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Abstract When the fission yeast Schizosaccharomyces 
pombe is starved for nitrogen, the cells are arrested in 
the G1 phase, enter the GO phase and initiate sexual 
development. The stel3 mutant, however, fails to 
undergo a G1 arrest when starved for nitrogen and 
since this mutant phenotype is not suppressed by 
a mutation in adenylyl cyclase (cyrl), it would appear 
that stel3 + either acts independently of the decrease in 
the cellular cAMP level induced by starvation for nitro- 
gen, or functions downstream of this controlling event. 
We have used functional complementation to clone the 
stel3 + gene from an S. pombe genomic library and 
show that its disruption is not lethal, indicating that, 
while the gene is required for sexual development, it is 
not essential for cell growth. Nucleotide sequencing 
predicts that stel3 + should encode a protein of 485 
amino acids in which the consensus motifs of ATP- 
dependent RNA helicases of the DEAD box family are 
completely conserved. Point mutations introduced into 
these consensus motifs abolished the stel3 + functions. 
The predicted Ste13 protein is 72% identical to the 
Drosophila melanogaster Me31B protein over a stretch 
of 391 amino acids. ME31B is a developmentally regu- 
lated gene that is expressed preferentially in the female 
germline and may be required for oogenesis. Expres- 
sion of ME31B cDNA in S. pombe suppresses the stel3 
mutation. These two evolutionarily conserved genes 

Communicated by K. Isono 

H. Maekawa • T. Nakagawa ~ • Y. Uno 1 • K. Kitamura 2 
C. Shimoda (N~I) 
Department of Biology, Faculty of Science, Osaka City University, 
Sumiyoshi-ku, Osaka 558, Japan 

Present addresses: 
1 Biotechnology Research Laboratories, Takara Shuzo Co. Ltd., 
Seta, Siga 520-21, Japan 
2 Department of Physiology, Osaka City University Medical School, 
Abeno-ku, Osaka 545, Japan 

encoding putative RNA helicases may play a pivotal 
role in sexual development. 

Key words Mating" G1 arrest 'RNA helicase.DEAD 
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Introduction 

The mechanism by which a eukaryotic cell exits the 
resting G0 phase and re-enters the mitotic cell cycle in 
response to a variety of stimuli has been well investi- 
gated. In contrast, the change from a growth phase to 
a resting phase is poorly understood, even though this 
transition is a prerequisite for cell differentiation. 

The fission yeast Schizosaccharomyces pombe pro- 
vides a suitable system for studying this transition, 
since nitrogen starvation of mitotic cells causes a G1 
arrest and entry into a resting GO phase (Costello et al. 
1986; Kitamura et al. 1990). S. pombe exists in two 
mating types, h ÷ (Plus) and h-  (Minus) (Gutz et al. 
1974; Egel 1989), and when haploid cells of opposite 
type are shifted to nitrogen-free medium they conjugate 
to form a diploid zygote, which then undergoes meiosis 
and sporulation (Egel 1971, 1989). Genetic analysis has 
defined 13 sterility (ste) genes (Thuriaux et al. 1980; 
Girgsdies 1982; Michael and Gutz 1987; Kitamura 
et al. 1990; Leupold and Sipiczki 1991), most of which 
are required for meiosis (Girgsdies 1982; Kitamura 
et al. 1990). The ste12 and ste13 mutations seem to 
affect the transition from growth to a resting phase 
(Kitamura et al. 1990). Molecular analysis of ste12 + 
and stel3 ÷ may therefore provide clues as to the mech- 
anism of this transition. 

In this study we report the structure and function of 
ste13 +, which appears to encode an ATP-dependent 
RNA helicase of the DEAD box family. Furthermore, 
we demonstrate that Me31B, a germline-specific 
Drosophila member of the DEAD box family, is struc- 
turally and functionally homologous to Stel3. 



Materials and methods 

Yeast strains and media 

Yeast strains used in this study are listed in Table 1. Culture media 
used were YEA (yeast extract agar) for growth and MEA (malt 
extract agar) for mating and sporulation (Moreno et al. 1991). 
Defined minimal media, PM an SSA, and their nitrogen-free ver- 
sions were also used (Castello et al. 1986; Gutz et al. 1974). Mating 
and sporulation were induced in liquid medium, SSL-N (Egel and 
Egel-Mitani 1974). 

Flow cytometry 

Flow cytometric analysis for cellular DNA content was performed 
according to the method of Costello et at. (1986). Cells were fixed in 
70% ethanol, treated with RNase A and then stained with 
propidium iodide. Flow cytometry was carried out on a Becton 
Dickinson FACScan. 

DNA sequencing 

The 3.0 kb BamH1-Pvull fragment containing s te l3  + was recloned 
into the pUC119 and pBluescript vectors. A series of nested dele- 
tions was produced by exonuclease III and S1 nuclease (Henikoff 
1984). Nucleotide sequencing was performed by dideoxy-chain ter- 
mination (Sanger et al. 1977; Yanisch-Perron et al. 1985). Homology 
search was carried out for proteins deposited in the SwissProt and 
NBRF databases by Genetyx-CD software (Software Development, 
Tokyo). 

Gene disruption 

Two disrupted alleles of ste13 were produced by the one-step gene 
disruption method according to Rothstein (1983). The 0.3 kb EcoRV 
fragment was removed from the coding region, and replaced by 
a Saccharomyces cerevisiae L E  U2 cassette (ste13 :: LEU2). A diploid 
strain, C509, was transformed with a HindIII  fragment of this 
disrupted ste13 allele, stable Leu + transformants were sporulated 
and the tetrads were dissected and analyzed. A set of segregants in 

Table 1 Schizosaccharomyces 
pombe strains. C509, CD16-1, 
C525 and HM316 are diploid 
strains and other strains are 
haploid 
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one ascus were subjected to Southern blotting for confirmation. To 
obtain a second disruptant, the 1.7 kb HindIII  fragment was re- 
placed by an S. pombe ura4 ÷ cassette (ste 13::ura4+). A diploid 
strain, C525, was transformed with a BamHI-PvuII  fragment. Stable 
Ura ÷ transformants were analyzed as mentioned above. 

Southern and Northern analysis 

Genomic DNA was prepared from a wild-type strain of S. pombe by 
the method of Hereford et al. (1979). Restriction fragments were 
electrophoresed on a 0.8% agarose gel and transferred onto nylon 
membranes (Biodyne A, Pall). For Northern analysis, RNA was 
prepared from S.pombe cells by the method of Jensen et al. (1983). 
Poly(A) ÷ RNA was enriched by oligo (dT) cellulose chromatography 
and fractionated on a 1% agarose get as previously reported 
(Kitamura and Shimoda 1991). A. 1.7 kb HindlII  fragment contain- 
ing ste13 + was labeled with [e-32p]dCTP and used as a hybridiza- 
tion probe. Hybridization was performed in 50% formamide at 
42 ° C (Thomas 1980). 

Site-directed mutagenesis 

Oligonucleotide-directed mutagenesis of the DEAD and HRIGR 
regions was performed according to Sambrook et al. (1989). Oligo- 
nucleotides used were 5 ' -TTGTTATGGATCCAGCCGATAAAT- 
3' for DPAD and 5 ' -CACGGCATCGGTAGATCTGG-3 '  for 
HGIGR. 

cDNA analysis 

The 5' region of the stel3 + cDNA was amplified by the polymerase 
chain reaction (PCR) using DNA from an S. pombe cDNA library 
constructed in the pcD2 expression vector (Okazaki et al. 1991) The 
PCR product was cloned in pBluescript and then sequenced. 

Plasmid construction 

Two S. pombe-Escherichia coli shuttle vectors, pDB248' and pAU- 
SK, were used (Beach and Nurse 1981; K. Tanaka, personal com- 
munication). The selectable markers in S. pombe are LEU2 

Strain Genotype Source 

L968 h 9° 
L972 h -  
JZ298 h + 
FM103-5C h + 
HM513-4C h + 
H M 3 1 5 - 1 A  h 9° 
H M 3 1 5 - 2 C  h 9° 

C522-4B h 
C458-4C h 
C 4 5 1 - 1 A  h 9° 

C509 h + 

h -  
C 5 2 5  h 9° 

h 90 

CD16-1 h + 

h -  
H M 3 1 6  h 9° 

h9O 

cyrl  :: ura4 + ade6-M216 leul ura4-D18 
stel3: : ura4 + ade6-M216 leul ura4-D18 
s te l3  : : LEU2 cyr l :: ura4 + ade6-M216 leul ura4 
s te l3  : : ura4 + leul ura4-D18 ade6-M210 
stel3::  ura4 + leul ura4-D18 ade6-M216 
s te l3  : : LEU2 ura4 his2 leul 
s tel3-N50 leul ade6 ural his2 
s te l3-N50 leul 
ura4-D18 leul ade6-M216 + 

ura4-D18 leul + his2 
ura4-D18 leul ade6-M210 

ura4-D18 leul ade6-M216 
ade6-M210 cyhl + 

ade6-M216 + lys5-391 
stel3::  ura4 + leul ura4-D18 ade6-M216 

stel3::  ura4 + leul ura4-D18 ade6-M210 

U. Leupold 
U. Leupold 
T. Maeda 
This study 
This study 
This study 
This study 
This study 
K. Kitamura 
K. Kitamura 
C. Schimoda 

This study 

C. Shimoda 

This study 
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(PDB248') and URA3 (pAU-SK). pREP1 and pREP2 are S. pombe 
expression vectors with a thiamine-repressible nmt promoter (Tom- 
masino and Maundrell 1991). The cDNA (1.5 kb) containing the 
entire ME31B open reading frame (ORF) and the 1.7 kb HindlII  
fragment containing stel3 + were inserted into SaII/BamHI sites of 
the pREP1 or pREP2 plasmids downstream of the S. pombe nmt 
promoter. 

Results 

Ste l3  + is required for G1 arrest 

The ste13 mutant can neither enter the G0 phase of the 
cell cycle nor initiate sexual reproduction (Kitamura 
et al. 1990). To examine whether such mutants are 
arrested in G1 following nitrogen starvation, flow 
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Fig. 1A-D Flow-cytometric analysis of the distribution of DNA content 
per cell. A and B log phase cells in minimal medium (PM); C and 
D stationary phase cells cultured in the absence of a nitrogen source 
(PM-N). A and C L972 (h- wild type); B and D C458-4C (h- stel3-N50) 
The 1C and 2C DNA contents represent those of a single haploid nucleus 
in G1 and G2 phase, respectively 

cytometry was used to measure the DNA content of 
wild-type cells and cells harboring an ochre nonsense 
mutation (ste13-N50) (Fig. 1). Cells were cultured to 
mid-log phase (5 x 106 cells/ml) in PM minimal me- 
dium, transferred to nitrogen-free PM medium (PM-N) 
and cultured at 26°C for a further 48 h. S. pombe 
has a relatively long G2 phase and so the majority 
of logarithmically growing cells have a DNA content 
of 2C. Following transfer to PM-N, about 60% of 
the wild-type cells shifted to a 1C peak but no 
discrete peak of 1C DNA content was detected in the 
ste13 culture. This indicates that ste13 is essential for 
the G1 arrest of S. pombe cells induced by nitrogen 
starvation. 

Cloning of the s te l3  + gene 

A genomic library constructed in the multicopy 
plasmid pDB248' was introduced into C451-1A 
(h 9° ste13-NSO leul) and plasmids able to produce Ste + 
transformants were rescued in the E. coli strain HB101. 
Subcloning localized the complementing activity to 
a 3.0 kb BamHI-PvuII  fragment (pTN4) (Fig. 2), which 
was shown to contain the stel3 + gene by chromo- 
somal integration mapping (data not shown). Southern 
blot analysis of genomic DNA from a wild-type strain 
showed that ste13 ÷ is a single-copy gene (Fig. 3). 
Northern blot analysis showed that stel3 + is constitut- 
ively transcribed as a 2.1 kb mRNA, although trans- 
cription may be slightly enhanced in nitrogen-free me- 
dium (Fig. 4). 

Nucleotide sequencing of the stel3+gene 

The nucleotide sequence of the 3.0 kb BamHI-PvuII  
fragment (pTN4, see Fig. 2) containing stel3 + was 
determined and indicated the possibility of two introns 
in the amino-terminal region of the gene. To investigate 
this, PCR was used to isolate the corresponding region 

Fig. 2 Restriction map of the 
cloned Schizosaccharomyces pombe 
genomic DNA and subcloning and 
gene disruption of stel3 +. 
(Restriction enzymes: B BamHI; 
P PstI; X XbaI; Pv PvuII; 
H HindIII; K KpnI.) A leftward 
arrow indicates the stel3 + open 
reading frame (ORF). 
Complementation of the stel3-NSO 
ochre nonsense mutation: + + ,  
completely complements; + ,  
partially complements; - ,  does not 
complement 
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Fig. 3 Southern  analysis of  
genomic  D N A .  G e n o m i c  D N A  
prepa red  f rom a wild- type strain, 
L968, was digested with HindI I I  
(H), B a m H I  (B) and  PvuII  (P). 
Hybr id i za t ion  was  pe r fo rmed  
under  s t r ingent  condi t ions  for 24 h. 
The  1.7 kb  HindI I I  f r agmen t  
con ta in ing  s t e l3  + was used as 
a p robe  

~ 1  lkb  

3.0kb 

1.7kb 

H B P 

A B 
0 2 4 6  O 4 

ste13 

Fig. 4A, B N o r t h e r n  analysis of s t e l 3 m R N A .  Poly(A) + R N A  was  pre- 
pa red  f rom a heterothal l ic  h -  hap lo id  strain, L972 (A), and  a he tero tha l -  
lic h + / h  - diploid strain, CD16-1 B. Mid- log  phase  cultures in min imal  
m e d i u m  were  inocula ted  into ni trogen-free sporu la t ion  med ium,  SSL-N, 
and  incuba ted  with shaking  at  26 ° C. H o u r s  after the shift to sporu la t ion  
m e d i u m  are shown over  each lane. The  size of the s t e l 3 + m R N A  was 
es t imated  to be 2.1 kb  using 18S and  25S r R N A  as size m a r k e r s  

from an S. pombe cDNA library, which was then cloned 
and sequenced. Comparison of the genomic and cDNA 
sequences confirms that the ste13 + gene contains two 
introns of 46 and 51 nucleotides. The nucleotide se- 
quence is shown in Fig. 5 and defines a single ORF with 
the potential coding capacity for a protein of 52 kDa, 
composed of 485 amino acids. 

-511 G~TCCAT~TGGG~GATGMCTTT~T 
-482 GCT~CTTTTC~CCATTCATGACCTC~TTAAAGG~CTAAATCGTAG~CGCMGTTTT~CAGT 
-410 CG~T~G~C~GTTCGAGCTCCAAA~TG~G~CTTCCG~GATA~GAAAATCG~TAAAATT~ 
-338 ~T~TACTAC~TTT~AAAATTTT~MTTTC~T~T~TT~TG~TTTTCGATCC~ATATT~ 
-266 C~G~TTGAGT~CCTTGCTAAACC~TAAACCTATCC~CACC~C~C~CTTTTTTTCGMAT~CCC 
-194 ACAAAG~TT~T~CAGGCT~C~C~TTCTT~TTATTTTG~GAAAAT~'~CGTTCCATT~G 
-122 ~CCTTTGTTA~TA~TTTAC~CTAGCAAATTCCTTMG~TTAAAAGG~CTAGAAACC~TTAC~ 
-50 ATTATT~A~TACCCAGTCTTTC~TT~TT~TTAAAACAACATGGCTGA~GCT~ATTC~ 

I M A E S L I ~ K  
23~T~GAAAAC~T~TTTGAAT~C~AGAATCCTTT~G~CAAATGMGGCTCAGCC~GACATGC 
9 L E N A N L N D R E S F K a ~ M K A ~ P V D ~ R 

95GGCCG~Ggtgagtgactaa~ttag~tt~cgttg~taac~ttacca~AT~TAeG~ 
33 P K T E . . . . . . . . . . . . .  intron I . . . . . . . . . . . . . . . . . . . . .  D V r K 

167 ACCAGA~CAGAGTTCG~GATTA~ATTTG~Ca~aagat~tttc~tcttatg~a~tgtatat 
41T R G T E F E D g Y L K R . . . . . . . . . . . . . . .  intron R . . . . . .  

239tgacacatg~acagCG~CTTTT~TG~TCTTT~CG~CTTC~GCGTC~TCT~AATT~A 
54 . . . . . . . . . . . . . . . . .  E L L M G I F E A G F E R P S P I ~ 

311G~G~TCTATCCC~TTGCTCT~G~GCCGTGATAT~TAGCTAGAGCTAAAAACGSTACT~TA~CA 
72E E S I P I A L S G R D I L A R A K N G T G K T 

383 GCCGCCTT~T~TTCCCTCCCTT~AAAAGTT~TACT~G~GAGTA~TTC~CA~AATTCTC~C 
96A A F V I P S L E K V D T K K S K I ~ T L I L V 

455 CCCACTCGTG~CTTGCTCTTCA~C~CTC~GTCTGT~CTTTAGG~ACATATG~T~C~GTT 
120P T R E L A L ~ T S ~ V C K T L G K H M N V K V 
527 AT~TCACAAC~GTGGTACMCTTTMGAGATGATAT~TCCGTTTA~C~TACTGTCCATATTGTGGTT 
144M V T T G G T T L R D D I I R L N D T V H I V V 
599 ~TACTCCTGG~GTGTCCTT~CCT~CTGGT~AGG~TTGCTGATTTC~TG~TGTACT~TTTTGTT 
168G T P G R V L D L A G K G V A D F S E C T T F V 
671ATG~TGMGC~ATAAATTATT~GTCCGG~TTTACTCCC~CATTG~C~CTTCT~CC~TTTTCCT 
192M D E A D K L L S P E F T P I I E ~ L L S Y F P 
743M~b~ATCGAC~TCTCT~GTA~G~CTACCTTTCC~T~TTGTTAAAAACTTTATG~T~CATCTT 
216K N R ~ I S L Y S A T F P L I V K N F M D K H L 
815 ~T~ACCTTATG~TT~CTTfiAT~AC~GCTTACCCTTCGT~TGTT~TC~TATTAT~TTTCGTT 
240N K P Y E I N L M D E L T L R G V T fl Y Y A F V 
887~C~GAGCCA~TGC~T~CT~ACACCTTGTT~CAAAACTTCAG~CAACCAGTCG~CAT~TC 
264D E S ~ K V H C L N T L F S K L ~ I N ~ S I I F 
959 TGT~CTCCACT~CC~GTCGAGTTACTTGCC~AAAAATTACT~ACTT~ATATTCATGC~TTATTCT 
288 C N S T N R V E L L A g K I T E L G Y S C F Y S 

1031 CATGCTAAAAT~TA~GTCTCAT~CCGTGTTTT~AT~TTTTAG~TGGCGTTTGC~CAATTTG" 
312H A K M L fl S H R N R V F H N F R N G V C R N L 

1103 GTTTGTTCT~TCTGTT~CTCGT~TTGA~TCC~GCTGT~TGTT~CATCAATTTT~TTTTCCG 
336V C S O L L T R G I n I Q A V N V V I N F D F P 

1175 ~G~CGCCG~CTTATTTGCACCG~TCGGTCGTTCTGGTC~TTTGGT~TCGTGGTTTG~TATTAGT 
360K N A E T Y L H R I G R S G R F G H R G L A I S 

1247TTCATCTCTTG~CT~CAGATTT~TTTATCG~TTGAAAATG~CTT~CACT~TTC~CCAATT 
384F I S ~ A D R F N L Y R I E N E L G T E I ~ P I 

1319 CCCCCTAGTAT~ATCCCTCCCT~A~TTTTTCCTAA~GTGATTATC~TCCCTC~CCC~CTGCA 
408P P S I D P S L Y V F P N G D Y fl I P R P L T A 

laB1TCTGCC~TC~GTATT~CTGCTC~C~GCCAAAGG~AG~GGGATAT~T~TCGTCCGMCAAT~T 
432S A O ~ V L A A ~ ~ A K G ~ E G Y H N R P N N N 

1463 CGTGGTGGT~TC~CGTG~GGTGGMATCGT~TGG~ATCGTCAGTCC~TCGACAACCCAGATACCGT 
450R G G H P R G G G N R G G Y R ~ S N R ~ P R Y R 

1535GGTC~C~GCA~CT~TGTATTMATATGTC~T~GCCTCGTTGATAGT~'A~GTCCTG~CTT 
480G Q Q K A D 

1607 TTCATCATTTT~TTTTG~AGTGM~ATGTGGT~T~ATTCTCACACA~TTGTTTATAC~CAAGG 
i67~ ACT~T~ACT~TTCCAAGCTT 

Fig. 5 Nucleo t ide  sequence of the 2212 bp BamHI-Hind I I I  f ragment  and  
the amino  acid sequence of the pu ta t ive  s te l3  + O R F .  A m i n o  acids are 
displayed in the one-let ter  nota t ion.  Lowercase letters represent  the 
in t ron  sequence. Exact  exon/ in t ron  junct ions  were de t e rmined  f rom the 
nucleot ide sequence of the ste13 ÷ cDNA.  The  nucleot ide sequence has 
been deposi ted  in the G S D B / D D B J / E M B L / N C B I  da tabases  under  the 
accession n u m b e r  D29795 

Phenotype of the ste13 null mutation 

The mutant s t e l 3 - N 5 0  exhibits normal growth behav- 
ior in rich medium (Kitamura et al. 1990) and nucleo- 
tide sequence analysis of this mutant allele revealed 
a TAA ochre nonsense mutation in the CAA codon 
encoding glutamine at position 130 (see Fig. 5). Such 
a mutation would generate a truncated protein that 
would be unlikely to retain full activity and so the 
apparently normal growth phenotype of the mutant 
would indicate that Stel3 is not essential for cell prolif- 
eration. Since ste13 ÷ is a single-copy gene (Fig. 3), we 
were able to test this suggestion directly by construct- 
ing ste13 + null mutants. Two different disrupted con- 
structs of ste13 ÷ (see Fig. 2) were introduced into the 
chromosomal s t e l3  ÷ locus and, while both strains grew 

normally in rich medium, they failed to enter GO phase 
and to undergo mating (Fig. 7A). A diploid strain, 
HM316, homozygous for the ste13 null allele was un- 
able to initiate meiosis (data not shown). It would thus 
appear that ste13 ÷ is not required for growth but is 
essential for the appropriate response to nitrogen star- 
vation. 

Ste13 acts downstream or independently of a cyclic 
AMP pathway 

Nitrogen starvation of S. pombe causes a reduction in 
the cytoplasmic concentration of cyclic adenosine-Y,5'- 
monophosphate (cAMP), and a mutation in the cyr l  + 
gene, which encodes adenylyl cyclase, induces both 
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Fig. 6A-C Phenotype of a cyrl  
stel3 double mutant. A JZ298 (h + 
cyrl  :: ura4+); B FM103-5C (h + 
stel3::ura4+); C HM513-4C (h + 
cryl :: ura4 + stel3 : : LEU2). Each 
mutant strain was mixed with L972 
(h-) and incubated on MEA 
sporulation medium for 2 days at 
28 ° C. Arrowheads indicate some 
typical zygotic asci 

mating and meiosis in growth medium (Maeda et al. 
1990). Since mutations in the cgsl  + and cgs2 + (pde l  +) 
genes, which encode a regulatory subunit of cAMP- 
dependent protein kinase and cAMP phosphodi- 
esterase, respectively, exhibit phenotypes which re- 
semble that of the s t e l 3  mutant (DeVoti et al. 1991), it is 
possible that s t e l 3  + is also involved in lowering the 
cellular cAMP concentration. However, reducing the 
cAMP level using a cyr l  mutation failed to suppress an 
s t e l3  mutation (Fig. 6), indicating that the function of 
s t e l 3  + in arresting cell growth in response to nitrogen 
starvation is either down-stream of cAMP or is inde- 
pendent of the cAMP pathway. 

S t e l 3  + may encode an RNA helicase 

Comparison of the putative Ste13 protein with known 
proteins demonstrates a significant homology with the 
ATP-dependent RNA helicases known as the "DEAD 
box family" proteins (Fig. 8) (Linder et al. 1989). Each 
of the eight consensus motifs normally found in mem- 
bers of this family, including the ATPase A and B 
motifs and the RNA-unwinding motif, are conserved in 
the Ste13 protein. In addition to these DEAD box 
consensus motifs, we found three repeats of "RGG", 
which was supposed to be an RNA-binding motif 
(Kiledjian and Dreyfuss 1992), in the carboxy terminal 
region of Stel3. ATPase and RNA helicase activities 
have been demonstrated in some of the DEAD box 
proteins (Iggo and Lane 1989; Rozen et al. 1990; Pause 
and Sonnenberg 1992) and we sought to investigate 
these functions in Ste13 by introducing appropriate 
point mutations into the s t e l 3  + gene using oilgonuc- 
leotide-directd in vitro mutagenesis. The regions sub- 
jected to mutation were the DEAD motif, which is 
believed to couple the ATPase and RNA helicase activ- 
ities, and the HRIGR motif which interacts with the 
RNA (Linder et al. 1989): we converted DEAD to 
DPAD and HRIGR to HGIGR. The mutant alleles 
were introduced into an s t e l 3  disruptant strain using 

Fig. 7A-D Phenotypes of in vitro generated s te l3  mutants. A host 
strain HM315-1A (h 9° stel3::ura4 + ura4-D18 leul  ade6-M216) was 
transformed by plasmids carrying stel3.  A pAL-SK, a vector plas- 
mid having no insertion. B pTN8, a 2.3 kb BamHI-HindI I I  fragment 
containing s te l3  +. C pAL (stel3-EP), the same fragment with a mis- 
sense mutation (glutamic acid to proline at 194). D pAL (stel3-RG), 
the same fragment with a missense mutation (arginine to glycine at 
368). Cells were cultured on SSA sporulation medium at 28°C for 
2 days. Arrowheads indicate some typical asci 
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Stel3 (S. pombe) 
Me31b (Drosophila) 
p54 (human) 
eIF-4AI (mouse) 
Tifl/Tif2 (S. cerevisiae) 
V a s a  (Drosophila} 

Stel3 
Me31b 
p54 
elF-4AI 
Tifl/Tif2 
V a s a  

Stel3 
Me31b 
p54 
elF-4AI 
Tifl/Tif2 
V a s a  

Stel3 
Me31b 
p54 
elF-4AI 
Tifl/Tif2 
V a s a  

NH2 - MAESLIQKLENANLNDRESF~G~QP~K 
NH~ - MMTEKLNSGHTNLTSKGIINOLQIAGNTSYBMG~KSKLNCRQRT~ 

NH~ - MSTARTENPV~MGLSSQ~c~LRGPVKPTGGPGGG~TQTQQ~NQLK~TNT~NNGTQQ~AQsMTTT~KPGD~TH~LP~K~LR~ 
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the shuttle vector pAU-SK. Neither mutant could 
complement the stel3 disruptant and this strongly 
suggests that the Stel3 protein functions as an ATP- 
dependent RNA helicase (Fig. 7). 

Suppression of the stel3 mutation by ME31B 

The DEAD box family of proteins perform a wide 
variety of functions, which include the initiation of 
protein synthesis and mRNA splicing (Schmid and 
Linder 1992). Several members, including Vasa (Lasko 
and Ashburner 1988; Hay et al. 1988) and Me31B of 
Drosophila (De Valoir et al. 1991) and PL10 of mouse 
(Leroy et al. 1989), are involved in germline cell differ- 
entiation. Since Stel3 plays a role in sexual develop- 
ment in S. pombe, it would seem to be closely related to 
this particular subgroup of the family. Indeed, the 
alignment of amino acid sequences reveals that Ste13 is 
very similar to the Drosophila melanogaster develop- 
mental protein Me31B (Fig. 8). Stel3 is 72% identical 
to Me31B over a stretch of 391 amino acids. The 
primary structure of two recently identified DEAD 
proteins, p54 from human (Lu and Yunis 1992) and 
Dhhl  of S. cerevisiae (Strahl-Bolsinger and Tanner 
1993), are also similar to Stel3/Me31B, though their 
cellular functions have not been elucidated. 

Given the similarities in structure and function, we 
wondered whether the ME31B gene product from 

Fig. 8 Amino acid alignment of Ste13 with several DEAD proteins. 
DEAD proteins: Stel3 fission yeast S. pombe (this study); Me31B 
Drosophila melanogaster (De Valoir et al. 1991); p54 human (Lu and 
Yunis 1992); eIF-4AI mouse (Nielsen et al. 1985); Tifl/Tif2 budding 
yeast Saccharomyees cerevisiae (Linder and Slonimski 1989); Vasa D. 
melanogaster (Lasko and Ashburner 1988). Identical amino acids are 
shaded. Eight conserved DEAD box motifs are boxed. Co~Lsensus boxes 
I and V represent ATPase A and B motifs, respectively. 

Drosophila could replace the stel3 + gene of S. pombe. 
Thus, the ME31B cDNA was inserted downstream of the 
thiamine-repressible nmt promoter in the pREP plasmids 
and introduced into an stel3 mutant. ME31B was able to 
restore mating and sporulation abilities and reduced the 
lethality caused by nitrogen starvation (Fig. 9). It is rea- 
sonable to conclude that Drosophila ME31B is not only 
a structural homolog of the S. pombe stel3 + gene but is 
also a functional homolog. Similar experiments revealed 
that the Vasa protein of Drosophila, another member of 
the DEAD family (Lasko and Ashburner 1988), which is 
less similar to Ste13/Me31B, failed to complement the 
stel3 mutation (data not shown) and demonstrates that 
conservation of the DEAD box consensus motifs is not 
sufficient to suppress the stel3 mutation. 

Discussion 

Results presented in this paper suggest that the S. pombe 
sterility gene, stel3 +, encodes an ATP-dependent RNA 
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helicase of the DEAD box family of proteins. Although 
we have no direct biochemical evidence for it, the 
suggestion is based on both sequence comparisons and, 
more importantly, on mutational analysis. Members of 
this family contain several conserved motifs including 
the DEAD motif, a specialized version of the ATPase 
B motif (Linder et al. 1989), and the HRIGR motif, 
which is essential for RNA unwinding (Pause and 
Sonenberg 1992). Mutational analysis has demon- 
strated that these two completely conserved motifs are 
essential for the activity of proteins in this family; 
neither EEAD nor DQAD can replace DEAD (Pause 
and Sonenberg 1992) and the first arginine residue of 
the HRIGR motif of the yeast eIF-4A (Till/2) could not 
be replaced with either E, G, I, S or T (Schmid and 
Linder 1991). Here we have used site-directed mutagen- 
esis of stel3 to change DEAD to DPAD and HRIGR 
to HGIGR and show that neither mutant could sup- 
press an stel3 deletion mutant. Our results strongly 
suggest that Ste13 functions as an ATP-dependent 
RNA helicase. 

Sequence comparison with a variety of DEAD box 
proteins indicates that Stel3 is similar to initiation 
factors such as eIF-4A of mouse (Schmid and Linder 
1992) but, since the stel3 + gene is not essential for 
growth, it is unlikely to be an initiation factor itself. 
One possibility is that Ste13 provides an RNA helicase 
activity, which enhances translational efficiency by un- 
winding secondary structures of specific mRNA species 

Fig. 9a, b Suppression of the stel3 mutation by expression of the 
Drosophila ME31B cDNA in S. pombe, a Complementation of mating 
and sporulation ability. A stel3 nonsense mutant strain, C451-1A, was 
transformed with pREP1 (A and D), pREP1 (stel3 +) (B and E) or pREP1 
(ME31B) (C and F). Complementation of the mating and sporulation 
ability was tested by incubating the transformed strains for 3 days at 
26 ° C on SSA sporulation plates with or without thiamine. A C the nmt 
promoter was repressed by adding thiamine at a concentration of 2 gM; 
D-F the promoter was switched on by depletion of thiamine. Arrowheads 
represent some typical zygotic asci. b Complementation of survival in 
starvation medium. The S. pombe strain C522-4B was transformed by 
pREP2 (ME31B) or pREP2 (stel3 +). Each transformant was cultured in 
nitrogen-free PM-N liquid medium for 0, 9 and 11 days at 26°C with 
moderate shaking. A portion of the culture was spotted onto agar plates 
of YEA rich medium and photographed after 2 days incubation at 30 ° C 

that are produced or active under certain conditions or 
during cell differentiation. This possibility could be 
further investigated by performing binding assays using 
bacterially produced Stel3 and in vitro transcripts 
from a variety of sterility and meiotic genes of S. pombe. 
A similar role can be proposed for the ME31B of 
D. melanogaster, which appears homologous in terms of 
structure and function. 

Depletion of nitrogen from the culture medium 
causes an apparent G1 block, though the G1 phase is 
extremely short in the normal S. pombe mitotic cell 
cycle. Stel3 does not seem to be required for the G1/S 
transition of the normal cell cycle in rich medium, since 
a stel3 disruptant is visible, but is required for a G1 
arrest in response to nitrogen starvation. It remains 
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possible that, under conditions of nitrogen starvation, 
Stel3 acts as a negative regulator of a Gl-specific cell 
cycle gene such as pucl +, which encodes a putative G1 
cyclin (Forsburg and Nurse 1991). One suggestion is 
that Stel3 acts in concert with other proteins and we 
have now identified two further ste genes, ste12 and 
stel4 (Kitamura et al. 1990; Y. Uno and C. Shimoda, 
unpublished) whose defective mutants show a similar 
phenotype to ste13 mutants in nitrogen-free medium. It 
is important to analyze further these genes in an at- 
tempt to understand better how the exit from the 
mitotic cell cycle is regulated. 

The stel3 + mRNA contains two short introns in the 
5' terminal region and since both contain in-frame stop 
codons correct splicing is indispensable for expression 
of the functional Stel3 protein. Interestingly, the splice 
donor site of the first intron (GTGAG) deviates from 
the consensus for S. pombe (GTANG) and demon- 
strates that GTG can be used as a splice donor signal in 
S. pombe. It remains to be examined whether these 
introns are efficiently spliced under all culture condi- 
tions, since meiosis dependent splicing has been dem- 
onstrated in both S. cerevisiae (Engebrecht et al. 1991) 
and S. pombe (Kishida et al. 1994). 
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