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ABSTRACT

Based on genetic and bioinformatic analysis, 80
proteins from the newly sequenced Schizosaccharo-
myces pombe genome appear to be splicing factors.
The fission yeast splicing factors were compared to
those of Homo sapiens and Saccharomyces cerevisiae
in order to determine the extent of conservation or
divergence that has occurred over the billion years of
evolution that separate these organisms. Our results
indicate that many of the factors present in all three
organisms have been well conserved throughout
evolution. It is calculated that 38% of the fission
yeast splicing factors are more similar to the human
proteins than to the budding yeast proteins (>10%
more similar or similar over a greater region). Many of
the factors in this category are required for recognition
of the 3’ splice site. Ten fission yeast splicing factors,
including putative regulatory factors, have human
homologs, but no apparent budding yeast homologs
based on sequence data alone. Many of the budding
yeast factors that are absent in fission yeast are
associated with the U1 and U4/U6.U5 snRNP. Collec-
tively the data presented in this survey indicate that of
the two yeasts, S.pombe contains a splicing machinery
more closely reflecting the archetype of a spliceosome.

COMPLETION OF THE FISSION YEAST
SEQUENCING PROJECT

The removal of introns from pre-mRNAs takes place in a large
multi-protein—snRNA complex, called the spliceosome. The
basic mechanism of pre-mRNA splicing has been elucidated in
vitro using cell-free extracts prepared from mammalian cells
and budding yeast. In addition, genetic studies in both fission
and budding yeasts have provided functional information on
many splicing factors. Gaps remain, however, in our under-
standing of the assembly process that produces a catalytic
spliceosome. The major structural rearrangements of the
snRNAs and the pre-mRNA substrate, many of which are
mediated by proteins, are beginning to be understood. There

are numerous RNA-RNA, RNA-protein and protein—protein
interactions that are dynamic and change as splicing proceeds.
The modification of some of the proteins by phosphorylation
appears to play an important role in regulating splicing. In
addition, the function of this complex molecular machine
needs to be coordinated spatially and temporally with other
physiological events within the nucleus to ensure proper gene
expression. This will be the challenge of the coming years and
will receive its fuel from the post-genomic era.

The complete genomic sequence of Saccharomyces cerevisiae
has been available since 1996. Over 70 spliceosomal protein
components have been identified by genetic and biochemical
means. So far only 15 protein splicing factors have been
genetically identified in Schizosaccharomyces pombe and
none have been identified biochemically. The biochemical
analysis of splicing factors in fission yeast has been hampered
by the fact that an in vitro splicing system currently does not
exist in S.pombe, though efforts to establish one continue to
move forward. This will not impair our ability to identify new
splicing factors in fission yeast, however, since the sequencing
of the S.pombe genome is now complete. This will allow us to
undertake for the first time an in-depth analysis comparing the
splicing machinery of the two yeasts.

In addition to the genome projects, another approach has
recently proven very fruitful for the identification of factors
involved with splicing. Neubauer et al. have identified 40
proteins putatively associated with the spliceosome in nuclear
extracts from HeLa cells using mass spectrometry (1). Nineteen
of these proteins have not been identified previously as spliceo-
some-associated proteins. The more recent methods of mass
spectrometry and genome analysis, along with the classical
genetic and biochemical approaches, have the potential of
unveiling a wealth of new information with regard to factors that
are involved with pre-mRNA splicing. In this study we have
taken advantage of the newly available fission yeast genome to
compare the proteins involved in pre-mRNA splicing in the two
yeast species and humans. Our findings show that most of the
splicing apparatus has been evolutionarily conserved. There are,
however, some factors present in fission yeast and humans that
appear to be absent in budding yeast. In addition there appear to
be several factors present in humans that do not exist in yeasts,
and several factors that may be unique to budding yeast.
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IDENTIFICATION OF FISSION YEAST SPLICING
FACTORS

Several approaches were used to identify fission yeast splicing
factors for this study. Initially we focused on the published
S.pombe prp (pre-mRNA processing) genes that were identified
genetically and proteins that were identified using the yeast
two-hybrid assay (Table 1). We then searched for fission yeast
homologs of the factors identified in HeLa splicing extracts
biochemically and by mass spectrometry (Table 2). Finally, we
searched for homologs of splicing factors identified genetically
or biochemically in budding yeast (Table 3). Our searches
were facilitated by sorting through the list of putative splicing
factors identified by the fission yeast sequencing project. The
S.cerevisiae and Homo sapiens sequences were used as query
sequences to conduct basic BLAST searches, using the blastp
program, to look for proteins that are similar in S.pombe in the
non-redundant database. We aligned the fission yeast proteins
with those of budding yeast or mammals using the BLAST 2
Sequences blastp program and the 3PAM250 matrix (http://
www.ncbi.nlm.nih.gov/gorf/bl2.html ). The percent identity
and similarity over the region of greatest match was recorded.

SPLICING FACTORS IDENTIFIED GENETICALLY OR
USING TWO-HYBRID ASSAYS

Several fission yeast splicing factors have been identified
genetically including Prplp/Zerlp, Prp2p, Prp4p, Prp5p,

Prp8p/Cdc28p, Prpl0p, Prpllp, Cdc5p, Dsklp, Sppl3p and
Spp42p (2-10; T.Tani, personal communication). A few
factors were identified by their interactions with the splicing
factor Prp2p/U2AF, including U2AF?, Uap2p and Sap155p
(Prp10p), using a yeast two-hybrid assay (11-13). Srplp and
Srp2p were identified in a search for factors that have arginine/
serine-rich regions, a motif found in several mammalian
splicing factors (14,15). In order to determine the extent of
similarity between the fission yeast splicing factors and those
of budding yeast and humans, we compared the amino acid
sequences using the BLAST 2 Sequences program. The results
of this analysis are shown in Table 1.

Prplp/Zerlp is more similar to the human protein than the
budding yeast protein based on the percent similarity and
identity over an extensive stretch of amino acids (Table 1). In
S.cerevisiae the homolog of Prplp/Zerlp is called Prp6bp.
Prp6p is associated with the tri-snRNP U4/U6.US. The protein
contains 19 tetratricopeptide repeats. Interestingly, the
S.pombe prp1-4 and zerl strains express a polymorphic pheno-
type indicating that the gene product is involved in pre-mRNA
splicing, poly(A)* RNA transport and cell cycle progression.
The prp13 mutant of fission yeast is synthetic lethal with prpl
(2). The gene that encodes prp13* has not yet been cloned, but
a suppressor, spp13 has recently been cloned (T.Tani, personal
communication). The budding yeast homolog of Sppl3p is
Prp31p, which has been shown to be associated with the U4/
U6.US tri-snRNP.

Table 1. Fission yeast splicing factors identified genetically or by protein interactions

Sp” Protein |kD" | aa® Homolog Sc Protein [#aa/taa® |Hs' Protein | #aa/taa® | Features® | Cosmid/Acc. #"
Sc! Hs' %1 %S %1 |%§
Prplp/Zerlp 100|906 | Prpbp PRPI1 |26 46 HETIRYY 46 66 922/941 19 TPR SPBC6B1.07
Prpdp 55 477 |- PRP4 |- | | 43 |82 47301028 | Kinase SPCCT77.14
Spp42p 275 2363 | Prp8p p220 [61 |77 |2363/2413 [73 |84 |2308/2335 SPAC30.06
PrpSp 52 1473 |Prllp PRL1 |51 68 3794451 63 79 342/514 TWD ABOO4535
CdcSp §3  |757 |Cefllp CDC5 |30 46 561/590 36 52 TOE02 3 Myb P39964
Prp8p/Cde28p [112 |968 | Prpip-li PRP8-li |54 70 512/876 48 Hih 93771041 DExD/H SPBC21B10.01¢
Prp2p/U2AEFY |59 |517 [Mud2p  U2AF" (23 45 126/527 29 45 4700475 RS, 3 RBD | SPBC146.07
L2AF* 25 216 |--—--- U2AFY [ — |— — 59 75 1927240 SPAPSA3.06
Uap2p 42 1367 |Cus2p  Tat-SF1 (27 48 2394285 3l 53 232(755 2 RBD SPBC1289.02¢
IPrplOp 30 1188 | Sapl35p SAPI155 [50 67 535/971 04 77 894/1304 | PP2A SPAC2TT1.089¢
Prpllp 114 [ 1014 | PrpSp  KIAAQSO1 | 35 52 T42/849 43 57 824/1032 DExD/H SPCCI0H11.01
Sppl3p 58  |518 |Prp3lp PRP31 |30 50 4074494 34 51 449/4949 SPBC119.13¢
Srplp 31 275 |----- SC35 |----= |===-- |eme-- 29 41 216/221 RBD. RS SPBCIIC11.08
Srplp 40 |365 |--—--- SRPA0 | - | -—-- — 39 S0 2694272 2 RBD, RS | SPAC16.02¢
Dsklp 61 544 | Skylp SRPK1 |43 50 286742 42 57 492/533 Kinase SPBC530.14¢

Pink indicates proteins present in fission yeast and humans that have no apparent homolog in budding yeast based on sequence data. Green indicates
proteins that are at least 10% more similar or have a region of 100 amino acids more aligned between the fission yeast and human proteins.

aSchizosaccharomyces pombe.

Kilodalton.

‘Number of amino acids present in the fission yeast protein.
dSaccharomyces cerevisiae.

¢The number of amino acids used in the alignment/total number of amino acids in the S.cerevisiae or H.sapiens protein.

fHomo sapiens.

Features: TPR, tetratricopeptide repeats; WD, protein interaction motif characteristic of 3 subunit of G protein; Myb, related to DNA-binding domain of
human c-Myb; DExD/H, ATP-dependent RNA helicase motif; RBD, RNA binding domain; RS, arginine- and serine-rich region; PP2A, similar to the

regulatory subunit A of the phosphatase PP2A.

hCosmid number or accession number, which may be accessed at http://www.sanger.ac.uk/Projects/S_pombe/FUNCAT/rna_proc.shtml

iPercent identity.
iPercent similarity.



Prplp also interacts genetically with the Prp4p protein
kinase and is phosphorylated in vitro by Prp4p protein kinase
(2,10; N.F.Kiufer, unpublished data). The Prp4p protein
kinase shows 62% similarity over 46% of its amino acids with
a human kinase, whereas no S.cerevisiae kinase with similarity
was identified (14) (Table 1). The region of greatest similarity
between the fission yeast and human protein comprises a kinase
domain plus approximately 150 amino acids at the N-terminal
domain. The additional amino acids in the human protein
extend the N-terminal domain. Prp4p is essential for growth,
and kinase activity is required for pre-mRNA splicing (4; N.F.
Kéiufer, unpublished data). This study was the first demonstration
that a kinase is involved in pre-mRNA splicing.

The Prp4p protein kinase interacts genetically with Spp42p
(10; unpublished data). Spp42p is the homolog of Prp8p
(Dbf3p, SIt21p) in budding yeast and p220 in mammals. This
protein has been shown to be a bona fide splicing factor in
budding yeast and mammals (16,17). Spp42p has been highly
conserved throughout evolution and Spp42p is slightly more
similar to p220 than Prp8p (Table 1). Prp8p is thought to be a
major player in the switch from inactive to active spliceosome
(18). Surprisingly, Neubauer et al. did not identify p220 as a
spliceosomal protein by mass spectrometry (1).

The temperature sensitive (ts) prp5-1 allele is synthetically
lethal with the ts prp4-73 allele, suggesting a functional
interaction (N.F.Kiufer, unpublished data). Prp5p has been
evolutionarily conserved between all three organisms we
examined, with the fission yeast and human proteins showing
the greatest amount of similarity (Table 1). The protein
contains seven WD domains. Little is known about the
function of Prp5p in splicing, but in S.pombe the prp5-1 allele
accumulates pre-mRNA and arrests with a 2C DNA content at
the restrictive temperature, suggesting that entry into or
completion of mitosis is blocked.

Cdc5* encodes an myb-related protein and is essential for
G,/M progression in fission yeast (8). Because there is good
evidence to show that Cdc5p homologs are splicing factors, the
phenotype of cdc5-120 was re-examined and the mutant
accumulated pre-mRNA at the non-permissive temperature
(8). Both Cdc5p and the S.cerevisiae homolog, Ceflp, are part
of a large complex that has been shown in budding yeast to join
the spliceosome when U4 dissociates. It is noteworthy that
cdc5-120 is synthetically lethal with prp5-1 and with prp4-73
(8; N.F.Kiufer, unpublished data). Table 1 shows that between
the three organisms the protein is evolutionarily conserved
with the fission yeast and human proteins showing a greater
similarity over a larger region of the protein.

Prp8/cdc28* of S.pombe encodes a member of the DExD/H
family of putative helicases. The human homolog is more
similar over a larger portion of the protein than the budding
yeast protein (Table 1). In S.pombe this gene was identified
independently as a splicing and cell cycle mutant (6). The
cdc28 mutant produced elongated cells blocked in G,. The
role(s) of Prp8p/Cdc28p in splicing and the cell cycle has not
yet been determined.

As discussed above, several of the prp mutants in S.pombe
arrest in specific stages of the cell cycle, indicating a link
between pre-mRNA splicing and cell cycle progression. This
phenotype is not easily explained. In the case of a general
splicing factor, one would expect that a stringent mutant
phenotype would cause the cells to arrest in all stages of the
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cell cycle. This is based on the fact that ~45% of the genes in
S.pombe, including major cell cycle regulators such as cdc2*,
contain introns. A specific cell cycle arrest might indicate that:
(i) the protein has two independent functions in cell cycle and
pre-mRNA splicing or (ii) the cell cycle block is a consequence
of the splicing defect of a transcript needed for cell cycle
transitions. In the latter case the protein may be regulating the
splicing efficiency of specific pre-mRNAs. So far no study has
been able to distinguish between these possibilities to explain
the splicing and cell cycle phenotypes.

Prp2p was identified in one of the original screens for
splicing mutants (19). Prp2p encodes the counterpart of the
large subunit of U2 auxiliary factor (U2AF%) in mammals (3).
Using Prp2p/U2AF as bait in a two-hybrid assay, a protein
was cloned and named U2AF? because of its similarity to the
small subunit of U2AF, referred to as U2AF® (11). The large
subunits of U2AF are 45% similar and the small subunits are
75% similar over the entire proteins between humans and
fission yeast (Table 1). Interestingly, the S.cerevisiae genome
apparently does not contain a sequence significantly similar to
U2AF? (based on a Pileup sequence analysis) or U2AF?,
though Mud2p appears to be a functional ortholog of the large
subunit of U2AF (20) (Table 1). The U2AF complex is
involved in 3 splice site recognition. U2AF® binds through its
RNA binding domains (RBDs) to the polypyrimidine tract
facilitating the interaction of the U2 snRNP with the branch-
point sequence (21). In three recent studies, it was shown that
the 3’ splice site recognition by the U2AF complex is
dependent on the architecture of the 3" end of the intron. For
example: introns with very weak polypyrimidine tracts
upstream of the AG at the 3’ splice site, require U2AF? to be
spliced properly and the protein interacts directly with the AG
(22-24).

The intron architecture, particularly at the 3’ splice site is
very different between the two yeasts. Schizosaccharomyces
pombe introns have a degenerate branchpoint consensus
sequence CURAY (where R represents purine and Y represents
pyrimidine) similar to that present in mammals. In S.cerevisiae
the branchpoint sequence UACUAAC is highly conserved
setting it apart from humans and fission yeast. Most fission
yeast introns between the branch sequence and the 3’ splice site
are pyrimidine-rich and have an average length of 7 nt (25).
However some fission yeast introns are purine-rich while
others exhibit a balanced R/Y content in this region, similar to
the variability seen in mammalian introns (25). It is conceiv-
able, therefore, that 3’ splice site recognition in S.pombe
reflects the ancestral splicing machinery, whereas in S.cerevi-
siae this part of the machinery has diverged. This notion is
consistent with the fact that the small T-antigen intron of the
SV40 early region is spliced properly in fission yeast, but not
in budding yeast (26). This intron has the typical architecture
of an S.pombe intron. Therefore, we suggest that the introns of
S.pombe may reflect the architecture of ancestral introns.

Another splicing factor identified in the two-hybrid screen
that used Prp2p/U2AF* as bait was named Uap2p because it
was the second U2AF associated protein identified (12). Uap2p
shows 48% similarity with budding yeast Cus2p (Table 1). Cus2p
is associated with the U2 snRNA in splicing extracts and is
postulated to play a role in the proper folding of U2 into a
favorable structure prior to spliceosome assembly (27). Inter-
estingly, although Uap2p and Cus2p have been evolutionarily
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conserved, the protein—protein interactions between fission
and budding yeast were not. Uap2p was identified initially
through its interaction with U2AF, whereas Cus2p does not
interact with the ortholog Mud2p (12,27). Uap2p is most
similar to the human protein Tat-SF1, especially in the N-terminal
domain that contains two RBDs (12,27,28). Tat-SF1 has an
acidic C-terminal domain that is reduced considerably in the
yeast proteins (27). Tat-SF1 was originally identified as a tran-
scription factor, but its interactions with other components of
the U2 snRNP indicate it may also function in splicing (27,28).
It has been suggested that the role of Uap2p and its homologs
is to mediate the U2AF-dependent association of the U2
snRNP with the intron (27).

Prp10p was identified by functional complementation of the
prpl0-1 strain that accumulates pre-mRNAs at the restrictive
temperature (7). PrplOp is 77% similar to the human protein
SAP155 and 67% similar to the budding yeast homolog (Table 1).
Both yeast proteins are shorter than the human protein.
SAP155 is part of the human U2 snRNP (29). Prp10p has been
shown to interact with Prp2p/U2AF* genetically and in a two-
hybrid assay (7,13). Whether or not Prp10p plays a role in the
recruitment of the U2 snRNP to the 3’ splice site remains to be
determined.

Prp11p appears to be the homolog of the S.cerevisiae helicase
Prp5p (T.Tani, personal communication). In S.cerevisiae, Prp5p is
needed for the base pairing between the U2 snRNP and the
branchpoint sequence. The predicted role of PrpSp is the
disruption of a Prp9p/U2 snRNP interaction which allows the
RNA to refold into a configuration capable of pairing with the
intron during pre-spliceosome assembly.

Srplp and Srp2p are two proteins belonging to the family of
SR splicing factors that have been identified and characterized
in S.pombe (14,15). These are the first family members of SR
splicing factors found in a unicellular organism, therefore a
brief discussion is appropriate. Mammals have nine SR
proteins consisting of one or two RBDs at the N-terminus and
RS/SR dipeptides of different lengths, referred to as the RS
domain, at the C-terminus. SR-splicing factors are involved in
constitutive and alternative splicing in mammals (30). All nine
SR proteins have at least one RBD containing the submotif
RNP-1 that has the highly conserved signature sequence
RDAE/DDA. The four SR proteins consisting of two RBDs
contain in RBD?2 the invariant sequence SWQDLKD. Srplp
and Srp2p contain one and two RBDs, respectively, with the
signature sequences. Srplp has a typical RS/SR domain,
whereas Srp2p contains an arginine-rich region including two
short SR elements. Overexpression of mutations in the RS/SR
domain and the signature sequence RDAE/DDA leads to the
accumulation of pre-mRNA indicating an involvement in pre-
mRNA processing (14,15). Recently the Dsklp kinase of
fission yeast was shown to phosphorylate the RS domains of
Srplp and Srp2p in vitro (31). Dsklp is a homolog of SRPKI.
SRPK1 phosphorylates SR proteins like its fission yeast
homolog. Comparing Srplp with the databank revealed that it
is closely related to SC35. The two proteins share 29% identity
and 41% similarity (Table 1). Srp2p is closely related to
mammalian SRP40, SRP55 and SRP75 (Table 1).

In addition to these two SR family members we also found a
gene rsdl in the S.pombe databank, encoding a protein which
contains an extensive RS domain at the N-terminus followed
by three RBDs. This protein has a mammalian counterpart, but

no similar protein was found in S.cerevisiae (Table 2). Interest-
ingly, Rsd1p shows the same domain arrangement as Prp2p/
U2AF? and both proteins are phosphorylated in vitro by
Dskl1p (31,32). It is presently not known whether Rsd1p plays
arole in splicing.

SPLICING FACTORS IDENTIFIED BY THEIR
SIMILARITY TO PROTEINS ASSOCIATED WITH THE
HUMAN SPLICEOSOME

Table 2 shows fission yeast homologs of factors identified by
searching the databases for HeLa spliceosomal components
identified biochemically and by mass spectrometry (1). When
an S.pombe counterpart was found, the fission yeast sequence
was used as the query sequence and the database was searched
for homologous counterparts in S.cerevisiae.

From the search for spliceosomal-associated factors, several
proteins were identified including the snRNP associated
proteins Smb/b’, the Ul-associated Ul-A, U1-C and 70 kDa
proteins, the U2-associated proteins A’, B”, Sap49p, Sap61p,
Sap62p, Sap114p and Sap145p, the U4/U6-associated proteins
Prp3p-like, Prp4p-like and USA-Cyp and the US-associated
Dimlp and a 40 kDa protein. Six of the snRNP-associated
proteins in this group were equally well conserved among
humans and both yeasts, whereas Smb/b’, the 70 kDa protein,
Ul-A, U2-A’, Sap62p, Saplldp, Sapl45p and Prp3p-like
proteins are more similar between humans and fission yeast
(Table 2). In addition, Ul-A, Sap49p, Sap6lp, Saplldp,
Sap145p and Prp3p-like are similar to the human protein over
an extended region. A homolog of the U5 40 kDa (Spf38p)
protein does not appear to be present in S.cerevisiae.

A few non-snRNP proteins were identified including Bbp/Sf1p,
which binds to the branch point sequence of the intron in
mammals and budding yeast (33,34), Prp19p, which may play
a role in recombination in addition to its role in splicing (35),
the helicase Prp28p, which may be required to disrupt the U1-5’
splice site base pairing (36) and Ptc2p, a serine/threonine
phosphatase which is required for early spliceosome formation
(37). Bbp/Stlp, Prp19p and Ptc2p are equally well conserved
among the three organisms, whereas Prp28p is conserved over
a larger region of the protein in fission yeast and humans
(Table 2).

We also identified three fission yeast proteins, Spf27p,
Spf30p and Spf3lp, with significant sequence similarity to
human spliceosome-associated proteins, but no known S.cerevisiae
homologs (Table 2). The function of these proteins is currently
unknown. Several evolutionarily conserved spliceosome-
associated proteins were identified including the RNA
annealing protein Railp, the ribosomal protein Rpsdp, Skip,
which has been shown to co-localize with snRNPs, the helicase
p68 and the poly(A) binding proteins Pab1p and Pab2p, whose
function in splicing remains unknown. The presence of
poly(A) binding proteins in the spliceosome suggests that there
are additional links between splicing and polyadenylation.
Among this group of proteins, Skip is more similar between
mammals and fission yeast, whereas the other factors are
equally well conserved among all three organisms (Table 2).
There are additional proteins identified by Neubauer et al. (1)
as spliceosome associated, including SPF45 and Gry-Rbp,
which did not have significant sequence similarities to proteins
in fission yeast.
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Table 2. Fission yeast proteins that are similar to human spliceosome-associated proteins

Sp Protein | KD | aa Homolog Sc Protein | #aa/taa |Hs Protein | #aa/taa |Features *| Cosmid/Acc.#
Sc¢ s v 1 % S £ %o S
Smb/b'p 17 [ 147 |Smblp SmB/B" |29 48 132196 |51 61 02180 [Smmouls | SPACIOAZON
UT-70kD 29 1261 [Snplp UT-T0kD [ 40 58 208/300 |48 68 200/437 |RBD. RS SPACTOAE13
Ul-A 28 [ 249 [Mudlp Ul-a |32 53 1337249 |30 4% 275282 |2RBD SPBC4B4.O7e
ul-c 21 [ 182 [ Yhelp ul-¢ |42 a1 574231 42 5% 89159 Zn tinger SPBP35G2.09
U2-A 2650239 |Lealp Uz2-A" 125 43 216/238 |42 63 2387255 |Leunich SPBCI561.08¢
U2-B" 125] 111 | Msllp UZ-B" |39 od 86/111 44 S 109/225 | 2RBD CAALT824
Sap49p 25 1229 [Hsh49p SAPA9 |38 59 944213 v 50 2157424 |ZRBD SPAC31G5.01
Sap62p 25 217 |Pepllp SAPA2 |25 3 203266 |47 61 223/464 | Zn tinger SPBC21C3.05
Sap6lp 35 492 |PrpYp SAPAL |29 48 375300 131 48 498/501 | Zn linger SPBC36.09
Saplldp 532 |41 [Prplip SAPLI4 |22 45 259280 |32 50 4911793 |surp SPACIZAN2. (8¢
Sapldsp 66 [ 601 [Cuslp SAP145 |51 438 3300436 | 3% 53 353872 |pro-rich SPACZ2ER.10¢
Prplp-l 62 | 542 [Prp3p PRP3-1h |25 44 271460 132 49 342682 SPAC30.06
Prpdp-li 51 |46l [Prpdp PRP4-11 |34 55 4271465 |37 54 4441521 [6-7 WD SPAC227.12
USA-CyP 19 1173 |Cprip SNU-CyP20|56 72 16971627 |62 T8 1691177 SPBCIT7089.04¢
Dimlp 155142 |Diblp  US-15.5K |67 81 137/143 |78 59 142/142 SPCCI6AT1.05¢
U5S-30KD 37 | 340 |- Ié54$m.r SV RS - 13 64 | 3577307 |7 WD SPBCI280.11
SPF38
Bbp/STip 6d [ 587 |Bbp/Mslsp  SF1 [43 57 3132476 139 57 326/623 |2 Zn knuckle] SPCCO62.06¢
pro-rich
maxi KH
PrplYp 34 | 488 |Prplp PRFP19 21 40 456/502 |30 47 438/504 |3 WD SPACIVAAL. 08¢
Prp28p 74 | 662 |Prp2ip PRP28 [43 62 437/588 |45 62 676/820 | DExD/H SPCCA3.1]
Pic2p 41 [ 270 |Puc2p SCFI1-PP2Cy [40 56 302324 148 63 327464 SPCC122311
Spl27p 21 | 187 J---—-- SPF27 | ---- e 25 42 189/225 SPBC25F2.04¢
Spt3lp 34 [ 311 |------ SPE30 |- |- |----- 26 46 1400238 SPCCI281.02¢
Spiilp 23 209 J------ SPE3L |- | -ee |- 26 S 2007264 | E/D, RIK SPBC1734.05¢
Railp 22 1199 |Rai ALY |28 43 218218 |27 43 1907233 |RBD Q09330
Rpsdp 29 1262 [Rpsdp RP54 [75 80 261261 |71 83 259/263 SPBC21B10.10
Skip 61 | 557 [Prpd5p SKIP [ 30 50 206379 |43 6l 3335367 QOUEE2
DhpZp 68 | 350 [Dbp2p pos |64 75 534546 |62 70 [454/650 [ DEXIVH Y SPPOSDEBP
Pablp 69 | 628 |Pablp PABT[49 63 SOB/STT |48 61 615/636 |3 RBD DNZPPA
Pab2p 18 | 166 [Pab2p PAB2] 37 59 1307250 (44 58 178/306  |REBD SPBCIOEYD.12¢
Rsdlp 67 |64 [--—--- RSD1 |- - [--- i3 49 SO8530 RS, 3 RBD | SPACT9GI2.07e
Knpslp 21 | 174 [----- RINPSI]---- == 43 [ 10305 |RS SPBC23D12.07¢

Features the same as for Table 1. In addition: E/D,R/K, glutamic acid/aspartic acid, arginine/lysine-rich regions; pro-rich, proline-rich; surp, potential
RNA binding motif; maxi KH, hnRNP H homology implicated in RNA binding.
"The #aa is greater than the taa because the BLAST 2 Sequence blastp program counts a gap as an amino acid.

Mammalian spliceosome-associated proteins include the
hnRNP proteins Al, A2/B2, C, G and M, which play a role in
the regulation of splicing. No fission yeast proteins show
significant sequence similarity to these proteins (Table 4).
PTBI1 also plays a role in the regulation of alternative splicing
in mammals and there does not appear to be a fission yeast
homolog of it either. The absence of fission yeast homologs of
these regulatory splicing factors suggests that some aspects of
the regulation of splicing are different between humans and
fission yeast. A recent study suggests, however, that, as well as
the SR proteins, there may be additional regulatory factors
conserved between fission yeast and humans. Rnpslp has
recently been identified as a general splicing activator
(A.Mayeda and T.Tani, personal communication). The
BLAST analysis indicates that a short central region of the
protein is highly conserved and a closer inspection of the
sequence indicates that there is also an arginine/serine-rich
region at both the N- and C-termini in both organisms. To

determine the extent of conservation of regulatory splicing
factors between fission yeast and humans we must await the
results of the human sequencing projects.

FACTORS SIMILAR TO BUDDING YEAST SPLICING
FACTORS

Table 3 contains the comparison of protein sequences of
S.pombe with those in S.cerevisiae and mammals, which we
identified from the S.pombe Genome Project or by searching
for homologs of budding yeast factors. Several snRNP proteins
were identified by this method including all seven Sm proteins
that associate with all the snRNAs and seven Lsm proteins
which associate with the U6 snRNA. In addition, several
snRNP-specific proteins were identified including Prp39p,
Prp40p and Luc7p, which are Ul-specific, the U2-associated
Prp12p, the U4/U6.U5-associated Snul3p, the US5-associated
Snull4p, Prpl8p and the helicase Brr2p (Prp44p, Snu246p,
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Table 3. Fission yeast proteins that are similar to budding yeast splicing factors

Sp PProtein_|KD | aa Homolog Sc Protein | #aa/taa |Hs Protein | #aa/taa | Features | Cosmid/Ace, #
5S¢ Hs Yol %S Yol |% S
Smb/b'p 17 147  |Smblp  SmB/B'|29 |48 152/196 51 |61 927180 Smmolils | SPAC26A3.08
Smdlp 13 |17 [Smdlp Sm1 140 |51 122/146 78 |87 954119 smmotifs | SPAC27DT.07¢
Smd2p 13 |115  [Smd2p SmD2 |53 |72 11271107 |68 |82 111/118 Smmaolifs | SPAC2C4.03¢
Smd3p 11|97 Smd3p smD3 |54 |78 93/101 70 |82 B2/126 Smmolifs | SPBCI9C2.14
Smelp 10 |84 Smelp SmEl |57 |71 H3/94 53 |82 §2/92 Smmotifs | SPBC11G11.06¢
Smllp ) 78 Smilp SmF1 |62 |73 7280 68 |82 T0/86 Smmolils | SPBC3E7.14
Smglp 9 77 Smglp SmGl |46 |67 75177 47 |77 16476 Smmolils | SPBC4B4.05
Lsm2p 11 |96 Lsm2p LSM2 |60 [80 U595 61 |75 Y5095 Smmolils  [SPCC1620.01c¢
Lsm3p 11 |93 Lsm3p LSM3 |48 |65 H2/89 57 |75 904102 Smmolils | SPACYB6.05¢
Lsmdp 14 121 Lsmdp LSM4 154 |73 87/123 65 |80 827139 Smmolils  |SPBC30D10.06
LsmSp 9 80 Lsm3p LSMS |46 |65 §1/93 54 |76 75091 Sm motifs | SPBC20F10.09
Lsmép 8 75 Lsmbp LSM6 |37 |55 741123 G |90 HU/80 Smmaotifs | SPAC2F3.17¢
Lsm7p 12 113 |Lsm7p LSMT |50 |71 65/107 49 |63 9103 Sm mutifs | SPCC285.12
Lsm8p 11 |94 Lsmip LSM3 |35 |55 T8/128 46 |72 Y3/96 Sm motifs | SPCC1540.10
Pmp39p 72 1612 | Prp3Yp - |19 39 567/629 el e o TPR SPBC4B4.09
Prpdlp 76 1695 | PrpdOp FBPLL|26 |47 576583 34|48 127/452 WW SPAC4DT.13
LucTp 37 264 | LucTp LUCT |37 |55 2294261 32 |56 2534402 Zn lingers |[SPCCI6GALL
Prpl2p 135 11206 | Rselp SAPI3N 26 |47 736/1361 144 |61 1237/1217 BAABGYLS
Snpl3p 15 125 |Snuldp SNUI3 |71 |80 122126 68 |79 123/128 AF037136.1
BriZp 249 |2176 | Brr2p BRR2 |40 |58 21632194 |51 |70 17011701° | DExIDH  |SPACY.03¢
Prp18p 40 [343  |Prpi8p  PRPIB[35 |58 126/250 26 |45 340/342 SPCC126.14
Spel2Zp 111 |983 |Snulldp HSEF2|32 |48 048/ 100851 |65 982/972" SPBC215.12
Pmplop 113 1995 | Prpl6p PRP16|43 |61 04/1071 |52 | 69 903/1227 | DExD/H SPBC17G9.01
Prp22p 130 | 1168 | Prp22p HRHI |43 |58 1186/1145° |48 |64 1208/1220 | DExD/H SPACI0F6.02¢
Prpd3p 84 |735 Prpdip PRP43[70 |81 TOOTT2 n2 |76 HT/RIS DExD/H SPBCI6HS. e
UapS6p 49 1434 | Sub2p UAPS6 |70 |82 415/446 |69 |81 414/428 DExD/H SPACITGH. 14¢
SluTp 43 1379 | SluTp SLU7 |22 |36 305/382 33 |51 347/586 Zn knuckle | SPBC365.05¢
Prpl7p 63 1558 | Prpl7p PRPIT7|37 |56 437/455 142 |60 526/579 WD SPBC6B1
Dbrlp 33 1466 Dbrlp DBRI1|39 [57 341405 155 |71 243/544 SPACITAS.0Zc
Syl3p 81 |674 | Syl3p - |39 |5% 679687 el e e TPR SPBC31FI0.11¢c
Snub6p 75 |649 | SnuStp  SARTI |21 [38 638/S87" |22 |37 T06/800 SPACI6T.03c
Ecm2p 39 1354 | Ecm2p ECM2 |28 |45 2671364 |33 |35 309/420 SPCC550.02¢
Isylp 24 1217 lsylp ISY1[26 |44 206/235 134 |56 1794351 SPBC32F12.05¢
Sadlp 56 |502 | Sadlp SADI |28 |51 412/448 145 |59 285/324 ABO2ZT829
Syllp "7 | 790 | Syflp SYF1 |23 [44 BIB/BS9 |44 |66 6537755 SPBC211.02¢

Features the same as in Tables 1 and 2. In addition: Zn knuckle, protein structural motif that binds zinc; WW, protein motif believed to interact with

proline-rich regions; Sm motifs, motif present in proteins that bind to snRNAs.

"The #aa is greater than the taa because the BLAST 2 Sequence blastp program counts a gap as an amino acid.
“The complete H.sapiens sequence is not known; therefore, only the known sequence was compared with S.pombe.

S1t22p, Rss1p). The identification of so many new fission yeast
splicing factors demonstrates clearly the advantage of the
genome project. All of the genes that encode Sm proteins are
more similar between fission yeast and humans than between
the two yeasts except for Smb/b” which shows a greater percent
similarity over a shorter region of the protein (Tables 2 and 3).
A comparison of the Lsm proteins also shows that the human
and fission yeast proteins are more similar than the two yeast
proteins except for Lsm2p and Lsm7p (Table 3). So far no
human homolog of Prp39p has been identified and FBP11, the
human protein most similar to Prp40p, aligns only within a
limited region. Luc7p, which is also required for commitment

complex formation in budding yeast, and Snul3p are equally
well conserved among all three organisms, whereas fission
yeast Prp12p and Brr2p, which unwinds U4/U6 duplexes (38),
are more similar to the human factors. Prpl8p, which is
required for the second step of splicing (38), is less similar to
human than budding yeast, but the region of similarity is more
extensive between fission yeast and humans. Because Snul 14p
has extensive sequence similarity to the ribosomal elongation
factor EF-2 which functions as a translocase, it is thought to
fulfill a similar function in the spliceosome. The fission yeast
homolog of Snul14p is more similar to the human protein. The
results presented here, together with those in Table 2, suggest
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Sc¢ Protein Sp Protein  [#aa/tan | Cosmid/Ace. # Activity/Comments
%1 [ %S
Namp 34 49 32632 |CAB16569.1 meiosis-specilic splicing, U1 -associated
Prpd2p 22 43 3127612 | CAAT9289.1 UT-associated
EEE T e i lormalion ol commilment complex, Ul-associaled
BT N e e e Ul-associaied
Prp2p® 51 66 618/876 | SPBC2IBI0.01¢ [required Lor siep 1 of sphicing, ATPase
sot30%p |- [ ----- e interacts with Prpl9
spp2p |- |- ] |- Prp2 addition
Prplsp 26 46 109/210 | CAB52035.1 U6 stability, U4/UB.US-associated
Prp24dp 27 44 111/1014 | SPBC1861.04¢  [rcanncal Ud & U6, snRNP recycling
EITER T e e e U4/U6.US-associated
Spp3slp |- |- e == U4/U6.US-associated
Syp | S pe—
Hs Protein Sp Protein faan/taa | Cosmid/Ace. #
PTBLI [ -——-- - |- - regulation ol splicing
SPF4y |- [ --ee- e
GryRbp | — | |
hnRNP AL [-mmee [ememe [eemee (e regulation of spheing
LT il i e regulation of splicing
AL I e B E N disruption of U4/U6, regulation of sphicing
hnRNP G |- | =emm [emeem [ eeeee regulation of splicing
hnBENPM - - el e regulation of splicing
SEm300 [ -—- [----- e spheing coactivator
SEm 160 33 50 218/820 | SPCCE25.05 splicing coactivalor
CLR2 ] e N Kinase
padneh e - - [ 5" splice sile recognition
s - e [ ----- regulation ol splicing

The data provided indicates the fission yeast protein that has the greatest similarity to the splicing factor based on sequence.
In most cases the sequence conservation is within a limited region of the protein as indicated in the column #aa/taa.
aThe helicase in S.pombe that shows the greatest amount of similarity to Prp2p is the protein listed as Prp8p/Cdc28p in Table 1.

that the snRNP-associated proteins are most similar between
fission yeast and humans.

Several non-snRNP proteins were also identified using this
method. Four helicases which function in splicing or are
associated with splicing factors were identified, including
Prp16p, Prp22p, Prp43p and Uap56p. Prp16p is needed prior to
cleavage at the 3 splice site and is thought to play a role in
maintaining splicing fidelity (38). Prp22p and Prp43p are
required to release mRNA and the intron, respectively, from
the spliceosome (38). The function of Uap56p in not known.
Each of these putative ATP-dependent RNA helicases is
equally well conserved among all three organisms, setting
them apart from the US-associated Brr2p helicase mentioned
before.

Fission yeast Slu7p is 51% similar to human and only 36%
similar to budding yeast. Slu7p is required for a spliceosomal
structural change that occurs between the first and second step
of splicing (39). Slu7p is also required for the selection of the
proper AG residues at the 3’ splice site and thus plays a role in
maintaining the fidelity of the splicing apparatus (40). The
greater similarity between fission yeast and human Slu7p may
be another reflection of the similarity of factors required for
recognition of the 3’ splice site in these organisms.

Prp17p (Slt15p), which is required for the second step of
splicing (38), is more similar between the two yeasts. The
debranching enzyme Dbrlp appears to be equally conserved
among the three organisms when percent similarity and region

of similarity are compared. No apparent human homolog
has been identified for Syf3p (Clflp), which is thought to
play a role in the association of the U4/U6.U5 snRNP with the
pre-spliceosome. Sad1p is needed for U4/U6 biogenesis and it
is equally well conserved among all three organisms. Ecm2p
(Sltl1p) and Isylp show greater similarity to the human
proteins, whereas Syflp is more similar to the human protein
but over a shorter stretch of sequence than the budding yeast
protein. The function of these proteins in splicing is not known.

No fission yeast homologs were identified that correspond to
the budding yeast NamS8p, Prp42p, Prp38p, Prp2p, Prp24p,
Snu56p, Snu71p, Snu23p, Spp381p, Brrlp, Snt309p, Spp2p
and Syf2p factors (Table 4). Based on which snRNAs these
factors associated with, the absence of these factors in fission
yeast suggests that the Ul and U4/U6.U5 snRNP may be very
different in the two yeasts. It also suggests that recognition of
the 5’ splice site may differ significantly.

CONCLUDING REMARKS

In her article “The best yeast?’, Susan Forsburg settles the dust
swept up by the battles between the defenders of the two model
yeasts, S.cerevisiae and S.pombe, by giving an account of what
we have learned from each of these genetically tractable, but
evolutionarily divergent organisms, for the understanding of
cell cycle control (41). One of the most significant points she
makes is that in order to understand problems of cell biology
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one should study both yeasts (41). The comparative analysis of
the splicing machinery presented in this survey is consistent
with the notion that between the two yeasts broad similarities
exist, but also distinct differences are present which help to
understand larger eukaryotes. One of the obvious differences
in the case of the splicing machinery is that the factors required
for 3’ splice site recognition are more similar between fission
yeast and humans. This correlates well with the more loosely
conserved recognition sequences at the 3” end of the intron in
these two organisms compared to the invariant sequences
present in budding yeast. The second significant difference is
the involvement of protein kinases and SR protein family
members in both fission yeast and humans that are absent in
budding yeast. This suggests that phosphorylation may be
important in regulating splicing in humans and fission yeast.
Since the SR proteins in humans have been shown to interact
with proteins that recognize the 3" splice site, this difference
among the three organisms may be related to the differences in
the intron structure mentioned above. In addition, many
components of the S.pombe apparatus show a higher degree of
similarity with the mammalian counterparts than those of
budding yeast. The conclusion one may draw from these
results is that studying both genetically pliable yeast species
will be important to obtaining a complete in-depth under-
standing of pre-mRNA splicing.

Comparing the number of interrupted genes in the two
species reveals that 5% of the S.cerevisiae and 45% of S.pombe
genes contain introns. If one accepts the theory that introns are
inserted randomly during evolution, the similar genome size of
the two yeasts suggests that there is selective pressure for more
introns to be inserted into the fission yeast genome. If,
however, introns occurred early during evolution, then it
would appear that budding yeast has had more selective
pressure to lose introns with time. The greater differences in
the splicing machinery in budding yeast might reflect selective
pressure to modify the machinery required to recognize less
variable introns. In contrast, there was less selective pressure
on the fission yeast and human splicing machinery which
resulted in the retention of more introns. If one accepts the
intron early theory, the fission yeast splicing machinery would
more closely reflect the ancestral spliceosome.
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