATP and 5ul

of the C-terminal fragment also equipped wiBeaHlI site. This  immunoprecipitate. As possible substrates we added, in general,
PCR reaction revealed products of 1.4 kb which were isolated aB@l pmol bacterially produced ASF/SF2, ASF/SR3 (provided
cloned into thaH| site of pREP1. The primers used for theby R.LOhrmann, Marburg21,22), histone H1 (Boehringer
S.pombé&\-terminal fragment weré- &5AGCTCGGATCCGACG- Mannheim), myelin basic protein (MBP; Sigma) [Bcasein
ATAGATTTGCAGAAGATG-3' and 3TGCATCTGTCCAATT-  (Sigma). This is Jug for protein ASF/SF2. The samples were
GTCCTGCATATCTG-3 for the C-terminal fragment-BCCTC-  incubated at 37C for 30 min. The reaction was stopped by
AGAGACAATTGGGACGATATTGAAG-3 and 5-ATATGGAT-  adding 20ul 2x SDS sample buffer and boiling for 2 min.
CCATGAACCCGCAGTTTATT-3. The primers used for the Samples were run on a 12.5% SDS—-PAGE gel, transferred to
mouse N-terminal fragment were ATATGGATCCATGAAAGT-  nitrocellulose and exposed to X-ray film.

TGAGCAAGAGTCT-3 and 5-AATATCGTCCCAATTGTCTC-

TGAGGTTGG-3; for the C-terminal fragment-ECGGGGATC- RESULTS

CTTAAATTTTTTCCTGGATGAATGC-3. The constructs were

sequenced to confirm the proper ORF. Experimental system to measurén vivo activity of Prp4

. . . To learn about the function of the two domains of Prp4 we undertook
Expression of recombinantS.pombePrp4 and antibody amutational analysis and tested the effect of the mutativive
preparation by measuring the capability to complement thepg-73allele.

A 1 kb BanHI fragment of theS.pomb&DNA was ligated into T_he mutation cal_,lsing the temperature sgnsitivity_ of Prp4 is_ _in
plasmid pGEX2T (Pharmacia KB). The recombinant protein‘?'nase subdomain 1V, changing the cysteine residue at position
contains at the N-terminus gluthatione S-transferase (GS%$9 to atyrosine (Fig). Haploid cells containingrp4-73grow
followed by the N-terminal sequence of Prp4 and two thirds of tfiZormally at 26C, but do not grow at all at 36 (1). The mutation
kinase domain. After transformationEscherichia colprotein ~ constructs were integrated into the genome via homologous
production was induced with 1 mM IPTG. Bacterial extract waiecombination using thea4” gene to target thera4-294allele
prepared as described by Kraner al. (29). Most of the Ina strain containing tharp4-73allele. This manipulation leads
recombinant protein appeared in the inclusion bodies. Thig twoprp4alleles on chromosom lil. As controls we constructed
material was separated by SDS—PAGE and the 69 kDa recombingifi@ins containing therp4-73allele and in therra4 locus either
GST—Prp4 protein was electroeluted. The electroeluted protdfie Wild-type or th@rp4-73 allele. The wild-type gene comple-
was used as antigen. Antibodies were raised in rabbits by sevéPg@nts prp4-73 at 36'C, whereas the strain containing two
injections with 150-25Qug recombinant GST—Prp4 (PogonosPrP4-73alleles shows no growth at 3B (Fig. 1, WT and TS).
Rabbit Farm, PA). We purified the antibodies using proteid he effects of the mutations were checked by spotting cells,
A-Sepharose. whlc_h were grown to mid log phase at°@6 on plates and
For Western blot analysis proteins were separated on 7.5%nitoring growth at 38C.
SDS—polyacrylamide gels and transferred to nitrocellulose. For
antibody detection we used the ECL Western blotting analydidutational analysis of the N-terminus of Prp4

system from Amersham following the manufacturer’s instruction%e made mutations in the N-terminus using a cDNpA. The

P . £ b . di constructs were inserted into a vector which places them under the
reparation of S.pombeprotein extracts and Immuno- control of the nmtl promoter. Thenmtl promoter allows
precipitation down-regulation of expression in medium containing thiamine

To prepare native and denatured protein extract we exacfid leads to strong expression in thiamine-free medim (
followed the procedure described by Morenal (24). Forthe ~ The N-terminus of Prp4 & pombeonsists of 157 amino acids.
preparation of native extract exponentially growing cells wer8t position 15 in Prp4 we detected a putative nuclear localization
used. Samples of 2 108 cells were resuspended in 200 misignal (NLS) of the SV40 type, consisting of the five basic amino
extraction buffer HB 44) and broken with glass beads byacid residues RRKRR (FigA). Five basic amino acids in the
vortexing. For immunoprecipitation 490 protein extract were ~N-terminus of polymerase of S.pombéiave been shown to be
used and incubated with anti-GST—Prp4 overnight@t hen  Solely responsible for moving the protein into the nucld0s (
254 protein A-Sepharose were added and incubated for a furth&fe deleted 11 amino acids including the putative NLS and also
2 h at the same temperature. The precipitate was washed tH¥de a more extensive deletion of 30 amino acidsXfMNLS
times in HE buffer (50 mM Tris, pH 8, 150 mM NaCl, 50 mM and AANLS)._ Neither the deletion of 11 amino acids nor the
B-glycerolphosphate, 50 mM NaF, 10 mM EDTA, 5 mM EGTA,second deletion had an effect on growth &G3@oth deletion

0.1 mM sodium vanadate, 1 mM DTT,2¢/ml leupeptin, 4pg/ml  constructs complemented thep4-73allele under repressed
aprotinin, 3Qug/ml pepstatin, 5ag/ml Pefubloc SC) followed by  (Fig. 1A) and derepressed conditions (results not shown).

three washes with kinase buffer | (20 mM HEPES, pH 7.9, 50 mM In positions 90-95 and 112-117 we find two elements, SDSPSI
KCI, 3 mM MgCh, 5% glycerol). and SPSPSV, which we call serine elements (igSX1 and

SX2). We replaced the serines with other amino acids as shown
in FigurelA. Changing the serines in one of the elements had no
effect. These mutations still complemented fih@4-73 allele.

The immunocomplex of Prp4 bound to anti-Prp4—protein AHowever, the mutation construct in which the serines of both
Sepharose beads was used in the kinase assay. The kinase adsayents had been replaced by other residues did not complemen

In vitro kinase assay
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A N-terminus kinase domain
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Figure 1. (A) Mutations in the N-terminus of Prp4sp. WT shows the wild-type amino acid sequence. A putative NLS (nuclear localization sequence), SX (seri
dipeptide) elements and the EGY sequence are indicated in the diagram and described in the text. The open/Aidk&sandhANLS mutants indicate amino

acid residues that were deleted. Amino acid changes are displayed under the corresponding wild-type sequence. The dashes indicate wild-type residues. Nt
indicate position of amino acid residues relative to the N-terminal methionine. For the complementation test the mutations were integratedllotostot a

strain containing the temperature-sensitiyet-73allele, grown at 28C to log phase, then spotted on plates and growth was monitored at 26@nallBnstructs

were under the control of the repressibit@1 promoter. Growth of cells at 36 was monitored under repressed conditions (+ thiamine). WT contains two wild-type
prp4 alleles; TS contains twarp4-73alleles. B) Integrant strains containing (a) prp4 WT, (b) SX1+SX2, (c) EGY1 and (d) EGY2 grown for 20°iCairzéer
derepressed conditions (- thiamine). Lower panel cells stained with DA&Rdligmidino-2-phenylindole) and photographed with a Zeiss Axiophot microscope.

theprp4-73allele (Fig.1A, SX1+SX2), indicating that these two cells after 20 h (FidlB). The DAPI staining pattern of these cells

motifs together play a crucial role in the proper functioning of Prp4uggests that overexpression of the mutated Prp4 proteins impairs
The amino acid sequence DNWDDIEGYYKYV starting atmitosis. Unequal and puffy staining patterns of DNA in one cell

position 138 is highly conserved in sequence and position @an be observed, particularly in panels (c) and (d) of Fid&ire

Prp4sp ofS.pombeand a mammalian protein kinase which we

have isolated (see below, F). Therefore, we changed this Mutational analysis of the kinase catalytic domain

sequence in Prpdsp &pombeto VNSVVFADNNTE (Fig. 1, ) ) . ) . )

EGY1). In a second construct DIEGYYKV was changed to he kinase catalytic domam of Prp4 consists o_f 321 amino acids

VNADNTE (Fig. 1, EGY2). Neither mutation construct com- anq sh_ows the 12 s_ubdomaln_s deflned_ by_the signature sequence:

plemented thprp4-73allele (Fig1A). These results suggest that indicative of the serine/threonine protein kinase family @1g).

this motif including EGYYK is essential for function. We searched the databases using the sequence between th
signhatures DFG and APE of Prp4 as query sequence2f®ig.

Overexpression of the non-complementing mutations This region of a protein.kinase is called the T-loop an_d serves in

impairs mitosis some kinases as a switch for up- and down-regulating activity

(31). The search revealed a partial human sequence that was
When we overexpress the mutation constructs°a B§ growing isolated in a screen for Cdc2-like kinasdg).( Between the
the cells in medium without thiamine, the strains containing th&ignature sequence DFG and APE the human sequence HsPK 27
mutations which do not complement thep4-73 allele and Prp4sp share 79% identical amino acid residues2fbig.
(SX1+SX2, EGY1 and EGY2) exhibit significantly elongatedWe also found in this search the T-loops of the MAP kinases Erk1
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A

ERK2 155 DFGLARVADPDHDHTGFLTEYVATRWYRAPE

SAPK 169 DFGLARTACTNFMMTPYVVTRYYRAPE

Prpdsp 302 KICDLGSASDASENEITPYLVSRFYRAPEIILGFPYSCPIDTWSVG

KI D GSAS ++N+ITPYLVSRFYRAPEII+G +Y++ ID WS+G
HsPK27 1 KIGDFGSASHVADNDITPYLVSRFYRAPEITIIGKSYDYGIDMWSIG

B
complementation
of prp4-73
Mutation phenotype
5 “C 36 °C
DLGSASDASENEITPYLVSRFEFYRAPE
mutl - - - - - - - - - - - - - == —— = = o A - + -
mut2 - - - - - - - - - A-A- - === - === - - - = = + +
b T R---------- = + +
mut4d - - - - - - - - - - - = - - A----=---=-=-- + +
mut5 - - - - - - - - - - - A----=------=- + +
muté - - - - - - - - - - - - - - - F-=-=-=-=--===-- + +
mut7 - - - - - - = = = - - - A-F-=--------- + +

Figure 2.(A) Databank search using the T-loop (see text) of the kinase catalytic domain ofS?ppdntias query sequence (Prp4sp). The human sequence HsPK27

is stored as a partial sequence under PIR S37427 and EMBL Z25435. ERK2 (extracellular signal-regulated protein kinase, PIR S23426); SAPK (stress-activated f
kinase, SP S23426). Numbers indicate amino acid residue position relative to the total amino acid sequence stored in the databank. Signature sequences DF/
APE of serine/threonine protein kinases (3) are underliBeMftations in the T-loop of the kinase catalytic domain of Prp4sp. The wild-type sequence of the T-loop
is displayed. Amino acid changes are indicated naming the changed residues under the corresponding wild-type residue. The complementation test was perf
as described in Figure 1 except that all mutptpd genes were under the control of their own promoter. +, normal growth; —, no growth.

and Erk2 and of the stress-activated kinases (SAPKSs). Thientical amino acids with the yeast sequence. Throughout the
T-loops of these kinases contain the sequences TEY and TRiase domains, however, we find 53% identical amino acids.
(Fig.2A). Activation of these kinases requires both threonine anthis high conservation changes apruptly in the N-terminal domains.
tyrosine phosphorylation in these sit€d,83). Interestingly, The N-termini share <20% identical amino acids. However, the
these phosphorylation sites resemble the sequence found in #@&Y motif mentioned above appears to be conserved in the
Prp4 and HsPK T-loops (FigA). mammalian and yeast N-termini (F&). We also detected in the

To test whether the T-loop sequence plays a regulatory rolerimammalian N-terminus a serine element, SRSPSP, which
the function of Prp4, we replaced threonine with alanine angsembles the serine elements found in Prp4sp3)Fig.
tyrosine with phenylalanine. In one construct we made a double
mutation replacing threonine and tyrosine. We also changed otl€smplementation of theS.pombeprp4-73 mutation
amino acid residues in the T-loop region (R2i8). As a control
we mutated the signature sequence APE to AAEZBignutl). To test whether the mammalian gene complements the ts
The constructs were integrated into tia4 locus as described mutation we inserted the mouse cDNA behinahthelpromoter
before, however, in this series of experimentptpd gene was  into the expression vector pREP1 and transformed it into a strain
under the control of its own promoter. As expected, the mutati@®ntaining theprp4-73allele. The pREP1 vector containing the
mutl in the signature sequence APE does not complement tfmpleteS.pombe prp£DNA complements the ts mutation
prp4-73allele (Fig2B). However, all the other mutations rescuedunder thiamine repressing conditions as well as under derepressec
the ts phenotype (Fig2B) and none, including the double conditions (Fig4, Prp4sp). The vector containing the complete
mutation mut7, had any influence on growth. Thus, under thegguse cDNA was not complementary (BigPrp4m). Therefore,
growth conditions the T-loop appears not to play a regulatory rofée designed swap constructs switching mouse with yeast

for Prp4. sequences as shown in Figute The construct Sp/Mm1,
containing 55% of the mammalian kinase domain, complements
Isolation of a mammalian cDNA using the human T-loop prp4-73under repressed and derepressed conditions, whereas the

construct Sp/Mm2, spanning 75% of the mammalian kinase
domain, complements only under derepressed conditiong)Fig.
We produced PCR fragments using a HeLa cDNA library andMeither construct Sp/Mm3 nor Mm/Sp complemented the
sequence of the human T-loop HsPK 27 and the T7 sequenceip4-73allele. As a negative control we usedrp4 cDNA of

the A phage arm as primers (FBA). The PCR products were S.pombevhich has a 13 amino acid deletion in kinase subdomain
used as a probe to screen the HelLa library. Out of this screenMie This construct does not rescue the ts mutation @&ig.
isolated and sequenced several cDNAs. A defined fragment of tRep4sXl). In addition, gorp4 cDNA of S.pombén which the
ORF of the human cDNA was then used to screen the mouseerminal region was deleted did not rescue the ts mutation
cDNA library. With this approach we isolated cDNA from human(results not shown).

and mouse encoding a protein kinase which shares 98% identicalhe swap construct Sp/Mm2 complemented only when the
amino acids. Overall the mammalian sequence shares 44@gombinant protein was highly expressed @)idlhis indicates

sequence as primer
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Sp. 1 ....... MS];)DRE‘. . .AEDET IQQI‘{RKRRLEILH-{YQQTGNGHS];) 35 some dlﬁ:erences n klnase SUbdomaInS I_” The SImpIeSt
Ii-: AR I T explanation for this result would be that the fusion products of
Mm. 1 MKVEQESSSDDNLEDFDVEEEDEEALIEQRRIQRQAIVQKYKYLAED.SN 49 Sp/MmZ and Sp/Mm3 induce some StrUCtural Changes in that

36 LSIP.EKKLKEDVDQVSTTKPIEAVPKMKTNASKIE. .. ...INKEGSNS 78 region which causes the decrease and loss of adeViIWO

0 | 2oz il | - - S, . . . . .
50 ISVPSEPSSPQSSTRSRSPSPDDILERVAADVKEYERENVDTFEASVKAK 99 respectively. The results also indicate that differences in the

79 NTKLDVTNS’J.?TSDSPSIKSSVQIEDTEDDI:/JFADSPSPSVE.(RQNTGKGIS&’ 128 prlmary s_equence Of the N-termlnl Of the prOteIns mlght a.CCOUnt
I D D e I N I TR TN for the failure of the mouse N-terminus to complement.
100 HNLMTVEQNNGSSQKKILAPDMLTESDDMFAAYFDSARLRAAGIGKDE. . 147

129 LTRSE‘ADMQ].JNWDDIEGYY{(\/VLMEELDSRYIVQSNLGK&MFSTVVSALIID 178 |n Vitro kinase activity Of Prp4

R N O O I e A I I I P OO I
148 ..KENPNLRDNWTDAEGYYRVNIGEVLDKRYNVYGYTGQGVFSNVVRARD 195

As yet we have nim vitro data on the kinase activity of Prp4sp,

178 T oS T B ORADRECRRT BRI 227 since we do not know a physiological substrate. All kinase
196 NARANQEVAVKIIRNNELMOKTGLKELEFLKKLNDADPDDKFHCLRLFRH 245 activities in mammalian cells which have been implicated as
228 FMHKNHLzM\‘/FEbﬂ.SLNLR]})ILKKFGRNV&LSIKAVRLYAYQMFMALDLI:. 277 InV0|Ved dlrecﬂy or IndlreCtIy In pre-mRNA SpIICIng phosphorylate
Follal sttt Ube bz bz el bl LEIIL be delefz.]l SR proteingn vitro. It has been shown that these kinases and
246 FYHKQHLCLVFEPLSMNLREVLKKYGKDVGLHIKAVRSYSCQLFLAFKLL 295 klna.se aCtIVItIeS preferably phOSphOl’ylate the RS domalns Of SR
278 KQCNVIHSDIKEDNMLVNEKRNILKICDLGSASDASENEITPYLVSREYR 327 proteins ¢,9,14,34). Therefore, we decided to test the mammalian

ot A b ik b A L kA bAbtR s SR PIOIeIN ASFISF2 and amutated version of ASF/SFa/0
substrates. The mutated protein ASF/SIRR lacks the RS

328 APEIILGFP‘}SCPID’I‘WSV(.;CSLYELYTG('QILFPGRTNNém.RYMMECK(.} 377 P i P P _ ;
R R N N R e NN R RN R | dlpeptldes in the RS domain attheCtermWﬂ:lsZQ).

346 APEIIIGKSYDYGIDMWSVGCTLYELYTGKILFPGKTNNHMLKLAMDLKG 395 A polyclonal antiserum raised against a glutathione S-transferase—
378 KPSHKMLKRSQFLNDHFDADFNFIQTDHDPTTNQETRKPVKFSKPTKDIR 427 Prp4sp fusion (GST-Prp4, see Materials and Methods) was used

Prosllzzze | orofflozefle It bozleale ooze 111 to examine the proteins expressed with pREP1. Protein extracts
396 KMPNKMIRKGYVFKDQHFDONLNEMYIEVDKVTEREKVTVMSTINPTKDLL 445

‘ of S.pombeells containing the Prp4sp cDNA, the mouse cDNA

428 SRLKEVPTS’i’DE‘.EFIIRQEI:.MDLLEKCLEI.JNPEKRVPPEVALKHPFFIK.K. 478 and the chimeric constructs (ShOWI’] in HIDWGI’G isolated and
N R S0 IO (S - R Y [ S S Y B B | . . . . .
446 ADLIGCQRLPEDQRKKVHQOLKDLLDQILMLDPAKRTSINQALQHAFIQEKI 496 pfO_bed_ln a WeSt.em analysis with polyclonal antibodies. The
antibodies recognized the product of the Prp4sp cDNA, but failed
Figure 3. Amino acid alignment of Prp4 d8.pombe(SP with Prp4 of to detec_t a prOdUC'F of the mouse cDNA (E;g, lanes 1 and 2),
M.musculugMm). Over- and underlined, beginning at the N-terminus: putative recombinant proteins, however, that contained the N-terminus of
nuclear Iocalizat_ion_sig_nal (NLS), s_erilje dipeptid_e elements _(SX) ang:l EGVYthe S.pombeprotein were recognized (FigA, lane 4)_ This
sequence. Asteriks indicate the beginning of the kinase catalytic domain (3). \éuggests that the antibody population consists mostly of antibodies

(tyrosine) at position 235 of tf&2pombeequence indicates the ts mutation in - . . . .
the prp4-73 allele. The arrow indicates the extent of the deletion of the against epitopes in the N-terminus Ofﬂjpomb@mtem' Based

C-terminus in construct Prp48gl (Fig. 4). Signature sequences of serine/ ON this result and the fact thap4spcDNA and the chimeric
threonine protein kinases (3) are in bold. yeast/mouse gene (Sp/Mm2, My complemented therp4-73

allele, we immunoprecipitated Prp4sp and the Sp/Mm2 proteins
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Figure 4. Complementation studies with cDNA constructs of fission yeast (Prp4sp, white boxes), mouse (PRP4m, stipled boxes) and swap constructs as indic
Prp4sg@XI has a 39 bp deletion in kinase subdomain XI. The constructs were inserted into the expression vector pREP1 containing themépessibler

and transformed into &.pomberp4-73strain. The constructs were tested for complementatiorf &t @&éder repressed (+thiamine) and derepressed (-thiamine)
conditions.
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splicing factor ASF/SF2. Splicing factor ASF/SF2 is a member
of the SR family of phosphoproteins which appears to be highly

Prpdr &= - conserved throughout metazoan organigh8%). SR proteins,
including ASF/SF2, which have been studied in a mammalian
12345 in vitro pre-mRNA splicing system play a role in constitutive and
alternative splicing§,8,11,36,37). In particular, ASF/SF2 has
B i been shown to be an important component in determining

5'-splice sites of alternatively spliced geng§42). Typical SR
proteins involved in pre-mRNA splicing have not been reported
from the yeastSaccharomyces cerevisiardS.pombeHowever,
very recently we isolated a gesrpl of S.pombavhich encodes
a 30 kDa protein containing a RNA recognition motif (RRM) and
a domain which resembles metazoan RS domains (T.Grof3,
C.Mierke and N.F.Kaufer, unpublished results, EMBL accession
- “ no. U66833). Whether Srpl is a potential substrate of Prp4 is
o i currently under investigation.

The complementation studies with the swap constructs indicate
a difference in kinase subdomains | and Il of the yeast and

Figure 5. (A) Western blot analysis. Protgln (-;xtractsSJpombestrams mammalian proteins. It is conceivable that for opti'ma!ivo
transformed with the constructs shown in Figure 4 were separated by

SDS-PAGE, transferred to nitrocellulose and probed with the antibodies raise@Ctivity of the protein kinase other factors, including the
against GST-Prp4 of fission yeast. Lane 1, Prp4sp; lane 2, Prp4m; lane Jubstrate(s), might need to interact with the protein kinase
Mm/Sp; lane 4, Sp/Mm2; lane 5, PrpAxp. (B) Kinase assays. Protein  through the N-terminus and the early kinase domain. Taking the
extracts of ais.pombestrain transformed with the constructs shown in Figure differences in the N-terminus of these proteins into consideration
4 were immunoprecipitated with antibodies against GST—Prp4, incubated fort. theref ible thatvivothe fissi t fact t !
30 min at 37C in the presence of-B2PJATP, separated by SDS—PAGE and LIS, tN€refore, possible thatvivotne TIssion yeast iaclors canno
autoradiographed. Arrows show the position of ASF/SF2, which runs as dnteract properly with the recombinant producBpMm3(Fig. 4).
doublet. Lane 1, Prp4ail + ASF/SF2; lane 2, Prp4sp ASF/SF2; lane 3, We know from experiments with fusions of Prp4 and green
Zg)é/ssplézlégi e4,7 Pé%‘/l’\sﬂailzlafi g’pgggﬂ ;nggﬁéﬂp)%ﬁg_elfﬁesglggig . fluorescent protein (GFP) that Prp4 accumulates in the nucleus
histone Hi; lane iO, Prp4smnyelin basic ;‘)rotein (Yarrowheayd); lane 11, Prp4sp (results not shown). Transport into the nUdeu_S appea.r_s not to be
+ B-casein. solely depend_ent on c_ommonly knqwn NLS signals (Eig3).
However, the information for targetting the nucleus appears to be

in the N-terminus, since the chimeric yeast/mouse construct

with GST-Prp4 antibodies and perfornirditro kinase assays SP/Mm2, which contains tt&pombé-terminus and the mouse
using [-32P]ATP. Prp4 and the recombinant yeast/mouse proteffinase domain, is detected in the nucleus, whereas a fusion
phosphorylated human ASF/SF2 proieiwitro (Fig. 5B, lanes 2 ~ Protein of GFP with the kinase domain of Prp4sp is detected_ln
and 6, arrows). ASF/SBRS protein was hardly phosphorylatedthe cytoplasm (results not shown). The mouse Prp4—-GFP fusion
in this assay (FigB, lanes 5 and 7). These results suggest th&rotein does not reach the nucleus when expressegombe
in vitro the kinase activity phosphorylates ASF/SF2 protein at tHgesults not shown). The N-terminus of the mouse protein contains
RS domain. We conclude that thisvitro kinase activity is due @ putative NLS which resembles a bipartite NLS of the nucleo-
to Prp4 and the recombinant yeast/mouse protein, since tp@smin type, but it does not fit the consensus well &gg).
immunoprecipitate containing the PA4 deletion protein did  Ithas been proposed that Clk/Sty and SRPKI regulate ASF/SF2
not phosphorylate ASF/SF2 (FEB, lane 1). This is consistent functionin vivoby phosphorylating the protein in the RS domain
with the observation that vivothe deletion construct Prp4sgl  to induce release from the speckl@ps The repeats of RS/SR
does not complement the ts mutation (BjgFurthermore, inthe dipeptides in RS domains have been implicated in protein—
autoradiographs we see additional distinct bands in the rangetein interaction39,40,41). The N-terminus of the mammalian
30-45 kDa (FigsB circles, all lanes except lane 1). This suggestgrotein kinase Clk/Sty does not contain a typical RS domain, but
that proteins which were phosphorylated by Prp4 co-precipitategtattered throughout it contains 10 SR/RS dipeptides and one

We also tested the capability of the Prp4 kinase to phosphoryl®&RS motif. The N-terminus of Clk/Sty has been shown to
in vitro kinase substrates like histone H1, myelin basic proteifiteract with SR proteins9). With this in mind we have
(MBP) andp-casein, which have been used as substrates for thigbstituted the serines in the serine elements of Prp4sfi)Fig.
kinases Clk/Sty, SRPK1 and the Ul snRNP-associated kinadéen the serines are replaced in both elements, the mutated
activity. Prp4 phosphorylated MBP (FiB, lane 10), but did not protein does not compelement firp4-73allele. This indicates
phosphorylate histone H1 afdtasein (FigsB, lanes 9 and 11). that the two serine elements are part of the protein architecture
The recombinant Sp/Mm2 protein kinase revealed the samdich might be involved in interaction with other components.
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pattern (results not shown). The results of the mutational analysis of the N-terminus of
Prp4sp are consistent with the idea that the N-terminus is involved
DISCUSSION in interaction with other components. These components might

be substrates, but interaction partners with other functions, such
This is the first report of a protein kinase of the fission yeasts inhibitor or docking functions, are also conceivable. We still do
S.pombénvolved in pre-mRNA splicing showinig vitro kinase  not know whether Prp4 is associated with spliceosomes or,
activity. Prp4sp and the recombinant yeast/mouse kinase grerhaps, as demonstrated for the mammalian kinases Clk/Sty and
capable of phosphorylating the the RS domain of the mammali&RPKI, located in subnuclear structures such as spetjes (
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The highly elongated phenotype of cells caused by overexpressién Zahler,A.M., Lane,W.S., Stolk,J.A. and Roth,M.B. (1992fes Deys,
7

of mutations in the N-terminus of Prp4sp warrants some
comment. Overproduced mutated proteins do not impair ce
growth. The cells appear to be disrupted in mitosis. It has beef
shown that overexpression of the kinases Clk/Sty and SRPKI in
mammalian cells causes disruption and rearrangement ¥f
speckles containing splicing component)( Speckles are o
subnuclear structures embedded in the nuclear scaffgitP). 13
It is conceivable that overproduced mutated Prp4 protein effects
nuclear segregation by disrupting orderly rearrangement of thé
nuclear scaffold. This notion, however, needs further investigation.
In any case, a functional connection of pre-mRNA splicing an
cell cycle events has been observefl.gerevisia@andS.pombe
(43,44). The fission yeast gemmelc28encodes an RNA-dependent
ATPase/helicase and is allelic witlp8. The temperature-sensitive 17
alleles cdc28-P8 and prp8-1 accumulate pre-mRNA at the
restrictive temperature and show a cell cycle phenotipe (
Interestingly, a homologue of the mammalian SRPKI kinase itp
S.pombappears to be Dska)( Thedsklgene has been detected
as a multicopy suppressor dis1 mutants. These mutants are 20
blocked in mitosis due to non-disjunction of sister chromatid
(34,42). Whether Dsk1 kinase Bipombés involved in splicing 2>
is not known. We first detected the role of Prp4 protein kinase i3
pre-mRNA splicing in fission yeast with a genetic approach,
isolating prp mutants which accumulate pre-mRNA at the2?
restrictive temperaturel Q). The data presented in this paper
indicate that the function of Prp4 might be pleiotropic. Furthesg
studies in the fission yeast and mammalian systems will help 2@
elucidate the biological role of Prp4 protein kinase. 28

ACKNOWLEDGEMENTS 20

We are grateful to Dr R.Lihrmann (Marburg) for providing thes1
proteins ASF/SF2 and ASF/SMRS. Dr Silke Fetzer (Marburg)
we thank for her helpful advice with the kinase assays, Antje Nic

16

18

29

Horowitz,D.S. and Krainer,A.R. (199%ends Genet. Scil0, 100-106.
Fu,X.D. (1993Nature 365 82-85.

Colwill,K., Pawson,T., Andrews,B., Prasad,J., Manley,J.L., Bell,J.C. and
Duncan,P.l. (1996EMBO J, 15, 265-275.

Spector,D.L. (1993 nnu. Rev. Cell. Bigl9, 265-315.

Fu,X.D. (1995RNA 1, 663-680.

Newman,A. (1994¢urr. Opin. Cell. Bial, 6, 360-367.

Lamm,G.M. and Lamond,A.l. (199B)ochim. Biophys. Actd173
247-265.

Woppmann,A., Will,C.L., Kornstadt,U., Zuo,P., Manley,J.L. and
Luhrmann,R. (1993Nucleic Acids Res21, 2815-2822.

Tazi,J., Kornstadt,U., Rossi,F., Jeanteur,P., Cathala,G., Brunel,C. and
Ldhrmann,R. (1993)\ature 363 283-286.

Tazi,J., Daugeron,M.-C., Cathala,G., Brunel,C. and Jeanteur,P. (1992)
J. Biol. Chem 267, 4322—-4326.

Mermoud,J.E., Cohen,P.T.W. and Lamond,A.l. (1888)eic Acids Res
20, 5263-5269.

Mermoud,J.E., Cohen,P.T.W. and Lamond,A.l. (1#BO J, 13,
5679-5688.

Cardinali,B., Cohen,P.T.W. and Lammond,A.l. (198BS Lett 352
276-280.

Krainer,A.R., Mayeda,A., Kozak,D. and Binns,G. (1924}, 66,
383-394.

pal Caceres,J. and Krainer,A.R. (19B8)BO J, 12, 4715-4726.

Zuo,P. and Manely,J.L. (1998MBO. J, 12, 4727-4737.

Gutz,H., Heslot,H., Leupold,U. and Loprieno,N. (1974) In King,R.C. (ed.),
Handbook of Genetic®lenum Press, New York, NY, Vol. 1, pp. 295-446.
Moreno,S., Klar,A. and Nurse,P. (1984gthods Enzymgl194,795-823.

5 Gatermann,K.B., Hoffmann,A., Rosenberg,G.H. and Kaufer,N.F. (1989)

Mol. Cell. Biol, 9, 1526-1535.

Kunkel, T.A. (1985Proc. Natl. Acad. Sci. USR2, 488—492.

Maundrell,K. (1993%eneg 123,127-130.

Sarkar,G. and Sommer,S. (19B@)Techniques8, 404-407.

Kréamer,A., Legrain,P., Mulhauser,F., Groning,K., Brosi,R. and Bilbe,G.
(1994)Nucleic Acids Res22,5223-5228.

Bouvier,D. and Baldacci,G. (1999pl. Biol. Cell 6, 1697-1705.
Morgan,D.O. and De Bondt,H.L. (1992)rr. Opin. Cell Biol, 6,

239-246.

Schultz,S.J. and Nigg,E.A. (19931l Growth Differentiat 4, 821-830.
Kyriakis,J.M., Banerjee,P., Nikolakaki,E., Dal,T., Rubie,E.A., Ahmad,M.F.,

for excellent technical assistance, Beate Schnell for sequencing ayruch,J. and Woodget,J.R. (199dature 369, 156-160.

the mouse cDNA, Christoph Peter for preparation of the antibody

Rossi,F., Labourier,E., Forne,T., Divita,G., Dernacourt,J., Riou,J.F.,

and Claudia Mierke for her help with the microscopy. This work Antoine,E., Cathala,G., Brunel,C. and Tazi,J. (19€#)re 381, 80-82.

was supported by a grant from the Deutsche Forschungsgeme
chaft to N.F.K.

REFERENCES

1 Rosenberg,G.H., Alahari,S.K. and Kaufer,N.F. (198d)) Gen. Genet
226, 305-309.

2 Alahari,S.K., Schmidt,H. and K&ufer,N.F. (198R)cleic Acids Res21,

4079-4083.

Hanks,S.K. and Hunter,T. (199ASEB J 9, 576-596.

Gui,J.F., Lane,W.S. and Fu,X.D. (19%ture 369, 678-582.

Ben-David, Y., Letwin,K., Tannock,L., Bernstein,A. and Pawson,T. (1991) 44

EMBO J, 10, 317-325.

abhw

ﬁ%_Birney,E., Kumar,S. and Krainer,A.R. (198&)cleic Acids Res21,

5803-5816.

Reed,R. (19963 urr. Opin. Genet. Dew6, 215-220.

Manley,J.L. and Tacke,R. (1996¢nes Dey10, 1569-1579.

Dingwall,C. and Laskey,R. (199Iends Biochem.Scll6, 478—-481.

Wu,Y. and Maniatis,T. (1998)ell, 75, 1061-1070.

Amrein,H., Hedley,M.L. and Maniatis, T. (19928ll, 76, 735-746.
Kohtz,J.D., Jamison,S.F., Will,C.L., Zuo,P, Lihrmann,R., Manley,J.L. and
Garcia-Blanco,M.A. (1994)lature 368 119-124.

Strouboulis,J. and Wolffe,A.P. (199B)Cell Sci, 109 1991-2000.
Shea,J.E., Toyn,J.H. and Johnston,L.H. (19@4leic Acids Res22,
5555-5564.

Lundgren,K., Allan,S., Urushiyama,S., Tani,T., Oshima,Y., Frendewey,D.
and Beach,D. (199@&ylol. Biol. Cel| 7, 1083-1094.



