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Summary. The SPR6 gene of Saccharomyces cerevisiae 
encodes a moderately abundant RNA that is present at 
high levels only during sporulation. The gene contains a 
long open reading frame that could encode a hydrophilic 
protein approximately 21 kDa in size. This protein is 
probably produced by the yeast, because the lacZ gene of 
Escherichia coli is expressed during sporulation when 
fused to SPR6 in the expected reading frame. SPR6 is 
inessential for sporulation; mutants that lack SPR6 activ- 
ity sporulate normally and produce viable ascospores. 
Nonetheless, the SPR6 gene encodes a function that is 
relevant to sporulating cells; the wild-type allele can en- 
hance sporulation in strains that are defective for several 
SPR functions. SPR6 is located on chromosome V, 14.4 
centimorgans centromere-distal to MET6. 
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Introduction 

Numerous genes are expressed exclusively, or at greatly 
elevated levels, during the sporulation phase of the Sac- 
charomyces cerevisiae life cycle. The majority of these 
sporulation-regulated genes were identified by the higher 
abundance of the corresponding transcripts in sporulat- 
ing cells compared to control populations of cells. Such 
differential screening methods, employed by several labo- 
ratories, have revealed at least 40 different genes whose 
transcripts appear at a variety of times during sporula- 
tion (Clancy et al. 1983; Percival-Smith and Segall 1984; 
Gottlin-Ninfa and Kaback 1986). 
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Of the sporulation-specific genes identified by differ- 
ential hybridization, only one (SPS1; Percival-Smith and 
Segall 1986) has been shown to be essential to the sporu- 
lation process. A large group of additional genes are not 
essential, although several have discernible functions 
(e.g., SPSIO0; Law and Segall 1988) and others encode 
highly abundant transcripts. The appearance of the latter 
is tightly coupled to the sporulation process (SPR3, 
SPR1; Holaway etal. 1987; Kao etal. 1989). Other 
inessential genes include SPR1, SPR2, SPS2, SPR9, 
SPS4, SPSIO0, SGA1, LGN1, LGN2, and LGN3 (Ya- 
mashita and Fukui 1985; Garber and Segall 1986; Got- 
tlin-Ninfa and Kaback 1986; Kao et al. 1989; Primerano, 
Muthukumar, Suhng and Magee, submitted). 

Thus, the majority of sporulation-induced yeast genes 
appear to encode regulated, but inessential, functions. 
This is not surprising, in view of several recent studies 
using gene disruption and R-looping techniques to esti- 
mate the fraction of the yeast genome that is essential for 
viability. In one case, a study of 41 kb of contiguous 
DNA from chromosome I revealed 15 transcription units 
in a region previously thought to contain only three es- 
sential genes (Kaback et al. 1984; Coleman et al. 1986; 
Steensma et al. 1987). In another case, examination of 
genomic clones from random locations estimated that 
less than 30% of the genome is essential, although 80% 
is transcribed (Goebl and Petes 1986). In this respect, 
sporulation-specific transcription units resemble their 
vegetative counterparts; the average gene which is ex- 
pressed during sporulation is not required for the process 
to occur. 

Several explanations have been offered for the appar- 
ent excess of genetic information in yeast. One is that 
some inessential genes reflect an evolutionary vestige of 
previously needed functions; if so, they are not main- 
tained by selection and are presently in the process of 
decay. Another is that the genome encodes numerous 
redundant or reiterated functions, as it is known to do for 
several gene families, including heat shock proteins 
(Lindquist and Craig 1988), histones (Osley and Here- 
ford 1981) and others. Still other inessential genes could 



294 

provide helpful functions which are maintained by selec- 
tion because of the advantage they provide the cell. 

In an effort to understand which of these possibilities 
describes the "late" sporulation-specific genes, we have 
examined one of these in detail. The transcript of SPR6 
appears in sporulating cells at the time of meiosis I and 
persists throughout meiosis and spore formation. This 
gene, like others of its class, encodes a moderately abun- 
dant transcript that is undetectable in vegetatively grow- 
ing cells (Holaway et al. 1985). Our results demonstrate 
that SPR6 contains many of the hallmarks of a func- 
tional yeast gene, including a long open reading frame 
that is flanked by appropriately placed transcription and 
translation start signals. We also show that a fusion be- 
tween this open reading frame and the lacZ gene of Es- 
cherichia coli is translated in vivo during sporulation. 

To explore the possibility that SPR6  might perform a 
function which is helpful for sporulation, we have used 
gene disruption techniques to construct strains which 
lack SPR6 function, either solely or in combination with 
other S P R  null mutations. We show that reduced activity 
of the late genes leads to a reduction in the efficiency of 
sporulation that can be complemented by the reintroduc- 
tion of the wild-type alleles. This suggests that SPR6  and 
the other late genes encode functional products which 
perform helpful roles in sporulation. These results lead us 
to conclude that the late sporulation genes are main- 
tained in yeast as a result of these roles. 

Materials and methods 

Isotopes. [a32p]-dCTP, [~32P]-dATP and [y32P]-ATP 
were from ICN (Costa Mesa, Calif.). 

Chemicals and enzymes. General molecular biology reagents 
(agarose, acrylamide, formamide, CsC1) and most enzymes were 
from Bethesda Research Laboratories (Gaithersburg, Md.). D N A  
ligase and some restriction enzymes were from New England Bio- 
labs (Beverly, Mass.). Reagents for sequencing experiments using 
the Klenow fragment of D N A  polymerase I were from Bethesda 
Research Laboratories and those for experiments using "Seque- 
nase" were from United States Biochemical Corporation (Cleve- 
land, Ohio). Reagents for construction of nested deletions were 
provided by the CYCLONE kit from International Biotcchnologies 
Inc (New Haven, Ct.). General chemicals were from Sigma (St Louis, 
Mo 3. 

Construction and manipulation of Saecharomyces cerevisiae strains. 
Yeast growth and sporulation were accomplished as described pre- 
viously (Holaway et al. 1985) using YEPD, YEPA or PSP and SPM 
supplemented as appropriate for the strain (Sherman et al. 1981); 
PSP contained 0.67% yeast nitrogen base, 0.1% yeast extract, 1.0% 
potassium acetate and 50 mM potassium phthalate buffered to 
pH 5.1, and was supplemented as appropriate to the strain. Cells to 
be sporulated were pregrown in YEPA or PSP to a cell density of 
approximately 4 x 107 cells per ml of culture, as determined by 
counting an aliquot of the culture using a hemocytometer. Cells 
were removed from the spent vegetative growth medium by cen- 
trifugation for 5 rain at the highest setting of a clinical centrifuge. 
They were then washed once with a volume of sterile distilled water 
equal to the original culture volume, and once with SPM. The cells 
were then resuspended in SPM at a final concentration of 2 • 107 
cells per ml. The cells were returned to a fresh tube or erlenmeyer 
flask that was at least ten-fold larger in volume than the sporulating 
culture, and were incubated with shaking at 30 ~ in a Brunswick 

G-76 shaking water bath. The final percentage of sporulated cells 
was determined after 48-72 h of incubation, as indicated in the 
legends to the individual figures. Progress through sporulation was 
monitored by direct microscopic observation using a hemocytome- 
ter, as above, or with the fluorescent stain DAPI (4',6-diamidino-2- 
phenylindole; Williamson and Fennel 1975) using a Nikon Labophot 
microscope equipped for fluorescence. Transformation was accom- 
plished by incubating yeast cells with DNA in the presence of 
lithium ions and polyethylene glycol (PEG) as descsribed by Ito 
et al. (1983). Gene replacements were accomplished by transform- 
ing diploid strains with plasmid DNAs that had been digested with 
restriction enzymes to target integration of the desired disrupted 
alleles to their homologous chromosomal loci according to the 
method of Rothstein (1983). SPR6 disruptions were obtained from 
pLK3 DNA (see below) using digestion of the plasmid with EcoRI 
and selection for the HIS3 marker within the SPR6 coding se- 
quences. SPR1 and SPR3 were disrupted likewise, by digestion of 
pSPR3ACla: LEU2 and pSLEU2-1 with HindIII (for SPR3) or a 
combination of BamHI and DraI (for SPR1). The expected struc- 
tures of the disrupted alleles were verified by hybridization analysis 
(Southern 1975) of restriction-digested DNAs from the proto- 
trophic transformants. The strains used in this study are listed in 
Table 1. Genetic manipulations were carried out by the standard 
methods described by Sherman et al. (1981). All Saccharomyces 
eerevisiae strains used to analyze the functions of the SPR genes 
were derivtives of DK337 (Gottlin-Ninfa and Kaback 1986; kindly 
provided by David Kaback). Singly disrupted strains were obtained 
as haploid segregants of a derivative of DK337 that had been 
diploidized with HO (Russell et al. 1986; kindly provided by Ira 
Herskowitz). The diploid was transformed with appropriately cut 
plasmid DNAs as above and haploid Leu + or His + segregants 
obtained. Strains that were disrupted for SPR6 in combination with 
either SPR1 or SPR3 were obtained as His + Leu § segregants from 
crosses of the appropriate haploids. Strains that were lacking both 
SPR1 and SPR3 were made by crossing singly disrupted haploids 
and obtaining Leu § segregants from tetrads in which leucine pro- 
totrophy had segregated 2: 2. Since the two LEU2 alleles had segre- 
gated to the same spores in such tetrads, these haploids would 
necessarily contain both sprI:LEU2 and spr3: LEU2 disruptions. 
Triply disrupted strains were obtained similarly, from a cross be- 
tween a haploid that was spri :LEU2 spr3 :LEU2 and a second 
haploid of genotype spr6:HIS3; Leu + His + segregants from the 
appropriate tetrads were chosen for analysis. The diploid (YLK1396) 
that was formed by mating the above haploids was heterozygous for 
all three gene disruptions and was retained for use as a wild-type 
control. Diploids were obtained by transforming the desired segre- 
gants with HO as above. 

Mapping experiments. SPR6 was assigned to chromosome V using 
Beckman's GenLine TM TAFE (transverse alternating field elec- 
trophoresis) system as directed by the manufacturer, using commer- 
cially available S. cerevisiae chromosome standards (Beckman, 
Fullerton, CA). Strains containing chromosome V markers were con- 
structed using Cold Spring Harbor Yeast Course strains D665-1A 
and SL183-21C, Yeast Genetics Stock Center strains XJB3-1D and 
XJB3-1 B and haploid derivatives of DK337. SPR6 was followed in 
crosses using the HIS3 gene integrated at the SPR6 locus. The final 
strain used to map spr6:HIS3 was YLKMS-6 (Table 1). 

Escherichia coli and bacteriophage strains. E. coli strains used for the 
propagation of plasmids and phage ;~ were TG1, DH5 ~ (Bethesda 
Research Laboratories) and KHS02 (Maniatis et al. 1982). Cells 
were maintained in LB medium (Maniatis et al. 1982) and trans- 
formed using the calcium chloride method described by Maniatis 
et al. (1982) or by the method of Hanahan (1983). Bacteriophage L 
strains were propagated using E. eoli KH802 and were grown and 
maintained in NZCYM and SM, respectively (Maniatis et al. 1982). 
M13 phage were grown and maintained on JM107 or JMI09 as 
recommended by Messing (1983), using M9 minimal salts medium 
(Miller 1972) supplemented with X-gal [5-bromo-4-chloro-3-indoyl- 
(3-n-galactoside)] and IPTG (isopropyl-]3-D-thiogalactoside). 



Table 1. Strains used in this study 
Mapping strains: 

D665-1A 
SL183-21C 
XJB3-1D 
XJB3-1B 

YLKMS-6 

MATa malX 
MATe his5-2 lys2-1 trpl-1 aro7-1 ilvl-1 leu2-1 ade6-26 met8-1 
MATa met6 
MATe met6 

MATa his3 + + + ilvl met6 + 
MATe his3 trpl leu2 ura3 + + spr6:HIS3 

Disruption strains: 

DK337 MAlh 
MATe 

YLK1396 MATa 
MATe 

YLK6 MATa 
MATe 

YLK1335-3 MATa 
MATe 

YLK16-9a MATa 
MATe 

YLK36-1a MATa 
MATc~ 

YLK984 MATa 

leu2 trpl his3 ura3 adel + SPR1 SPR3 SPR6 
leu2 trpl his3 + + ade2 SPR1 SPR3 SPR6 

leu2 trpl his3__ ura3__ sprl:LEU2 spr3:LEU2 + 
leu2 trpl his3 ura3 + + spr6:HIS3 

leu2 trpl his3 ura3 SPR1 SPR3 spr6:HIS3 
leu2 trpl his3 ura3 SPR1 SPR3 spr6:HIS3 

leu2 trpl his3 ura3 sprl:LEU2 spr3:LEU2 SPR6 
leu2 trpl his3 ura3 sprl :LEU2 spr3:LEU2 SPR6 

leu2 trpl his3 ura3 sprl:LEU2 SPR3 spr6:HIS3 
leu2 trpl his3 ura3 sprl:LEU2 SPR3 spr6.'HIS3 

leu2 trpl his3 ura3 SPR1 spr3 : LEU2 spr6: HIS3 
- -  leu2 trpq ~ ura3 SPR1 spr3:LEU2 spr6:HIS3 

leu2 trpl his3 ura3 sprl:LEU2 SPR3:LEU2 spr6:HIS3 
MATc~ leu2 trpl his3 ura3 sprl:LEU2 spr3 :LEU2 spr6:HIS3 

YLK9820 MATa leu2 ttT1 his3 ura3 spr1:LEU2 spr3:LEU2 spr6.'HIS3 
MATe leu2 trpl his3 ura3 sprl :LEU2 spr3 : LEU2 spr6: HIS3 

Strains for assaying fl-galactosidase activity: 

GKY5 MATa HO leu2 trpl his3 ura3 
MATe HO leu2 trpl his3 ura3 

GK25 MATa ho:HIS3 leu2 trpl his3 ura3 

GK31 MATe ho.'HIS3 leu2 trpl his3 ura3 
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Plasmids. pRI1 was constructed by subcloning a 6.4 kb EcoRI frag- 
ment containing sporulation-regulated sequences from 2 sp41 
(Clancy et al. 1983) into the EcoRI site ofpBR322. Genomic disrup- 
tions of SPR6 were accomplished using pLK3, a derivative of pRI 1 
in which a 2.1 kb BstEII fragment had been replaced by the HIS3 
gene. pLK3 was constructed by first deleting the unique BamHI site 
in the pBR322 backbone of pRIl ,  and replacing a 2.1 kb BstEII 
fragment with a BamHI linker. HIS3 was then isolated as a 1.6 kb 
BamHI fragment (Rothstein 1983; kindly provided by David Ka- 
back) and cloned into this site. YCp50-SPR6 contained a wild-type 
allele of SPR6 cloned as an XhoI-EcoRI fragment between the 
unique EcoRI and SalI sites ofYCp50 (Boeke et al. 1985). pSLEU2- 
1 contained a disrupted allele of SPR1. It was constructed by replac- 
ing the D N A  between the unique SalI and SstI sites within the gene 
with a 3.0 kb XhoI-SstI fragment containing LEU2. The source of 
the LEU2 fragment was YEp13 (Broach et al. 1979). The wild-type 
SPR3-containing plasmid, pMP3, and its disrupted derivative, 
pSPR3ACla-LEU2, have been described previously (Kao et al. 
1989). YCp50-SPR3 contained the wild-type SPR3 gene cloned as 
a 5.8 kb HindIII fragment into YCp50. YCp50-SPR3 was kindly 
provided by Gautam Kao. pspr6:lacZ contains a protein fusion 
which places the potential SPR6 open reading frame upstream of an 
allele of lacZ which lacks its own transcriptional and translational 
start signals. The 3.0 kb lacZ fragment from pMC1871 (Casadaban 
et al. 1983) was cloned as a SmaI-SalI fragment into the corre- 
sponding unique restriction sites of pRI1. This placed the E. coli 
gene in the predicted SPR6 open reading frame. This spr6:lacZ 
hybrid was then transferred to pRS315 (Sikorski and Hieter 1989) 
using the PstI and SalI sites which flank the spr6: lacZ fusion. The 
latter vector is maintained in single copy in S. cerevisiae cells by the 

activities of the CEN6 and ARSH4 elements present on the vector 
and is selected in yeast by the presence of the LEU2 gene. 

fl-galactosidase assays. Strains to be assayed for lacZ expression 
from the SPR6 fusion were transformed freshly with pspr6:lacZ 
and were maintained on minimal medium. These were transferred 
to the selective PSP medium and grown for 18-24 h prior to a shift 
to sporulation medium as described above. Extracts were prepared 
from 5.0 ml of culture (approximately 108 cells) by the method of 
Rose and Botstein (1983). Cells were pelleted by centrifugation 
(10000 g in plastic centrifuge tubes) and resuspended in 0.3 ml of 
yeast breaking buffer (80 mM Tris pH 7.2, 4% v/v glycerol, 1 mM 
dithiothreitol). Glass beads (0.45 ram; Thomas Scientific, Swedesboro, 
N J) were added to the level of the original meniscus, and the suspen- 
sion was placed a t - 7 0  ~ for at least I h. The cells were then thawed 
and 6.5 gl of a 40 mM PMSF (phenylmethylsulfonylfluoride) solu- 
tion was added. The cells were broken by vortexing the suspension 
at the highest setting of the instrument. Three 1 rain bursts, with 
3 - 5  rain cooling on ice between bursts, were usually adequate to 
break > 95% of the cells or spores. An additional 0.35 ml of yeast 
breaking buffer was added to the extracts after breakage. Activity 
was assayed using 0.150 ml of the extracts as described by Miller 
(1972) except that Z buffer was supplemented with 0.025% SDS 
(sodium dodecyl sulfate) as in Ruby et al. (1983). Activity was 
defined as nMol ONPG hydrolyzed per rain per mg protein in the 
extracts; i nMol of product was assumed to have an absorbance of 
0.00265 at 420 nm in a final assay volume of 1.7 ml. Protein concen- 
tration was determined by the method of Bradford (1976) using the 
commercially available reagent (Bio-Rad) as recommended by the 
supplier. Bovine IgG was used as a standard. 
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Fig, I A-C.  Localization of the SPR6 transcription unit. Panel A 
the 6.4 kb insert in pRI1 was mapped with the restriction enzymes 
EcoRI (R), SstI (St), EeoRV (V), ClaI (C), AvaI (A), XhoI (X), XbaI 
(Xb), PvuII (P2), PstI (P), HpalI (lip), BstgII (B), AceI (Ac), KpnI 
(K), Sinai (S) and XmnI (N). The arrow below the figure indicates 
the direction of transcription. The bar indicates a size scale of 
500 bp. Not all sites for AccI are shown. Panel B restriction frag- 
ments from pRI1 were fractionated by agarose gel electrophoresis 
and stained (left) or blotted to nitrocellulose (middle and right). The 
blots were hybridized to 32p c-DNA from cells that had been ex- 
posed to sporulation medium for 9 (middle) or 2 h (right). The lines 
at sides of the left and right panels indicate the final positions of 
migration of standard marker fragments after electrophoresis. 
Those present in the region shown in the photograph were (top to 

bottom) 9.4 kb, 6.6 kb, 2.3 kb, 2.0 kb, and 0.5 kb, Lanes I, 2, 3, 4 
and 5 contained restriction fragments produced from pRI1 by the 
following enzymes or pairs of enzymes, respectively: PstI and XbaI, 
AccI, KpnI and BstEII, BstEII, Sinai and BstEII. Panel C 10 lag of 
total RNA from cells that had been exposed to sporulation medium 
for 2 (lanes 1) and 9 (lanes 2) h was fractionated by agarose gel 
electrophoresis. The position of the SPR6 transcript was visualized 
using a two-step hybridization procedure as described by Breter 
et al. (1983). The blots were hybridized to an unlabeled probe which 
consisted of the BstEII-KpnI fragment internal to the coding region 
of SPR6 cloned into M 13mp 18 and M 13rap 19. Hybridization of the 
blot to the first probe was visualized by a second hybridization to 
M13 RF that had been labeled by nick translation 

Purification and manipulation of nucleic acids: 

(1) DNA. Yeast genomic DNA was isolated from small (5 40 ml) 
cultures as described by Sherman et al. (1981). E. coli plasmid DNA 
and M]3 RF (replicative form) DNAs were prepared using the 
"rapid boiling" method of Holmes and Quigley (1981) or by CsC1 
density gradient centrifugation as in Davis et al. (1980). Single- 
stranded M13 DNA was isolated from cleared supernatants of 
phage-infected cultures grown on YT medium as described by 
Messing (1983). 
(2) RNA. Total RNA was isolated from yeast cells by the method 
of Kaback and Feldberg (1985) using guanidium isothiocyanate 
and fi-mercaptoethanol as deaturants. For some experiments, poly 
A + RNA was isolated by the method of Aviv and Leder (1972) as 
described by Maniatis et al. (1982). RNA for use in preparation of 
cDNA was purified by chromatography on Sephadex G-50 as de- 
scribed by St. John and Davis (1979). 
(3) Nucleic acid hybridizations. Probes for Northern and Southern 
blots were usually DNAs which had been labeled with 32p by nick- 

translation using the method of Rigby et al. (1977) as described in 
Maniatis (1982), or 32p-cDNAs prepared as described previously 
(Clancy et al. 1983). The direction of transcription of SPR6 was 
determined by the method of Reed (Breter et al. 1983) using the 
0.5 kb BstEII-KpnI fragment internal to the gene, cloned into M13- 
mpl 8 and M13-mpl 9. Northern blots were prepared by the method 
of Thomas (1983) except that DMSO (dimethylsulfoxide) was omit- 
ted from the denaturation solution. Alternatively, RNA was dena- 
tured and fractionated by electrophoresis in the presence of formal- 
dehyde as described by Yarger et al. (1986). Southern blots (South- 
ern 1975) were prepared as described previously (Clancy et al. 
1983). Hybridization of blots to 32p-cDNA, nick-translated DNA 
or single-stranded probes was performed at 42 ~ as described by 
Engel and Dodgson (1981). 
(4) Manipulation of nucleic acids. Restriction enzyme digestions, 
kinase reactions and ligations were performed asrecommended by 
the suppliers of these enzymes. DNA fragments for cloning were 
isolated by electroelution (Maniatis et al. 1982) from 0.8-1.4% 
agarose gels that were poured and run in Tris-acetate buffer, or by 
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-270 -250 -230 
TACACAAAAATGGCTATAAATG~GGAAAAAGGACAAAGAAAAAGAGGCACT~TC~GG 

-210 -190 -170 
CAGAGTATGTATTT~TCCTCCCCTC~TATT~TGTGTAGTGGGTACATAAAC~TT~ 

-150 -130 -ii0 
GGGGACC~GCATAT~CCAGAGCT~GGTATTACAAAGAAAAGAAAA~TT~G 

-90 -70 -50 
GTTACCAGGTAC~GATAAATAAAATTC~GG~TTACTTTTTGTCGTGCAGCTACCATT 

-30 -i0 i0 
TTACTTTGAGTTGTATTTTGTTCAAACTTGTATATGGCTGTTTGT~TATATGGC~TCG 

M A V C N I W Q S  

30 50 70 
TACTCTTCCTCC~TTTACATTGGATTTATCCTCTGTATACC~T~CTGTTCACAAAAT 
Y S S S N L H W I Y P L Y T N N C S Q N  

90 ii0 130 
GTAAAGTCATCATTTACAGCAGAAATATTATTGAAAAG~GATGT~TGATATTC~GAT 
V K S S F T A E I L L K R R C N D I Q D  

150 170 190 
ATACTT~TGACAGGATGATTG~TTGTTGCTACAGGGCGCGTGTGACCCAAAT~GCAG 
I L N D R M I Q L L L Q G A C D P N K Q  

210 230 250 
CAG~TTACCTTCAGGGGATGAGTCC~GTAGG~G~GAAAACCCACGTT~GAAATTT 
Q N Y L Q G M S P S R K K K T H V K K F  

270 290 310 
TTGAAAAAGCAA~TC~GGAAACC~TCACTCTGGAGCATGGTTGCTTGTCAGGA 
L K K Q K K S R K P I T L E H G C L S G  

330 350 370 
CCCGTGACTCTACGTTTCGGAAATTTTGCAGG~TCAGAGATTTGAGAGGTACCAGGTGC 
P V T L R F G N F A G I R D L R G T R C  

390 410 430 
CCGCTCCACGGCATAAAACATGGTGTCCATCCAAAACCCGGGGAGAGGTGTGCATGTCAG 
P L H G I K H G V H P K P G E R C A C Q  

450 470 490 
C~GCTACCCTCTTTCC~GTCCACTAGCTCGGTTTAGTTGTGACCAGTCTGCTGTACTT 
Q A T L F P S P L A R F S C D Q S A V L  

510 530 550 
GGTTGCGCTGCCTCCTCCACACGGGTCTATGACAGTATAGCCGATGAGTTTTCATCCCTA 
G C A A S S T R V Y D S I A D E F S S L  

570 590 610 
TATTTTTAAACACAGGAGAAAC~TTCCATAAATAAACTTTGT~GAT~CTAAATTATA 
Y F *  

630 650 670 
GGTCCCTTTTCCATGTACGTTCTCATCGC~GAGCATACGGTAGTAAACAAATATTTCGC 

Fig. 2. Sequence analysis of SPR6. The region surrounding the 
sporulation-specific transcription unit was sequenced as described 
in Materials and methods, and is shown using the proposed transla- 
tion initiation site as the + 1 nucleotide. The predicted amino acid 
sequence is shown using the single letter code 

both orientations. Deleted molecules included endpoints at nucle- 
otides 1676, 1556, 1237, 1160, and 1050 relative to the PstI site to 
the left of the SPR6 gene as shown in Fig. 1. 

Results 

Characterization of the SPR6 transcription unit 

SPR6 was originally identified in a screen for 2 clones 
which contained highly expressed genes whose tran- 
scripts are specific to sporulating cells. The 6.4 kb EcoRI 
fragment containing the sporulation-specific gene in one 
such 2 isolate was subcloned into pBR322 and mapped 
with restriction enzymes (pRI1, Fig. 1, panel A). This 
gene was designated SPR6, based on the hybridization 
pattern of  the original 2 clone to others isolated by differ- 
ential screening (Holaway etal .  1985). To locate the 
SPR6 transcription unit within this DNA, we hybridized 
32p-cDNA prepared from cells that had been incubated 
in sporulation medium for 2 or 9 h (Fig. 1, panel B) to 
restriction fragments of  pRI1. These results enabled us to 
identify those restriction fragments that contained por- 
tions of  the SPR6 transcription unit as shown. 

To determine the direction of  transcription of SPR6, 
we hybridized strand-specific probes to RN A  that had 
been prepared from sporulating cells. The probes were 
made from a 0.5 kb BstEII-KpnI fragment of  the SPR6 
transcription unit that had been cloned into M13-mpl 8 
and M13-mpl 9. The single-stranded virion DNAs were 
used to probe transcription in the SPR6 region. In these 
experiments, the unlabeled single-stranded phage D N A  
was hybridized to RN A  that had been extracted from 
cells at early and late stages in the sprorulation process. 
Hybridization was visualized by the use of  a second probe 
(M 13 RF form) according to the method of  Reed (Breter 
et al. 1983). The results showed that SPR6 is transcribed 
in the rightward direction as the insert is shown (Fig. 1, 
panel C; arrow in panel A). 

Sequence analysis 

extraction from low melting temperature agarose (LMT; Seaplaque 
FMC BioProducts, Rockland, Me.) as recommended by the supplier. 
Preparation of DNAs for sequencing was accomplished by cloning 
restriction fragments into the RF of Ml3-mpl8 and M13-mp19, 
and by constructing unidirectional deletions. A 2.4 kb PstI-XbaI 
fragment from pRIl, spanning the SPR6 gene, was cloned into 
M13-mp18 and M13-mplg. Nested deletions were constructed us- 
ing the CYCLONE kit from International Biotechnologies Inc. 
Single-stranded template DNA was hybridized to a 22-base 
oligomer (for EcoRI) or a 29-base oligomer (for HindIII), digested 
with the appropriate restriction enzyme and incubated with T4 
polymerase. The resulting molecules were tailed with dGTP or 
dCTP, reannealed to the original oligomer, and ligated. Clones 
containing deletions spanning the region of interest were sequenced 
using the dideoxynucleotide chain termination method (Sanger 
et al. 1977). Sequencing reactions utilized the Klenow fragment of 
DNA polymerase I or Sequenase (Tabor and Richardson 1987) 
using reagent kits as directed by the suppliers (Bethesda Research 
Laboratories and United States Biochemicals, respectively). Frag- 
ments sequenced included a 474 nucleotide BstEII-KpnI fragment, 
a 716 nucleotide PstI-BstEII fragment, a 649 nucleotide AccI frag- 
ment and a 75 nucleotide SmaI-KpnI fragment, cloned with M13 in 

To locate the structural features that are expected to oc- 
cur within functional S. cerevisiae transcription units, we 
determined the nucleotide sequence of  the transcribed 
and flanking regions of  the gene (Fig. 2). The transcribed 
region contains a 573 nucleotide open reading frame 
whose location is consistent with the expected position of  
the protein coding region. This open reading frame could 
encode a polypeptide 191 amino acids in length with a 
molecular mass of  21 527 Da. The predicted protein has 
a high proport ion of serine and threonine residues (28 of 
the 191 amino acids). These are found throughout  the 
potential coding region, with a cluster near the amino 
terminus. The predicted polypeptide is quite hydrophilic, 
with an overall composition of  36% polar residues. A 
particularly basic region occurs between residues 80 to 
100; this contains 11 lysine and two arginine residues. 
Searches of  the Genbank and EMBL databases did not  
reveal any significant homologies between SPR6 and 
protein or nucleic acid sequences of  known function. 
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The 300 nucleotide region immediately upstream of 
the presumed initiating ATG contains several TATA-like 
sequences. The closest in sequence to the accepted con- 
sensus (Sentenac and Hall 1982) begins at -259 with 
respect to the ATG which marks the beginning of the 
long open reding frame (TATAAA). Similar sequences 
lie at -204 (TATTTAAAT), - 185 (TATTAAT), - 141 
(TATAAC) and -124 (TAAATAAA). There are also 
seven examples of sequences that conform to preferred 
transcription initiation sites within the region spanning 
-60 to -240. These include two TCG/AA elements and 
five of sequence R R Y R R  (reviewed by Guarente 1987). 
We have also obtained evidence for transcripts originat- 
ing in this region, using primer extension analysis (data 
not shown). 

Translational competence of SPR6 mRNA 

To determine whether SPR6 encodes RNAs that are 
translated in vivo, we constructed a translational fusion 
between the SPR6 coding region and a lacZ reporter 
from E. coll. A 3.0 kb SmaI-SalI fragment from pMC187l 
(Casadaban et al. 1983) was used to replace a 3.0 kb 
SmaI-SalI fragment from pRI1. This placed lacZ in the 
expected reading frame, near the 3' end of SPR6. This 
construction was then transferred to the shuttle vector 
pRS315 (Sikorski and Hieter 1989) and introduced into 
the diploid yeast strain, GKY5 and its isogenic haploids, 
GK25 and GK31. 

Assays of extracts from sporulating cells carrying this 
fusion showed that SPR6-directed /~-galactosidase ex- 
pression occurred preferentially during sporulation, as 
expected from the behavior of the corresponding tran- 
script. Essentially no activity (less than 0.01 specific activ- 
ity) was detected in YEPA or PSP-grown cells. By 9 after 
the shift to sporulation medium, activity was easily de- 
tectable, although extremely low (specific activities be- 
tween 0.1 and 0.5 in different experiments). This level of 
expression was very low relative to that which has been 
observed for some other sporulation-specific fusion 
proteins (SPR1 and SPR3) but well above the limits of 
detection of this assay. In addition, control haploid 
strains, that contained the spr6: lacZ fusion but could not 
sporulate, did not express any activity above the basal 
levels detected in YEPD or PSP. We conclude from these 
experiments that at least a subset of the SPR6 transcripts 
that are produced are translated during sporulation, but 
possibly at very low efficiency. 

Disruption of SPR6 

To determine whether SPR6, like the other late genes, is 
inessential for sporulation, we examined the sporulation 
capability of strains that lacked SPR6 activity. We con- 
structed two alleles of SPR6 in which portions of the 
open reading frame had been replaced by the wild-type 
HIS3 gene. The first construction (pSG3) lacked the 
75 bp KpnI-SmaI fragment near the 3' end of the gene, 
and the second (pLK3) lacked a 2.1 kp BstEII fragment 

Table 2. Sporulation of strains homozygous for combinations of 
SPR gene disruptions 

Strain Disrupted gene % Tetra- % Sporu- 
nucleate a lation b 
(% of wild- (% of wild- 
type) type) 

DK337 none 68.3 (100) 63.9 (100) 
YLK1396 none 68.8 (100) 65.8 (100) 
YLKI6-9a SPR1, SPR6 75.0 (110) 63.1 (98.7) 
YLK1335-3 SPR1, SPR3 62.1 (90.1) 47.7 (74.6) 
YLK36-1a SPR3, SPR6 63.4 (92.8) 51.6 (80.8) 
YLK9820 SPR1, SPR3, SPR6 52.7 (83.7) 35.6 (55.8) 
YLK984 SPR1, SPR3, SPR6 57.2 (77.2) 43.1 (67.4) 

Determined by DAPI staining following 72 h incubation in 
sporulation medium. At least 200 cells were examined for each 
determination shown. Results shown are for a single experiment in 
which all cultures were grown and sporulated simultaneously 
b Cells were sporulated for 72 h following pregrowth in YEPD and 
YEPA. At least 500 cells were counted for each determination 
shown. All results shown are from cells which had been cultured and 
sporulated simultaneously 

spanning the entire SPR6 coding region. These alleles 
were used to replace the corresponding wild-type se- 
quences in a diploid strain, DK337. This manipulation 
resulted in strains that were heterozygous for the 
spr6:HIS3 alleles. All disruptions were confirmed by 
Southern blotting. During the course of these experi- 
ments, we never observed any bands other than those 
expected if SPR6 were a single copy gene. 

Homozygous diploids were formed by sporulation of 
the heterozygote and reconstruction of the diploid by 
mating His + segregants, or by transformation with HO. 
Exposure of these diploids to sporulation medium re- 
vealed that SPR6 is inessential for sporulation. In two 
typical experiments, in which over 400 cells of each geno- 
type were counted, the disrupted strains sporulated to 
49.6 and 50.7% after 48 h of incubation in sporulation 
medium, as compared to 48.0 and 49.3 for the wild-type 
controls. Analysis of these frequencies by the Chi-squared 
test for homogeneity (see Conover 1981) revealed that 
there are no statistically significant differences between 
them. Thus, strains homozygous for the defective alleles 
sporulated at levels which were indistinguishable from 
those of closely related wild-type controls. 

The null spr6 : HIS3 allele also had no effect on spore 
viability. Dissection of 58 complete tetrads from a ho- 
mozygous spr6:HIS3 strain estimated an overall viabil- 
ity of 83.2%. By comparison, 80.5% of spores from 
DK337 were viable (50 tetrads). Analysis of segregants 
from a spr6:HIS3/SPR6 heterozygote gave similar re- 
sults; three of the six inviable spores from 20 tetrads were 
inferred to be His + , whereas the remaining three were 
His- .  We conclude that lack of SPR6 activity had no 
effect on spore viability or germination. 

Multiple disruptions 

Our earlier observations support the idea that some of the 
SPR genes contribute to the sporulation capability of 



Table 3. Complementation of sporulation defect of disrupted strains 

Strain Gene disruption in strain % Sporulation a 
(% of wild-type) 
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Complementation by. SPR3: 

YLKI396 
YLK1396 + YCp50-SPR3 
YLK9820 
YLK9820 + YCp50-SPR3 
YLK984 
YLK984 + YCp50-SPR3 

Complementation by SPR6: 

YLK1396 
YLK 1396 + YCp50-SPR6 
YLK9820 
YLK9820 + YCp50-SPR6 
YLK984 
YLK984 + YCp50-SPR6 

Heterozygous for spr3 : LEU2 sprl.'LEU2 and spr6: HIS3 
Same as above 
spr3: LEU2 sprl: LEU2 spr6:HIS3 
Same as above 
spr3. LEU2 spr l : LE U2 spr6 : HIS3 
Same as above 

Heterozygous for spr3 : LEU2 spr l : LEU2 and spr6 : HIS3 
Same as above 
spr3:LEU2 sprl:LEU2 spr6:HIS3 
Same as above 
spr3 : LEU2 sprl : LEU2 spr6 : HIS3 
Same as above 

58.0 (100) 
57.1 (98.4) 
46.1 (79.5) 
54.1 (93.3) 
50.4 (86.9) 
62.6 (108) 

64.6 (100) 
63.5 (98.3) 
48.9 (75.7) 
59.8 (92.6) 
53.0 (82.0) 
59.9 (92.7) 

" Over 600 cells were counted for each determination shown. Cells were sporulated for 72 h after pregrowth in YEPD and YEPA. 
Sporulation medium was supplemented with tryptophan, adenine and uracil 

yeast cells without being essential to the process. Strains 
which lack SPR3 activity, due to a LEU2 insertion in the 
gene, exhibit a slight, but statistically significant, reduc- 
tion in sporulation efficiency which is evident only after 
analysis of  a very large number of cells (Kao et al. 1989). 
More subtle defects associated with other S P R  disrup- 
tions could thus escape detection entirely, We, therefore, 
reasoned that the small contributions of  each S P R  gene 
might be revealed as a more pronounced phenotype in 
strains which lacked several S P R  functions simulta- 
neously. This could occur as an additive effect resulting 
from the removal of  several helpful functions. 

Table 2 shows the results of  an experiment in which 
the sporulation capabilities of  strains which lacked the 
activity of  two or more S P R  functions were examined. In 
all cases, multiply-disrupted strains exhibited slightly re- 
duced sporulation relative to the controls; this was espe- 
cially evident when the strains lacked SPR3 activity. The 
most pronounced effect was obtained with strains which 
were simultaneously defective for SPR1, SPR3 and 
SPR6; these strains sporulated to approximately 60% of 
the wild-type levels after 72 h of  incubation in sporu- 
lation medium (Table 2). As for the singly disrupted 
strains, spores from triple disruptants were as viable as 
the wild-type (>  80% in both cases). 

We have examined the statistical significance of  the 
data in Table 2, using a Chi-squared test as above. By this 
analysis, the sporulation frequencies of  the two wild-type 
strains were indistinguishable from that of  the doubly 
mutant sprI : LEU2 spr6." HIS3 strain. By contrast, chance 
alone is highly unlikely to be the sole source of  the varia- 
tion between the other multiple mutants as compared to 
wild-type ( >  99.9%). Because these strains are not com- 
pletely isogenic, we cannot conclude with certainty that 
the observed effects are exclusively the result of  the S P R  
mutations. Nonetheless, we find this result highly sugges- 
tive. 

Complementation o f  the sporulation defect 
o f  multiply disrupted strains 

The result of a more compelling experiment are shown in 
Table 3. We expected that if the modest sporulation de- 
fect associated with the triply-disrupted strain were the 
result of diminished S P R  gene activity, then this defect 
could be complemented by the introduction of  the corre- 
sponding wild-type genes on plasmids. To examine this 
question, we asked whether two plasmids, YCp50-SPR3  
and YCp50-SPR6,  could restore wild-type levels of sporu- 
lation to multiply-mutant strains. 

The results of  two such experiments are shown in 
Table 3. The wild-type strain, YLK1396, which was het- 
erozygous for the SPR1, SPR3 and SPR6  disruptions, 
sporulated equally well in the presence and absence of  the 
YCp50-SPR3 and YCp50-SPR6  plasmids. By contrast, 
the multiply-mutant strains sporulated consistently bet- 
ter when provided with either SPR3 or SPR6  activity. 
These levels were restored to 90 -100% of  wild-type lev- 
els in the presence of  SPR-complement ing activity, com- 
pared to 7 5 -8 5 % in its absence. 

These data were also subjected to Chi-squared analy- 
sis. In all cases, the defects associated with the multiple 
disruptions were significant at the 99% level, or greater, 
when compared to the YLK1396 control. In addition, the 
levels of  sporulation attained in the presence of  the com- 
plementing SPR3 and SPR6  plasmids were significantly 
higher than in their absence (at the > 97.5%, or greater, 
level in all cases, > 99% in most). We conclude that the 
S P R  genes retain some function during ~porulation, even 
though they are inessential to the process. 

Mapping SPR6  

To determine the map position of  SPR6, we hybridized 
pRI1 to a preparation of yeast chromosomes that had 
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Table 4. Position of SPR6 relative to markers on chromosome V 

PD ~ NPD TT Conclusion 

MET6-ILV1 74 0 29 14.1 cM 
MET6-spr6:HIS3 74 0 30 14.4 cM 
spr6:HIS3: ILVI 45 0 58 28.2 cM 

" PD, NPD, and TT refer to parental ditype, non-parental ditype 
and tetratype asci, respectively 

been fractionated by alternating field electrophoresis. A 
single band was observed at the position corresponding 
to chromosome V. Table 4 shows the results of a cross 
between a strain which contained an allele of SPR6 that 
had been marked with HIS3, and one which carried met6, 
ura3 and ilvl. Both strains were his3 at the normal locus 
to allow SPR6 -HIS3 to be scored using histidine proto- 
trophy as a marker. The resulting diploid was also het- 
erozygous for the trpl CEN-linked marker. Analysis of 
segregants from this cross allowed SPR6 to be placed 
approximately 14.4 cM centromere-~tistal to met6. spr6: 
HIS3 was unlinked to CEN (data not shown). 

More detailed analysis of the data from this experi- 
ment confirmed the order of genes given; in all cases the 
expected rearrangements of outside markers were ob- 
served in tetratype asci. It was somewhat surprising, how- 
ever, that no DCO (double crossover) asci of any kind 
were obtained (Table 4 and data not shown). This appar- 
ent level of interference is not unusual (Mortimer et al. 
1989); numerous experiments that have examined genetic 
regions in the 20-35 cM length range have yielded no 
NPD tetrads. 

Discussion 

Progress through sporulation in the yeast Saccharomyces 
cerevisiae is marked by changes in the abundance of nu- 
merous RNAs. Some of these correspond to genes whose 
functions are crucial to the sporulation process, including 
IME1, IME2, SPO11, SPO12, SPO13 and others (Kassir 
et al. 1988; Smith and Mitchell 1989; Atcheson et al. 
1987; Wang et al. 1987). Among the most abundant tran- 
scripts present in sporulating cells, however, are many 
which serve no obvious functional roles; null alleles of 
many sporulation-specific genes support levels of sporu- 
lation which are indistinguishable from isogenic wild- 
type controls. 

In an effort to understand whether these inessential 
transcription units confer any function or advantage to 
the yeast, we have examined the structure of one of the 
late genes. We show that SPR6 contains several features 
that are characteristic of S. cerevisiae transcription units 
and that the gene is capable of encoding a protein 191 
amino acids in length. The 300 nucleotide region up- 
stream of the SPR6 open reading frame contains several 
TATA-like sequences, including one (at -259) that is an 
exact match to the accepted consensus. 

Before we could infer any potential function for SPR6, 
it was necessary to determine whether SPR6 mRNA is 

competent for translation. We show that lacZ fused in the 
predicted SPR6 reading frame was expressed in a sporu- 
lation-dependent manner, but at low levels. Thus, we 
believe that the predicted protein is expressed by yeast 
during sporulation. Similar results have previously been 
obtained for SPR3 (Holaway et al. 1987; Kao et al. 1989) 
and SPR1 (D. Primerano, unpublished); SPS1, SPS2, 
SPS4, SGA1 and SPSIO0 also contain long open reading 
frames. 

We have also examined the effects of SPR6 null muta- 
tions on the ability of diploid S. cerevisiae cells to sporu- 
late. As for several other late genes that have been exam- 
ined, SPR6 activity is inessential for sporulation and the 
production of viable ascospores; null alleles allow wild- 
type levels of sporulation and the resulting ascospores are 
as viable as the controls. In addition, the cells appeared 
normal by DAPI staining and the kinetics of meiosis were 
the same in the mutant and wild-type backgrounds (data 
not shown). 

It remains possible, however, that SPR6 activity might 
be needed for sporulation under conditions other than 
those usually employed in the laboratory. Our experi- 
ments were all performed at 30 ~ and followed a growth 
regimen that was developed to optimize, rather than 
limit, the sporulation efficiencies of normal strains. 
Sporulation at extreme temperatures, or under other ad- 
verse conditions, might be more sensitive to the genetic 
defects we have constructed if, indeed, the role of these 
gene is to enhance essential functions. 

We have not examined the mutant strains for more 
subtle defects in ascospore structure, acquisition of ther- 
mal or ethanol tolerance, or for the lack of any other 
spore function except viability. Thus, it is possible that a 
more detailed analysis might reveal a discrete phenotype 
for the spr6.'HIS3 mutation that would not have 
emerged from the study described here. Indeed, experi- 
ments in other laboratories have shown that defects in 
other inessential sporulation-specific genes can lead to 
delayed appearance of thermal and ether tolerance (Law 
and Segall 1988; D. Primerano and P. T. Magee, personal 
communication). 

As an alternative route to discerning a role for SPR6, 
and perhaps the other late genes, we constructed strains 
that lacked all combinations of SPR1, SPR3 and SPR6 
activities. In most cases, these mutations led to significant 
and reproducible decreases in sporulation efficiency. This 
was most evident in strains which lacked all three of the 
SPR genes examined. The defect associated with the 
triply-mutant strains could be complemented by either 
the SPR3 or SPR6 genes on plasmids, suggesting that the 
lack of these gene activities was responsible for the limita- 
tion of sporulation that we observed. We conclude that 
the SPR genes have retained some functional role in the 
sporulation process. 

These results are somewhat difficult to interpret, since 
these three genes share no sequence homology that would 
suggest a common or reiterated function for their respec- 
tive products. The SPR6 sequence is unrelated to that of 
SPR1 (D. Primerano et al., submitted), SPR3 (M. Clancy 
and M. Bhattacharyya, unpublished), or to any other 
proteins in the Genbank or EMBL databases. The only 
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common feature of  these three genes is their coordinate 
expression at the time &meiosis  I during sporulation. On 
the other hand, it is necessary to suggest some functional 
overlap among the products of  these genes, to explain the 
ability of  both SPR3 and SPR6 to complement the defect 
associated with the triply-mutant strains. We suggest, 
therefore, that the SPR genes contribute to the sporula- 
tion process by increasing its efficiency. 

It is well-documented that wild-type yeast strains vary 
enormously in their ability to sporulate, although the 
genetic bases for these differences are unclear. Many lab- 
oratory strains achieve only 10 -15% sporulation after 
extended exposure to sporulation medium, whereas oth- 
ers form 90% or more ascospores after only 12-16  h. 
These properties can, in some cases, be transmitted 
through genetic crosses (Esposito and Klapholz 1981). 
These differences depend on a multitude of  metabolic 
functions, especially those needed for utilization of  ace- 
tate and endogenous nitrogen stores. Such nutritional 
information is utilized by the cell at several decision-mak- 
ing steps in the sporulation process. These include the 
initiation of  the process upon starvation, the initiation of  
meiotic divisions, and during spore formation (reviewed 
in Esposito and Klapholz 1981). Thus, inessential func- 
tions could impinge on the central, essential, ones by 
influencing these decision-making steps. 
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