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ABSTRACT 
Forty-eight mutants of Saccharomyces cereuisiae with defects in  glycogen  metabolism were isolated. 

The mutations defined eight GLC genes, the functions of which were determined. Mutations in three 
of these genes activate the RAS/cAMP  pathway either by impairment of a RAS GTPase-activating 
protein ( G L C I I I R A l  and GLC41ZRA2) or by activating Ras2p (GLCSIRASZ).   SNFl protein kinase 
(GLCZ) was found  to be required  for normal glycogen  levels.  Glycogen branching enzyme (GLC3)  
was found to be required  for significant  glycogen  synthesis. GLC6 was shown to be allelic to CIFl 
(and probably F D P l ,  BYPl and G G S l ) ,  mutations in which were previously found to prevent growth 
on glucose; this gene is also the same  as T P S l ,  which encodes a subunit of the trehalose-phosphate 
synthase. Mutations in GLC6 were capable of increasing or decreasing glycogen  levels, at least  in part 
via effects on  the regulation of  glycogen  synthase. GLC7 encodes a type 1 protein phosphatase that 
contributes to  the dephosphorylation (and hence activation) of glycogen synthase. GLC8 encodes a 
homologue of type 1 protein phosphatase inhibitor-2. The genetic map positions  of G L C l I I R A l ,  
GLC3,  GLC4/ZRA2,  GLC6ICIFlITPSl (and the adjacent VATZIVMAP), and GLC7 were clarified. 
From the  data  on GLC3, there may be a suppression  of recombination near  the chromosome V 
centromere,  at least in some strains. 

~~ 

G LYCOGEN is a polymer  of  glucose  linked by al-  
4 bonds  with al-6 branches. This storage car- 

bohydrate can provide a carbon and energy source 
when extracellular supplies  dwindle. The  al-4 glyco- 
sidic bonds in  glycogen are synthesized by glycogen 
synthase. There  are two redundant genes, GSYl and 
GSY2, encoding this  enzyme in  yeast (FARKAS et al. 
1990,  199 1).  Reversible phosphorylation and allo- 
steric regulation control glycogen  synthase  activity 
(ROTHMAN and CABIB 1969; ROTHMAN-DENES and 
CABIB 1970). The phosphorylated form of  this en- 
zyme  is dependent  on glucose-6-phosphate  (G-6-P) for 
activity,  whereas the dephosphorylated form is G-6-P 
independent. Mammalian  glycogen  synthase is the 
substrate of  many protein kinases and is multiply 
phosphorylated (COHEN 1986; ROACH 1986). The 
regions of liver,  muscle and yeast  glycogen  synthases 
that  are phosphorylated show considerable variation 
in amino acid  sequence (ROACH 1991). Branchpoints 
that contain a 1-6  glycosidic  bonds are introduced into 
glycogen by glycogen branching enzyme. This enzyme 
has  recently  been  shown to be  essential for significant 
glycogen  synthesis  in  yeast (ROWEN et al. 1992; THON 
et al. 1992). Catabolism  of  glycogen  utilizes either 

Chapel Hill, North Carolina 27599. 

rich, Switzerland. 

Genetics 136: 485-503 (February, 1994) 

’ Present  address: Department of Biology, University of North Carolina, 

* Present  address: lnstitut fur Biotechnologie, ETH-Honggerberg, Zu- 

glycogen  phosphorylase and debranching enzyme or 
(in sporulating cells)  glucoamylase (JOHNSTON and 
CARLSON 1992). Yeast phosphorylase shows  signifi- 
cant similarity to the mammalian  enzyme (HWANG 
and FLETTERICK 1986) and is  also modulated by allos- 
tery and reversible  phosphorylation (FOSSET et al. 
197 1). 

Yeast  glycogen  metabolism  is  subject to multiple 
controls (FRANCOIS et al. 1988; FRANCOIS and HERS 
1988). Transcription of GSY2, GLC3 (branching en- 
zyme) and GPHl (phosphorylase) are all induced dur- 
ing batch culture growth when  glucose concentrations 
diminish (FARKAS et al. 1991; ROWEN et  al. 1992; 
THON et al. 1992; HWANG et al. 1989). The activity 
of  CAMP-dependent protein kinase reduces glycogen 
levels  in  yeast by an unknown  mechanism (MATSU- 
MOTO et al. 1985a; GIBBS and MARSHALL 1989), al- 
though several  mechanisms are known for mammalian 
cells (COHEN 1989). Type-1 protein phosphatase de- 
phosphorylates  glycogen  synthase, and its  association 
with  glycogen  particles may be assisted by the GACZ 
gene product (FENG et al. 199 1 ; FRANCOIS et al. 1992). 

The disaccharide trehalose [a-D-glucopyranosyl (1 - 
1) a-D-glucopyranoside] is another storage carbohy- 
drate in Saccharomyces cerevisiae. It is synthesized from 
UDP-glucose and glucose-6-phosphate via the en- 
zymes trehalose-6-phosphate  synthase and trehalose- 
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6-phosphate  phosphohydrolase (CABIB and LELOIR 
1958). Trehalose also functions as a stress protectant 
(WIEMKEN 1990). Glycogen and trehalose accumula- 
tion are responsive to controls that are  at least  partially 
overlapping.  Elevated  levels of both carbohydrates 
occur during starvation for any  of  several nutrients 
(LILLIE and PRINGLE 1980), and increased  CAMP- 
dependent protein kinase  activity reduces the levels 
of both (MATSUMOTO et al. 1985a; TATCHELL et al. 
1985). 

In  this  study, a collection of glycogen-deficient and 
putative glycogen-overaccumulating mutants was  iso- 
lated  using the simple  iodine-staining reaction (CHES- 
TER 1968; ROTHMAN-DENES and CABIB 1970). Eight 
loci (GLCI-GLC8) were identified, and  a function was 
assigned to each gene in order  to identify additional 
participants in the regulation of  yeast  glycogen  metab- 
olism. 

MATERIALS AND METHODS 

Strains  and  general  methods: Strains of S. cerevisiae used 
in  this study are listed  in Table 1. The snfl::HIS3 and 
iral::URA3 mutations have been described previously  (CE- 
LENZA and CARLSON 1984; TANAKA et al. 1989). Standard 
media and methods were used for genetic analysis (SHERMAN 
et al. 1986). Spontaneous canavanine-resistant ( can l ) ,  cyclo- 
heximide-resistant (cyh2) or a-amino adipate-resistant (lys2) 
derivatives  of strain JC482 were isolated  as described (SI- 
KORSKI and BOEKE 199  1). Glycogen was assayed  qualitatively 
by flooding plates  with a solution containing 0.2% I p  and 
0.4% KI (CHESTER 1968; ROTHMAN-DENES and CAME 1970) 
or by inverting plates over iodine crystals;  wild-type  colonies 
stain  brown and glycogen-deficient  colonies do not stain or 
stain yellow. Except  as noted,  the plates  used for iodine- 
staining were YPD medium containing 2% glucose.  Colonies 
derived from single  cells were stained when they reached a 
diameter of -2  mm. Alternatively, cell  suspensions  were 
spotted on YPD plates and stained after 24 h of growth. 
The staining of a given strain varies  somewhat  with the 
physiological state of the cells, so that it was important to 
work  with  fairly uniform staining conditions and include 
control strains. 

Isolation of glc and gha mutants: Mutations were  in- 
duced in strain C276-4A using ethyl methanesulfonate 
(EMS).  Most mutants were isolated from a single mutagen- 
esis using  cells from a  culture approaching stationary phase 
(-1.5 x IO8 cells/ml;  -1 7% budded cells)  in the rich, 
glucose-containing medium YM-P (PRINGLE and MOR 1975; 
LILLIE and PRINGLE 1980). The cells were washed once with 
water and resuspended in an equal volume of 0.1 M sodium 
phosphate, pH  7.8. EMS  was then added  to  3% (v/v) with 
thorough mixing, and  the suspension was incubated at  25" 
with  occasional gentle mixing. After 70 min, the cells  were 
washed  twice  with 5% sodium thiosulfate and twice  with 
water. After resuspension  of the cells  in water, 40 aliquots 
were distributed into YM-P medium. These mutagenized 
stocks  were then allowed to grow to stationary phase at  25 " 
and  stored at  4"  or frozen until screening. As no appreciable 
cell  division occurred during mutagenesis and washing,  mu- 
tants isolated from separate stocks are known to be inde- 
pendent. Approximately 10% of the cells  survived the mu- 
tagenesis. A few mutants were isolated  in a second mutagen- 
esis that was similar except that cells growing exponentially 

in minimal  medium  were  used. In this  case,  survival  of the 
EMS treatment was much less, and the yield  of mutants 
among survivors was about sixfold  lower. 

For screening, mutagenized cells  were plated to yield 
-100 colonies per YPD plate, and  the plates  were flooded 
with iodine solution when the larger colonies  were -2  mm 
in diameter. Cells  were recovered from medium-sized or 
large colonies that appeared essentially unstained (glc mu- 
tants) or that stained much darker than the wild-type parent 
(gha mutants) and streaked to yield  single  colonies. 

Isolation of GLC2,  GLC6, GLC7 and GLC8 by comple- 
mentation: A wild-type  yeast library constructed with the 
YCp50 vector (ROSE et al. 1987) was used to transform ura3 
glc strains to Ura+ (IT0 et al. 1983). After the colonies 
reached an average diameter of 2 mm, they  were  replica 
plated to YPD, grown  24 h  and iodine-stained. Colonies 
potentially containing complementing plasmids,  which 
stained brown, were recovered from the master plates, and 
plasmids  were recovered by passage through Escherichia coli 
(ROSE 1987). These plasmids  were then tested by a second 
transformation. The DNAs were prepared and analyzed 
using standard methods (MANIATIS et al. 1982). Except in 
the case  of GLC8, yeast  DNA fragments from these plasmids 
were subcloned into YIp5 (BOTSTEIN et al. 1979) and used 
to transform JC482. The resulting transformants were 
crossed to ura3 glc strains and sporulated, and tetrads were 
dissected to score genetic linkage of the integrated YIp5 
(Ura+)  and glc mutations. The test  of GLC8 linkage  utilized 
the constructed glc8::HIS3 mutation. 

DNA sequence  determination  and  analysis: Denatured 
double-stranded DNAs  were sequenced by the method of 
SANGER et al. (1977) using Sequenase (US. Biochemicals) 
and oligonucleotides synthesized on an AB1 model 380B 
DNA synthesizer. In some  cases, Tn5 mutagenesis was used 
to define the complementing regions (SULLIVAN et al. 1984), 
and DNA sequences were determined using a TnS-comple- 
mentary primer (EGELHOFF et al. 1985). Database  searches 
utilized GCG software (DEVEREUX et al. 1984; PEARSON and 
LIPMAN 1988). 

Construction of gene  disruptions: Plasmid p1967 con- 
tains the GLC6 Hind111 fragment from p1801 (Figure 2) in 
pUC9 (VIEIRA and MESSING 1982). One glc6::URA3 muta- 
tion was constructed by purification of the linear, full-length 
p1967 after partial BglII digestion, followed by ligation to 
a  1 .O-kb URA3 BamHI fragment from pWJl20 (a  gift from 
J. HILL) to yield  plasmid p1969. A second glc6::URA3 mu- 
tation was constructed similarly by inserting a URA3 Sal1 
fragment into  the GLC6 Sal1 site to yield pKKlO3. JC746 
was transformed with either p1969 or pKKlO3 after diges- 
tion  with BamHI (which cuts in the multiple cloning site of 
the vector) and selection for Ura+ transformants. No phe- 
notypic differences were  observed  between the two 
glc6::URA3 strains, so they are referenced without  allele 
numbers in RESULTS. 

An EcoRI-Sal1 HIS3 fragment from pJH-H1 (from J. 
HILL) was substituted for an EcoRI-Sal1 fragment of GLC7 
in pl767 (Figure 4) to make the glc7::HIS3 plasmid p1840. 
This plasmid was digested with PvuII, which cuts only  in 
the vector sequences (VIEIRA and MESSING 1982), before 
transformation into strain JC746. To construct glc8::HIS3, 
plasmid ~ 1 8 6 6  (Figure 5) was linearized at the unique 
BamHI site within GLC8, and a 1-kb HIS3 BamHI fragment 
from pJH-H1 was ligated to this  DNA to form plasmid 
p1905. p1905 was linearized with  EcoRI before transfor- 
mation  of JC746 and selection for His+ transformants. 

Retrieval of mutant glc2-6,  glc5-1,  glc6-1 and glc7-1 
genes: Mutant genes  were retrieved from their genomic 
locations by the gap-repair method (ORR-WEAVER and SZOS- 
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TABLE 1 

Yeas t   s t ra ins  used in   th i s   s tudy  

Strain Genotypea Source/reference 

2171-1C 
A364A 
C276-4A 
C276-4B 
D2171-3D 
GS1-36 
JC302-26B 
JC303-53 
JC303-54 
JC303-80 
JC343-29A 
JC364-59C 
JC404-2C 
JC410-24D 
JC482 

JC482Dip 

JC673-16C 
JC675-25C 
JC677-17C 
JC678-21B 
JC679-25B 
JC688-l39B 
JC745-6B 

JC746 

JC757-8A 
JC773-14D 
JC787-6A 
JC787-9A 
JC788-15A 
JC8 12-24C 
JC840B 
JC889-14B 
JC901-6B 
JC901-6D 
JCl108 
JC1245 
MH19 
PW02 
S2072D 
S288C 
X1914-32A 
X2928-3D-1A 
X4037-14C 
X4120-19D 

MATa i lv l  SUP45 
MATa lys2 tyrl his7 ural  
MATa gal2 
MATa gal2 
MATa glcl-1 lys2 tyrl  ilvl 
M A T a  glcl-1  gal2 
MAT& ura3  leu2 his4 ras2::LEU2 
MATa ura3  leu2 his4 ras2::LEU2 SRA3-13 
M A T a  ura3  leu2 his4  ras2::LEU2  SRA4-6 
MATa ura3  leu2 his4  ras2::LEU2 sral-16 
MATa ura3  leu2 ras2::LEUZ pet1  7  met1  his1 
MATa ura3  leu2 ras2::LEU2  pet14 lys7 ade3 met6 
MATa ura3  leu2 ras2::LEU2 trp2  inol 
MATa ura3  leu2  his3  trpl  cdc35-10 
MATa ura3  leu2 his4 
MATa ura3  leu2 his4 
M A T a  ura3  leu2 his4 
M A T a  ura3  leu2 his4 glcl-3 
M A T a  ura3  leu2 his4 canl cyh2 glc7-1 
M A T a  ura3  leu2  pet2 
MATa leu2  his4  pet3 
MATa ura3  leu2 his4  lysl  pet8 
MATa ura3  leu2  canl glc5-1 
MATa ura3  leu2 cyh2-31  lys2  iral::URA3 
MATa ura3 leu2  his3 Atrbl  canl 
MATa ura3  leu2 his3 Atrpl  canl 

MATa ura3  leu2 lys2 canl cyh2 glc4-4 
MATa ura3  leu2 glc2-6 
MATa ura3 leu2  glc6-1 
MATa ura3  leu2 glc6-1 
MATa ura3  leu2  Atrpl  his3 glc8-1 
MATa ura3  leu2 met10 adel  argl  pet9 
MATa ura3  leu2  canl  Atrp 1  his3  glc8::HIS3 
MATa ura3  leu2  canl  Atrpl  his3  glc3::TRPl 
MATa ura3  leu2  canl  Atrpl his3  glc6::URA3 
MATa ura3  leu2  canl  Atrpl his3  glc6::URA3 
M A T a  ura3  leu2 his4 [rho'] 
M A T a  ura3  leu2 his4 snfli:HIS3 
M A T a  arg8  ura3  met14  trpl  his6 lys9 Glc' 
M A T a  glc4 argl 
M A T a  trpl  leul  argl  thr4 
MATa gal2 
M A T a  arg8  ura3  met14  trpl his6 lys9 
MATa trpl  leul met14 ura3  adel 
MATa arg9  leu2  met14  ilv3 lys7 
MATa arK1 leul  leu2  lys2  trp3 

This workb 
HARTWELL (1 967) 
WILKINSON and PRINCLE (197)4c 
WILKINSON and PRINGLE ( 1974)c 
This workd 
ROTHMAN-DENES and CABIB (1 970) 
CANNON et al. (1986) 
CANNON et al. (1986) 
CANNON et al. (1986) 
CANNON et al. (1986) 
This worke 
This worke 
This worke 
CANNON et al. (1986) 
CANNON  and TATCHELL (1 987) 

TANAKA et al. (1992) 

See text 
See text 
This workf 
This workf 
This workf 
See text 
See text 

TANAKA et al. (1992)g 

See text 
See text 
See text 
See text 
This workg 
This workf 
See text 
THON et al. (1 992) 
See text 
See text 
See text 
See text 
This workh 
This work' 
YGscj 
YGSCC 
YGSC 
YGSC 
YGSC 
YGSC - ~- 

a Some of these strains have additional markers. 
A segregant from the multiply marked diploid 2 17 1 provided by  D. HAWTHORNE. The i lv l  mutation is suppressed by SUP45. 
C276-4A, C276-4B and S288C are prototrophic and essentially  isogenic (WILKINSON and PRINCLE 1974). 
Derived by several crosses involving GSl-36, A364A, S288C, and an Ilv- segregant from  2171 (cf. note b). 
From crosses of JC302-26B to strains described by CABER et al. (1983). 

/Strains with pet mutations from the Yeast Genetics Stock Center were serially crossed to JC482. 
g The Atrpl and his3 markers are derived from MCY731 (from M. CARLSON). 

1 A segregant from X4120-19D X a strain harboring one of the glc4 mutations in the C276-4A/C276-4B background. 
J Yeast Genetics Stock Center, Berkeley, California. 

A segregant from X 19 14-32A X one of the gha mutant isolates. 

TAK 1983).  The procedure used for glc2-6 is diagramed in (LISZIEWICZ et al. 1990) and PvuII sites in the inverted 
Figure 1 .  The procedure used for glc5-1 utilized plasmid repeats of  Tn5 UORGENSEN et al. 1979). Digestion of 
p1045, which contains the 2.7-kb RASP EcoRI-Hind111 frag- p1045::Tn5-53 with ClaI and PVuII removed the R A S 2  
ment in YCp50 (TANAKA et al. 1992).  Tn5 insertion 53 is coding sequence; the resulting fragment was used to trans- 
between the region  encoding the carboxy-terminus of Ras2p form JC688-139B (glc5-1)  to Ura+. Plasmids recovered 
and the Hind111 site. There is a ClaI site 5' to R A S 2  from these yeast transformants were used to transform 
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pl718 CICp50) 

Deletions  in 
pl798 & pl791 

pstl BgNI 

Psi/ Mlul 

Pstl Ayll 

Bglll PMlll 

Mlu Ayll 

Retrieval of glc2-6 

JC482 to Ura+. These plasmids induced yellow iodine stain- 
ing in the JC482 transformants, whereas p1045 did not, 
indicating that a dominant RAS2 mutation  had  been re- 
trieved from the JC688-139B genome by this procedure. 

The mutant glc6-I gene was recovered by partially  di- 
gesting p1828 (Figure 2) with BglII before transformation 
ofJC787-9A. Plasmids recovered from different yeast trans- 
formants were screened by restriction enzyme  digestion. 
Those that appeared identical to p1803 (Figure 2) had 
apparently retrieved genomic DNA. These plasmids were 
found to be unable to complement glc6-1, indicating that 
they  indeed contained the mutant DNA. 

The glc7-1 mutant DNA was retrieved by transforming 
JC675-25C (glc7-I) with linear p1855 DNA after digestion 
with BglII and Sal1 (Figure 4). Restriction  mapping  con- 
firmed that the gap had  been repaired; the recovered DNA 
contained glc7-I because it was unable .to complement 

Glycogen  and  trehalose  quantitation  and  glycogen syn- 
thase assays: Total glycogen and trehalose were quantitated 
as described  (GUNJA-SMITH et al. 1977; LILLIE and PRINCLE 
1980).  For  glycogen  synthase assays,  cell extracts were pre- 
pared by glass-bead treatment of  cells  in 50 mM 4-(2-hy- 
droxyethy1)-l-piperazine ethanesulfonic acid  (HEPES), pH 
7.5, 10 mM MgCI2, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), 1 mM N-tosyl-L-phenylalanine  chloromethyl ketone 
(TPCK). 20 mM NaF.  Assays were performed at  30" in 40 
mM HEPES,  pH 7.5, 8 mM EDTA, 24  mg/ml oyster glyco- 
gen  (Sigma), 4 mM ["C-glucose] uridine diphosphoglucose 
(3.6 X 10" cpm/mole).  Glucose-6-phosphate, when present, 
was  used at 16 mM. Reactions  were quenched with  glacial 
acetic  acid and 14C-glucose incorporation into glycogen was 
quantitated (HUANC and CABIB 1973). One unit  of  glycogen 
synthase  catalyzes the incorporation of 1 pmol  of  glucose 
per minute into glycogen. Protein concentrations were de- 
termined by the dye-binding method (Bio-Rad)  using  bovine 
serum  albumin  as a standard. 

glc7-1. 

RESULTS 

Isolation  and  initial  characterization of glc and 
gha mutants: Iodine  stains glycogen  within  yeast col- 
onies, and this procedure  can be used to isolate  mu- 
tants  with  reduced glycogen content (CHESTER 1968; 
ROTHMAN-DENES and CABIB 1970). It  seemed likely 
that  mutants  accumulating  more glycogen than  nor- 
mal could  also be identified  in  this way. Preliminary 
observations on various  ostensibly wild-type strains 

- 
1 Kb 

FIGURE 1 .-Analysis of GLC2. The re- 
striction map of yeast genomic DNA in 
the YCp50 plasmid p1718 is shown at  the 
top. The HindIII-BamHI  and EcoRI- 
BamHI fragments were cloned into the 
vectors indicated in parentheses to yield 
the  other plasmids shown. Five deletions 
were made as  shown in pl798 or pl791 
and used to transform JC773-14B (gIc2- 
6 ) .  The retrieval of the gIc2-6 mutant 
DNA was scored by testing whether the 
plasmids could complement gIc2-6. The 
SNFl coding sequence (CELENZA and 
CARISON 1986) is shown  as a rectangle 
with the gIc2-6 mutation  as  an  asterisk. 

revealed  great  variations  in  the iodine-staining  reac- 
tions  of  colonies  on YPD plates. Some  strains  exhib- 
ited a strong reddish-brown  staining,  whereas others 
stained  more lightly or hardly  at all. This variability 
presumably  reflects the many ways in which the com- 
plex regulation  of glycogen  metabolism  can be af- 
fected. In order to generate a manageable  mutant 
collection, we began with a parent  strain  that  has a 
strong  and consistent  staining  reaction,  and  we 
worked  only with mutants whose  colonies appeared 
essentially unstained  (presumptive  glycogendeficient, 
or glc mutants) or stained  much  more  darkly  than 
those  of  the  parent  (presumptive glycogen-hyper-ac- 
cumulating, or gha  mutants).  In  screening  the  muta- 
genized  stocks,  many less extreme variants  were seen 
but  ignored. As the previously  isolated mutant GSl- 
36 and  strains  derived  from it grow well on various 
carbon  sources  despite  their severely reduced glyco- 
gen  (and  trehalose) levels (ROTHMAN-DENES and CA- 
BIB 1970; P A D R ~ O  et al. 1982; J. R. PRINGLE, unpub- 
lished data),  we  also  analyzed  only  mutants  that  grew 
reasonably well under  standard  growth  conditions (see 
MATERIALS AND METHODS). 

With  these  constraints, we retained 40 glc and 14 
gha  mutants for further analysis. Backcrossing each 
mutant twice to strain C276-4B revealed a 2:2 segre- 
gation  of  the  mutant  phenotype  for 37 of  the glc 
mutants  and 1 1 of  the  gha  mutants;  the  remaining six 
mutants  were  not  analyzed  further.  In  addition,  iodine 
staining  of  the  heterozygous  diploids  revealed  that 35 
of  the glc mutations  were recessive as  judged by this 
test; the  remaining  two glc mutations  and all of the 
gha  mutations  were  partially  dominant. 

A combination  of  complementation  testing (by io- 
dine staining) and linkage  analyses  allowed the glc 
mutations to be assigned to  eight genes: GLCl (four 
isolates); GLC2 (1 0 isolates); GLC3 (1 1 isolates); GLCl 
(8 isolates); GLCS (one isolate,  semidominant); GLC6 
(one isolate,  semidominant); GLC7 (one isolate); and 
GLC8 (one isolate). T h e  same analyses  showed that 
the previously  isolated mutant GS1-36 (ROTHMAN- 
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PI 813-1  (YCp50) 1 kb - 
7 ~1813-6 (YCp50) 

pl828 (YCp50) 

DEN= and CABIB 1970)  harbored  a mutation in CLCl  
(designated glcl-1).  Similar  analyses  showed that all 
11 gha mutations fell  in the same gene, which  was 
subsequently  shown to be GLC3 (see  below).  Except 
for two  pairs  of glc2 mutations and one pair of glc3 
mutations, mutations assigned to  the same gene were 
derived from separate mutagenized stocks and  thus 
are known to be independent in origin (see MATERIALS 
AND METHODS). 

Several  complications encountered in the genetic 
analyses  should be noted. First, the partial dominance 
of the glc5,  glc6, and gha mutations meant that com- 
plementation tests  involving these mutations were 
somewhat ambiguous. Thus, we relied primarily on 
linkage  analyses (including the tight centromere link- 
age of  each gha mutation) to establish these gene 
assignments. Second, presumed heteroallelic glcl/glcl  
and glc2/glc2 diploids sporulated very poorly or not 
at all, so that  the noncomplementation results  could 
not be confirmed by demonstrating tight linkage  of 
the mutations.  However,  each glcl mutation was 
shown to be linked to glc6. No similar  test was applied 
to glc2 mutations, some  of  which  could thus be mis- 
assigned due  to intergenic noncomplementation. 
Third, most presumed heteroallelic glc4/glc4 diploids 
stained significantly  with  iodine. As all  of the muta- 
tions  involved  were  shown to be tightly linked, this 
staining presumably reflected intragenic complemen- 
tation. 

Genetic  mapping: The genetic map positions  of 
five GLC genes  were determined by tetrad analysis. 
GLCl was mapped approximately halfway  between 
LYS2 and TYRl on  the right arm of chromosome ZZ 
(Table 2,  cross 1). This position is consistent  with 
other data. MATSUMOTO et al. (1985) mapped p p d l  
(subsequently renamed iral and shown to be allelic to 
glcl;  see  below) at -20 cM centromeredistal from 
lys2 (1 41 tetrads), and BENDER and PRINGLE (1 991) 
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FIGURE 2.-Analysis of CLC6. 
The genomic inserts of plasmids 
p1801 and p1803, which complement 
glc6-1, are shown at the top. For clar- 
ity, the p1801 restriction sites com- 
mon to p1803 are not shown. The 
rectangle indicates the coding region 
and direction of CLC6 transcription. 
The yeast DNA inserts in various plas- 
mids derived from pl80l  or pl803 
are shown with the vector used in 
parentheses. The locations of  Tn5 in- 
sertions 55,  70 and 182 into p l8  13-6 
are shown; p1828 was derived from 
p1803 by deletion of a BglII frag- 
ment. Plasmids ~1813-1 ,  p1813- 
6::Tn5-55, and p1813-6::Tn5-70 
complement glc6-I; p1820,  p1821, 
p1828, and p1813-6::Tn5-182 do 
not. 

mapped iral at -20 cM centromere-proximal from 
tyrl (1 22 tetrads). These distances  can be compared 
to  the average lys2-tyrl distance  of  -38 cM (based on 
> 4300 tetrads from a variety  of  crosses: MORTIMER 
and SCHILD  1980). Thus, GLCl/ZRAl probably  lies 
centromeredistal  to MOSl and CKSl  and centromere- 
proximal to M M 5  and SUP45 (MORTIMER et al. 1992). 
This  order for GLCl and SUP45 was supported by a 
cross  between strains 2171-IC and D2171-3D (Table 
1). Although the segregation  of glcl-1 was difficult to 
score in this  cross  because  of the A364A and/or  2 17 1 
genetic background (see  comments above on the vari- 
able iodine-staining  of  "wild-type" strains), two tetrads 
were obtained that were  clearly tetratype for glcl and 
SUP45. Both tetrads were parental ditype both for 
lys2-glcl and  for SUPIZtyrl ,  indicating an  order of 
lys2-glclSUP45-tyrl. 

GLC6 also  maps  between LYS2 and TYRl,  but closer 
to LYS2 (Table 2, crosses 2  and 3). In addition, GON- 
ZALEZ et al. (1992) isolated CZFl (apparently identical 
to GLC6; see  below)  from a set  of  clones that spanned 
the LYS2 to TYRl interval. The map  distances  suggest 
that GLC6 also  lies centromeredistal  to MAK4 and 
TEF2 (GONZALEZ et al. 1992; MORTIMER et al. 1992). 

GLC3 was mapped  very  close to  the centromere of 
chromosome V (Table 2,  crosses  4-7).  Several  incom- 
plete tetrads (Table 2, notes f  and g)  suggested that 
glc3 was on the same  side  of the centromere as ura3 
and arg9 (apparently an allele  of GCN4: HINNEBUSCH 
and FINK 1983). This conclusion was confirmed by 
the cloning  of GLC3 on a fragment that also contained 
GCN4 (THON et al. 1992).  Comparison  of the EcoRI/ 
Hind111 fragment lengths for  the GLCEGCN4 region 
to those provided for chromosome V by RILB et al. 
(1993) indicates that GLC3 is centromeredistal to 
GCN4 and -18 kb distant from the centromere, a 
conclusion that is somewhat surprising given the very 
tight centromere linkage  observed for gfc3 (Table 2) 
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TABLE 2 

Genetic  mapping of GLC genes 

1 

2 

3 

4 
5 

6 

7 

4-7 
(totals) 

8 

9 
10 

Segregation Map 

Crossa Marker  pair PD  NPD T (cM) 
distange 

lys2-glcl 60 0 29  16 
glcl-tyrl 61 0 28 16 
lvs2-tvrl 40 0 49 28 
l y ~ 2 - g l ~ 6  

d ,  

glc6-tyrl 
lys2-tyrl 
glc6-iral 
lys2-iral 
gk3-CEN 
glc3-CEN 
glc3-ura3 

glc3-arg9 
glc3-ura3 

glc3-ura3 

glc3-ura3 
argl-glc4 
glc4-arg8 
argl-arg8 

GLC7-trp2 
GLC7-met6 
GLC7-hiFl 

glc3"CEN 

glc3-CEN 

glc3-CEN 

glc4-CEN 

11 

105 0 13c 5.5 
55 0 63 27 
51 1 67 31 
40 0 7 7.4 
24 0 23 24 
48d - 2' 2 

l0 ld  - 0e.f 0 
87 0 14 7 
45d - oe ,g  0 
31 0 0 e 2  
26 0 6 9 
72d - le 0.7 
63 0 8 6 

266d - 3c 0.5 
176 0 28 7 
114 0 38* 12.5 
45 5 106 43.6 
49 11 139 51.5 
35d - 119e - 
56 2 46 28 
18 0 13 21 
34 4 81 44 

The crosses involved are as follows  (see Table 1 for strains not 
described here). (1) Summed data  from four crosses involving the 
lys2 and tyrl markers from A364A and either the glcl-1 or glcl-3 
allele. (2) Summed data from two  crosses involving the lys2 and tyrl 
markers from A364A and  the glc6-1 allele. (3) JC745-6B X JC787- 
6A; g lc l / i ra l  was followed  as Ura+ and g lc l / i ra l  X glc6 recombi- 
nation was followed by iodine-staining (assuming no  gene conver- 
sion). (4) Summed data  from crosses between S2072D and various 
gha andglc3 mutant isolates.  (5) X2928-3D-1A X 56Q-1D (aglc3-4 
segregant obtained after two backcrosses to C276-4B).  (6) Summed 
data from X4037-14C X 564-ID  and from a cross between a 
segregant from this cross and a segregant from cross  5. (7) Summed 
data from several other crosses involving glc3,  ura3 and  at least  two 
other tight centromere markers. (8) MH19 X PW02. (9-1 1) Strain 
JC482 was transformed with an  integrating plasmid, p1736,  that 
contained DNA - 7.5 kb from the GLC7 coding region itself (Figure 
4). The inserted URA3 marker was then used to follow GLC7 in 
crosses to JC404-2C, JC364-59C and JC343-29A. 

50(6NPD + T)/(PD + NPD + T). 
Calculated using Perkins's formula: map distance (in  cM) = 

If the map order is lys2-glc6-tyr1, these tetrads can be explained 
as  seven single cross-overs, three 3-strand doubles, two 2-strand 
doubles, and  one 4-strand double in the lys2-tyrl interval. If the 
order is glc6-lys2-tyrlI the same tetrads would have to be explained 
as two single cross-overs, three 3-strand doubles, seven 2-strand 
doubles, and  one triple cross-over in the glc6-tyrl interval. 

Firstdivision segregations (FDS). 
Second-division segregations (SDS). 

both showed  SDS. 
f In two tetrads with three viable spores, glc3 and ura3 apparently 

B In one  tetrad with three viable spores, glc3 and arg9 apparently 
both showed SDS. 

If the map order is argl-glc4-arg8, these tetrads can be ex- 
plained as 15 single cross-overs, 13 3-strand doubles, five 2-strand 
doubles, four 4-strand doubles, and  one triple cross-over in the 
argl-arg8 interval. If the order is glc4-argl-arg8, the same tetrads 
would have to be explained as  five single cross-overs, 13 3-strand 
doubles, 15 2-strand doubles, one 4-strand double, and  four triple 
cross-overs  in the glc4-arg8 interval. 

and  the looser centromere linkage reported previ- 
ously for arg9 [457 first-division segregations (FDS), 
37 second-division segregations (SDS): MORTIMER and 
SCHILD 19801. 

GLCI was mapped at -12.5 cM from ARGl on the 
left arm of chromosome XV (Table 2, cross 8), con- 
sistent with mapping data  for  the allelic (see below) 
IRA2 (TANAKA et aZ. 1990a). Both the overall map 
distances (Table 2, cross 8) and consideration of in- 
dividual tetrads  (Table 2, note  h) suggest that GLCI 
lies between ARGl and ARG8. This conclusion was 
supported by the lack of centromere linkage observed 
for GLC4 (77% SDS in Table 2, cross 8; 79% SDS  in 
96 tetrads  from  another cross). As ARC1 is -55 cM 
from  the  centromere (MORTIMER et al. 1992), a 
marker  that was 12.5 cM centromere-proximal  to it 
should have displayed 60-6596 SDS (see Figure  3 of 
MORTIMER and SCHILD 1980, and associated discus- 
sion). 

GLC7 was mapped -25 cM centromere-distal to 
TRP2 and MET6 on the  right  arm of chromosome V 
(Table 2, crosses 9-1 1). This should place GLC7 be- 
tween SPR6 and SPTl5 (MORTIMER et al. 1992).  ln- 
deed, comparison of the EcoRI/HzndIII fragment 
lengths for  the GLC7 region (see below) and  the SPTl5 
region (EISENMANN et al. 1989) to those provided  for 
chromosome V by RILES et al. (1993) suggests that 
GLC7 lies -9.5 kb  centromere-proximal to SPTl5,  
which  in turn lies -8 kb  centromere-proximal to 
BEM2. That GLC7 lies between SPR6 and SPTl5 has 
recently been  confirmed by the  sequencing of the 
right arm of chromsome V (J. MULLIGAN, Stanford 
Yeast Genome  Project, unpublished data). 

Quantitative  measurements of glycogen  and  tre- 
halose: As a first step toward defining the functions 
of the GLC gene  products, glycogen and trehalose 
levels were measured in homozygous mutant diploids 
and congenic wild-type strains  constructed by mating 
segregants  from the second backcrosses to strain 
C276-4B (Table  3). The very low glycogen and  nor- 
mal trehalose levels  in the glc3 strains suggested a 
direct  role  for Glc3p in glycogen synthesis. In con- 
trast,  the parallel reductions in  glycogen and trehalose 
levels  in the gZcl,  glc4 and glc5 strains suggested that 
the corresponding  gene  products are parts of the 
complex regulatory  network  that  controls glycogen 
and trehalose metabolism. Despite their clear-cut lack 
of iodine  staining when grown on YPD plates, the 
gZc2, glc6, glc7 andgZc8 strains displayed rather modest 
reductions in glycogen levels when subjected to nitro- 
gen  starvation, consistent with regulatory roles for 
these  gene  products as well. Despite their very dark 
iodine-staining reactions, the gha mutants actually 
contained less glycogen than wild type under these 
assay conditions, suggesting that glycogen structure 
might be  altered (see below). 
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Relationships  to  the  Ras  pathway: Before  begin- 
ning further functional and molecular studies, repre- 
sentative mutants resulting from the second  back- 
crosses to C276-4B  (see above) were  serially  back- 
crossed at least three times to strain JC482 or congenic 
derivatives. As it is known that mutations in the Ras/ 
CAMP-dependent protein kinase  pathway  affect  gly- 
cogen (and trehalose) accumulation (MATSUMOTO et 
al. 1985a; CANNON et al. 1986), the relationship of 
each glc mutation to this  pathway was examined. Gly- 
cogen and trehalose hyperaccumulation results from 
ras2 null mutations (TATCHELL et al. 1985), whereas 
reduced glycogen and trehalose levels are found in 
strains carrying activating mutations in RAS2 (TODA 
et al. 1985). Other mutations that reduce glycogen 
accumulation  were  isolated  previously  as  suppressors 
of ras2::LEU2 (CANNON et al. 1986). Many  of these 
sra mutations increase the activity  of the CAMP-de- 
pendent protein kinase.  When a ras2::LEU2 strain was 
crossed  with a glc strain, three potential segregation 
patterns for the iodine-staining trait were anticipated 
depending on the epistasis relationship of the RAS2 
and GLC gene products (Table 4). From analysis  of 
these  crosses, we found that glc5 was tightly  linked to 
ras2::LEU2 (all parental ditypes in 143 tetrads), sug- 
gesting probable allelism, and that mutual ras2/glc 
suppression was observed for glcl,  glc4,  glc6, and glc8 
(Table 3), suggesting  possible regulatory interactions 
at  the level  of  Ras function. In contrast, glc2,  glc3, 
and glc7 were  epistatic to ras2:LEU2 (Table 3), sug- 
gesting that  the corresponding gene products function 
downstream  of Ras  in the control of  glycogen  accu- 
mulation. 

The glcl ,  glc4 and glc5 mutations also  caused spor- 
ulation  deficiency (Table 3), as do activating muta- 
tions in RAS2 (TODA et al. 1985). In contrast, strains 
homozygous for the ras2::LEU2 mutation are sporu- 
lation proficient and indeed sporulate even on rich 
medium (TATCHELL et al. 1985). Diploids  homozy- 
gous both for a glcl or glc4 mutation and for 
ras2::LEU2 were  sporulation  proficient; glcl  
ras2::LEU2 diploids did not sporulate on rich medium, 
but glc4  ras2::LEU2 diploids did. These data indicate 
mutual  suppression  of both the glycogen-accumula- 
tion and sporulation traits for glcl and ras2::LEU2, 
but only the former trait is mutually  suppressed for 
glc4 and ras2::LEU2. 

An inability to grow on nonfermentable carbon 
sources is another trait of ras2::LEU2 strains. None of 
the glc mutations could  suppress  this trait, even 
though with the exception of glc2, the glc strains 
themselves  grew on nonfermentable carbon sources. 
This suggests that  no glc mutation is allelic  with  any 
sra mutation (which  suppress  this phenotype). 

The CDC25 gene product facilitates Ras guanine 
nucleotide exchange (ROBINSON et al. 1987; BROEK et 

al. 1987; JONES et al. 1991). To test whether glc 
mutations could  bypass CDC25, diploids  heterozygous 
for glc mutations were  made by crosses to JC482. 
These diploids  were then transformed with a PvuII- 
Hind111 fragment from pL113 that contains 
cdc25::LEU2 (ROBINSON et al. 1987), with  selection for 
Leu+. Southern analysis  of  genomic  DNA from these 
transformants confirmed that cdc25::LEU2 existed in 
a heterozygous state (data not shown).  When  these 
diploids  were sporulated, only  two  viable  spores per 
tetrad, both of  which  were  Leu-,  were found for most 
of the glc mutations, indicating that these mutations 
were  incapable  of  bypassing the requirement for 
Cdc25p function (Table 3).  However, for glcl ,  glc4 
and glc5 diploids, tetrads with three or four viable 
spores  were frequently found and many segregants 
were Leu+. The Leu+ spores  were  shown to contain 
the glc mutations by scoring  backcrosses. Thus, glcl ,  
glc4, and glc5 mutations can  bypass Cdc25p function 
(Table 3). In contrast, none of the glc mutations was 
capable  of  suppressing the cdc35-IO (adenylate cyclase) 
temperature-sensitive trait. 

GLCS: As noted above, GLC5-1 is largely dominant 
for its iodine-staining trait, although, remarkably, its 
sporulation defect (Table 3) is recessive. The low 
glycogen and trehalose accumulation, sporulation de- 
fect, partial dominance, ability to bypass Cdc25p func- 
tion but not suppress an adenylate cyclase defect, and 
tight linkage to ras2::LEU2 were  all  suggestive that 
GLC5-1 may be an activating RAS2 mutation (TODA 
et al. 1985). To test  this  hypothesis, we retrieved the 
RAS2 region from a GLC5-1 strain using a plasmid 
deleted for the RAS2 coding region (see MATERIALS 
AND METHODS). Comparison of the GLC5-1 (data not 
shown) and wild-type RAS2 (POWERS et al. 1984) DNA 
sequences  revealed a single G to A transition in the 
codon for amino acid  70  (GAA  Glu to AAA  Lys). 

GLCl and GLCI: The low glycogen and trehalose 
levels, sporulation defect, mutual  suppression  with 
ras2::LEU2, and bypass  of Cdc25p function (but not 
of an adenylate cyclase mutation) observed  with glcl 
and glc4 mutations all  suggested that Glc 1 p  and Glc4p 
might act on Ras and antagonize the activation by 
Cdc25p. The IRA1  and IRA2 gene products antago- 
nize the activity  of Cdc25p by stimulating Ras GTPase 
(TANAKA et al. 1989, 1990a, 1990b). Like GLCl and 
GLC6, IRA1 had  been  mapped  between LYS2 and 
TYRI on chromosome II (see  above). We therefore 
tested the allelism  of IRA1 with GLCl or GLC6 
by complementation. An iral::URA3/glcl-3 diploid 
(JC745-6B X JC673-16C) failed to sporulate and 
stained yellow  with iodine, indicating  noncomplemen- 
tation. In contrast, an iral::URA3/glc6-1 diploid 
(JC745-6B X JC787-6A)  displayed  wild-type staining 
with iodine and sporulated, indicating  complementa- 
tion. Moreover, tetrad analysis  of  this latter diploid 
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-277 
GTC AM:  CCG CTG GGA  AGG T U  GGG CAG GGG CTC TCA GGG  GGG  CGC CAG GGA CM ACT GCA CTG AGG TTC T M  GAC 

AU TGT ATT ATT GTG AGT ATG TAT ATA TAG AGA GAG ATT M G  GCG TAC ACG CGT  GGT AGA GAT TGA TTG ATT M C  

TTG GTA GTC TTA TCT TGT CM TTG AGT TTC TGT CAG TTT  CTT  CTT GM C M  GCA  CGC AGC T M  GTA AGC M C  MA 

GCA  GGC T M  CM ACT AGG TAC TCA CAT ACA GAC TTA TTA AGA CAT AGA ACT ATG ACT ACG GAT M C  GCT M G  GCG 
Met  Thr  Thr A s p   A s n  Ala Lys Ala 8 

26 
CM CTG ACC TCG TCT T U  GGG GGT M C  ATT ATT GTG GTG TCC MC AGG CTT CCC GTG ACA ATC ACT MA M C  AGC 
G l n  Leu Thr  Ser  Ser  Ser G l y   G l y  A s n  I l e  I l e  Val  Val Ser A s n  Arg Leu Pro Val Thr I l e  Thr Lys A s n  Ser 33 

101 
AGT  ACG  GGA  CAG TAC GAG TAC GCA ATG TCG TCC GGA  GGG CTG GTC ACG GCG TTG GM GGG TTG MG MG ACG TAC 
Ser  Thr G t y   G l n  Tyr G l u  Tyr Ala Met  Ser  Ser G l y   G l y  Leu Val Thr Ala Leu G l u   G l y  Leu  Lys  Lys Thr  Tyr 58 

ACT TTC M G  TGG TTC GGA TGG CCT GGG CTA GAG ATT CCT GAC  GAT GAG MG GAT CAG GTG AGG M G  GAC TTG CTG 
176 

Thr  Phe Lys T r p  Phc G l y  T r p  Pro G l y  Leu G l u  I l e  Pro Asp  Asp G l u  Lys Asp G l n  Val A r g  Lys A s p  Leu  Leu 83 

GM AM TTT M T  GCC GTA CCC ATC  TTC CTG ACC GAT GM ATC GCA  GAC TTA CAC TAC M C  GGG TTC ACT M T  TCT 
251 

G l u  Lys Phe A s n  Ala  Val Pro I l e  Phe Leu Ser  Asp G l u  I l e  Ala Asp Leu His Tyr A s n  G l y  Phe  Ser A s n  Ser 108 

326 
ATT CTA TGG  CCG TTA TTC CAT TAC CAT CCT GGT  GAG ATC M T  TTC GAC GAG M T  GCG  TGG TTG GCA TAC M C  GAG 
I l e  Leu Trp Pro Leu Phe His T y r  His Pro G l y   G l u  I l e  Asn Phe Asp G l u  A s n  Ala T r p  Leu Ala Tyr A s n   G l u  133 

401 
GCA M C  CAG ACG T I C  ACC M C  GAG ATT GCT MG ACT ATG M C  CAT M C  GAT TTA ATC TGG G I G  CAT GAT TAC CAT 
Ala A s n   G l n  Thr  Phe  Thr A s n  G l u  I l e  Ala Lys Thr  Met A s n  His A s n  Asp Leu I l e  Trp Val His A s p  Tyr His 158 

476 
TTG ATG TTG  GTT CCG GM ATG TTG AGA GTC M G  ATT CAC GAG M G  CM CTG C M   M C  GTT M G  GTC GGG TGG TTC 
Leu Met Leu Val Pro G l u  Met Leu Arg Val Lys I l e  His G l u  Lys G l n  Leu G l n  A s n  Val Lys Vat G l y  Trp Phe 183 

551 
CTG CAC ACA CCA TTC CCT TCG ACT GM ATT TAC A M  ATC TTA CCT GTC A M  C M  GAG ATT TTG M G  GGT GTT  TTG 
Leu His Thr Pro Phe Pro Ser  Ser G l u  I l e  Tyr  Arg I l e  Leu Pro Val Arg G l n   G l u  I l e  Leu Lys G l y  Val Leu 208 

626 
AGT TGT GAT TTA GTC GGG TTC CAC ACA TAC GAT TAT G U  A M  CAT TTC TTG  TCT TCC GTG CM AGA GTG CTT M C  
Ser Cys A s p  Leu Val G l y  Phe His Thr  Tyr  Asp  Tyr Ala Arg His Phe Leu Ser  Ser Val G l n  Arg Val Leu A s n  233 

701 
GTG M C  ACA TTG CCT M T  GGG GTG GM TAC CAG GGC A M  TTC GTT M C  GTA GGG GCC TTC CCT ATC GGT ATC GAC 
Val A s n  Thr Leu Pro A s n   G l y  Val G l u  Tyr G l n   G l y  Arg Phe Val A s n  Val G t y  Ala Phe Pro I l e  G l y  I le  Asp 258 

776 
GTG GAC M G  TTC ACC GAT GGG TTG M A  M G  GM TCC GTA CAA M G  AGA ATC C M   C M  TTG M G  Gu ACT TTC M G  
Val Asp Lys Phe  Thr  Asp G l y  Leu  Lys  Lys G l u  Ser Val G l n  Lys Arg I l e  G l n   G l n  Leu Lys G l u  Thr  Phe Lys 283 

85  1 
GGC TGC M G  ATC ATA GTT GGT GTC GAC  AGG CTG GAT TAC ATC MA GGT GTG CCT CAG M G  TTG CAC  GCC ATG GM 
G l y  cys Lys I l e   I l e  Val G l y  Val Asp  Arg Leu Asp  Tyr I l e  Lys G l y  Val Pro G l n  Lys  Leu His Ala Met G t u  308 

926 
GTG TTT CTG M C  GAG CAT CCA GM TGG  AGG  GGC M G  GTT  GTT CTG GTA CAG GTT GCA GTG CCA  AGT  CGT GGA GAT 
Val Phe Leu A s n  G l u  His Pro G l u  Trp Arg G l y  Lys Val  Val Leu Val G l n  Val Ala Val Pro Ser  Arg G t y  Asp 333 

1001 
GTG GM GAG TAC C M  TAT TTA AGA TCT GTG GTC M T  GAG TTG GTC GGT AGA ATC M C  GGT  CAG TTC GGT ACT GTG 
Val G l u   G l u  T y r  G l n  Tyr Leu Arg  Ser Val  Val A s n   G l u  Leu Val G l y  Arg I l e  A s n  G l y   G l n  Phe G t y  Thr Val 358 

FIGURE 3.-DNA  and  predicted 
amino  acid  sequences of GLC6. The 
DNA sequence  between Tn5 inser- 
tions 55 and 70 (Figure 2) was deter- 
mined on both  strands. The longest 
open reading  frame  specified  a pro- 
tein of 495 amino  acids. The com- 
plete  sequence was also  determined 
for glc6-I DNA and  had a  single  dif- 
ference from  that  in the figure:  co- 
don 223 is CAT (His) in  wild-type 
and TAT (Tyr) in glc6-I. The 
GenBank accession  number of this 
sequence is L2 1999. 

1076 
GM TTC GTC CCC ATC CAT TTC ATG CAC MG TCT ATA C U  TTT GM GAG CTG ATT TCG TTA TAT GCT GTG AGC  GAT 
G l u  Phe Val Pro I l e  His Phe  Met His Lys Ser I l e  Pro Phe G l u   G l u  Leu I l e  Ser Leu Tyr Ala Val Ser  Asp 383 

1151 
GTT TGT TTG GTC TCG TCC ACC CGT  GAT  GGT ATG M C  TTG  GTT TCC TAC GM TAT ATT GCT TU:  CM GM GM M G  
Val Cys Leu Val Ser  Ser  Thr  Arg  Asp G l y  Met A s n  Leu Val Ser  Tyr G l u  Tyr I Le Ala C y s   G l n   G t u   G t u  Lys 408 

MA GGT TCC TTA ATC  CTG AGT  GAG TTC ACA GGT  GCC  GCA C M  TCC TTG M T  GGT  GCT ATT ATT GTA M T  CCT TGG 
Lys G l y  Ser Leu I l e  Leu Ser G l u  Phe  Thr G l y  Ala  Ala G l n  Ser Leu A s n   G l y  Ala I l e  I l e  Val A s n  Pro T r p  433 

M C  ACC GAT GAT CTT  TCT GAT GCC ATC M C  GAG  GCC TTG ACT TTG CCC GAT GTA MG M A  GM GTT M C  TGG GM 
A s n  Thr  Asp  Asp Leu Ser A s p  Ala I l e  A s n  G l u  Ala Leu Thr Leu Pro Asp Val Lys  Lys G l u  Val A s n  Trp G l u  458 

MA CTT TAC MA TAC ATC  TCT MA TAC ACT TCT GU:  TTC TGG  GGT GM M T  TTC GTC CAT GM TTA TAC AGT ACA 
Lys Leu Tyr Lys Tyr I l e  Ser Lys T y r  Thr  Ser Ala Phe Trp G l y   G l u  AM Phe Vat His G l u  Leu Tyr  Ser  Thr 483 

Ser Ser Ser Ser  Thr  Ser  Ser  Ser Ala Thr Lys A s n  *- *** 
T U  T U  AGC T U  ACA AGC TCC TCT GCC ACC MA M C  TGA TGA ACC CGA TGC MA TGA GAC  GAT  CGT CTA TTC CTG 

1226 

1301 

1376 

1451 
495 

1526 
GTCCGGTTTT CTCTGCCCTC TCTTCTATTC  ACTTTTTTTA  TACTTTATAT  AMATTATAT MATGACATA ACTGMACGC CACACGTCCT 
CTCCTATTCG TTMCGCCTG TTTCTAGCGC TGTTACTGM GCTGCGGCCA AGTAGTTTTT TCACCGTATA GGCTCTCTTT  TTCTCTCTCT 
TTCTTTCTCT CCCGCGCTGA TCTCTTCTTC  GMCATCATG M T M M A G A  AMAGGMAT C M C M "  MGCCATMT TTATCCCACA 
TTTTTTTTTA TTGTCGCTGT CCACACCGCA T M C G M G A T  ATTGGCTACA T M A C M T T G  ACATTGGATC 

indicated two linked  but nonallelic gZc mutations complemented the iodine-staining trait of gZc4-4 (data 
(Table 2; cross 3). These results showed that GLCl is not shown). Thus, GLC4 and IRA2 are allelic. These 
allelic with I R A I .  Like GLC4, IRA2 was mapped  near results confirm and extend the conclusions of TANAKA 
ARGl (see above). An iru2::HZS3 mutation failed to et aZ. (1989, 1990a). 
complement the iodine-staining and sporulation traits GLC2: The gZc2-6 mutation  causes  additional  traits 
of glc4-4 (TANAKA et aZ. 1990a), and IRA2 DNA on besides  alteration of iodine staining. In  particular, 
plasmid pd46 (YEp24::IRA2; TANAKA et aZ. 1990a) gZc2-6 strains  grow  slowly and do not grow on nonfer- 
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S.  cereuisiae glc Mutations 

TABLE 3 

Genetic  interactions of glc mutations  and effects on  reserve  carbohydrate  levels  and  sporulation 

493 

Epistasis  in double mutants 
GI cogen" Trehalosea Su pression 

Mutation (& WT) (% WT) Sporulationb ras2::LECJZ glc6::lJRA3 OtrCDC25. 

glcl 8  5 - MutualC glcld BypassC 
glc2 46 100 - glc2  glc2 None 

- Mutual g l ~ 4 ~  Bypass - Allelic g l ~ 5 ~  Bypass 

- glc7  glc 7 None 

glc3 2 100 + glc3  glc3 None 
glc4 8 2 
glc5 19 10 
glc6 70 120 + Mutual Allelic None 
glc7 20 99 
glc8 75 93 + Mutual Mutual None 

Not tested Not tested None gha 17 100 Not tested 
a Homozygous mutant diploids and congenic wild-type strains constructed by mating segregants from the second backcrosses to strain 

C276-4B were shifted from exponential phase cultures in  YM-P medium into nitrogen-free medium containing 3% glucose. After incubation 
at  30" for 8-12 hr, samples were taken from each culture  for  determination of glycogen, trehalose and dry weight (LILLIE and PRINCLE 
1980). Glycogen and trehalose were calculated as a  percent of dry weight for each strain, and these values for  the mutant strains were then 
expressed as percents of the values for  the corresponding  control strains. 

b Strains homozygous for the indicated mutations were sporulated in liquid for  48 hr (KASSIR and SIMCHEN 1991); +, >50% asci; -, 6 %  
asci. 

Mutual = Mutual suppression of iodine-staining trait. 
These glc6::URA3  (glcl,  glc4 or glc5) double mutants do not grow on glucose. The iodine-staining trait was scored from colonies grown 

on YEP-galactose plates. 
Byp& = cdc2j::LEUZ glc double mutants are viable. 

TABLE 4 

GLClRAS2 genetic  interactions scored by iodine-staining trait 

Iodine-staining trait' 

Tetratype 
genotype 

ras21glc mutual 
RAS2 GLC glc epistatic  suppresslon ras2 epistatic 

+ + Brown Brown Brown 
+ - Yellow Yellow Yellow 
- + Dark Dark Dark 
- - Yellow Brown Dark 

"Brown, wild-type  glycogen accumulation; yellow, less glycogen 
than wild type; dark, more glycogen than wild type. 

mentable, galactose, sucrose or raffinose carbon 
sources. Because glc2-6 strains did not grow on non- 
fermentable  carbon  sources, we tested the iodine- 
staining behavior of other  petite  mutants  to ascertain 
whether  these two traits are frequently  coinherited. 
A cytoplasmic petite of JC482 was induced with ethid- 
ium bromide  (SHERMAN et aZ. 1986).  Nuclear  petite 
mutations pet2,  pet3,  pet8 and pet9 were analyzed by 
serial crosses of appropriate  strains  (Table  1)  to 
JC482.  For  none of these  nuclear or cytoplasmic petite 
mutations was there a linked iodine-staining trait. 

The GLC2 gene was cloned by complementation 
(MATERIALS AND METHODS). The restriction  map of 
the plasmid p1718  that  complements glc2-6 is shown 
in Figure  1.  A  4.2-kb HzndIII-BamHI fragment  from 
p1718 was subcloned into  YIp5, yielding plasmid 
p1731.  Transformation of strain  JC482 with p1731 
and crossing to strain  JC773-14D revealed tight link- 
age of the URA3 and glc2 markers,  confirming that 
GLC2 had  been  cloned. The same HindIII-BamHI 

fragment hybridized to chromosome N when we per- 
formed  a  Southern hybridization to  separated yeast 
chromosomes  (data  not shown). The restriction  map 
of p l 7  18 was identical to that of the region around 
S N F l ,  which also maps on chromosome ZV (CELENZA 
and CARLSON 1984). Tn5  and deletion mutagenesis 
delimited the glc2-6 complementing  region to a 2.9- 
kb EcoRI-BamHI fragment ( ~ 1 7 9 8 ,  Figure l) ,  which 
includes S N F l .  The glc2-6 mutation was further lo- 
calized by gapped plasmid allele recovery (MATERIALS 
AND METHODS; Figure  1) and DNA sequencing. We 
determined  that glc2-6 is a nonsense mutation at co- 
don 237  (TCA  Ser  to  TAA) within the SNFl gene 
(CELENZA and CARLSON 1986).  In  addition, we found 
that  the snfl::HZS3 deletion  mutation  (CELENZA and 
CARLSON 1984) also reduces glycogen accumulation, 
as recently also reported by others (THOMPSON-JAE- 
GER et al. 1991;  HUBBARD et al. 1992). 

GLC3: The gZc3 mutants  appeared  to  contain little 
or  no glycogen, whether judged by iodine staining or 
by quantitative assay (Table  3). The low glycogen 
levels  in the gha mutants  (Table  3) suggested that  the 
very dark iodine-staining reaction of these  mutants 
might reflect an  altered glycogen structure  rather 
than  altered glycogen levels. All 11 gha mutations 
analyzed appeared to be in the same gene, which 
mapped close to  the  centromere of chromosome V ,  as 
did GLC3 (see above). In heterozygous diploids, the 
glc3 mutations  appeared to be fully recessive to wild 
type, the gha mutations were partially dominant,  and 
ghalglc3 diploids had  an iodine-staining reaction like 
that of the gha haploid parents. These genetic data 
suggested that gha and glc3 mutations might be hy- 
pomorphic (or neomorphic) and null mutations, re- 
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494 J. F. Cannon et al. 

spectively, of a single gene  controlling glycogen struc- 
ture, a suggestion that has been verified by molecular 
and biochemical data. Cloning and sequencing of 
GLC3 (THON et  al. 1992; ROWEN et  al. 1992) showed 
that  the  predicted Glc3p amino acid sequence displays 
significant similarity to glycogen branching enzymes 
[ 1,4-a-D-glucan; 1,4-a-D-glucan 6-a-D- (1, 4-a-D glu- 
cano) transferase] from  other organisms. glc3 mutants 
have little or  no glycogen branching enzyme activity, 
and gha mutants have reduced levels of this activity. 
These  data indicate that GLC3 is the  structural  gene 
for  the glycogen branching enzyme rather  than a 
regulatory  gene. The glc3-4 mutation is an  ochre 
(UUA)  mutation at amino acid Glu-233 (V. J. THON 
and J. F. CANNON,  unpublished  data) and behaves 
phenotypically like glc3 null mutations;  the  altered 
iodine-staining reaction of the gha mutants can be 
explained on  the basis of the  altered branching  ratio 
of the glycogen they produce  (ROWEN et  al. 1992; 
THON et al. 1992). 

GLC6: glc6-1 mutants did not display additional, 
obvious traits besides their glycogen deficiency. Two 
plasmids, p1801  and  p1803,  that complement glc6-1 
were isolated (see MATERIALS AND METHODS). By re- 
striction  mapping, it was apparent  that  p1801  and 
p1803  contain  overlapping yeast genomic DNA (Fig- 
ure 2).  An  EcoRI fragment  from  p1803 was cloned 
into YIp5 to yield plasmid pl82 1. When  strain  JC482 
was transformed with p1821  and crossed to JC787- 
6A (ura3  glc6-l) ,  the URA3 and glc6-1 markers 
showed exclusively parental  ditype  segregation in 38 
tetrads.  These  complementation and linkage results 
indicate that  p1801  and  p1803  harbor GLC6. 

Deletions and Tn5 mutagenesis were used to local- 
ize GLC6. The DNA required  to  complement glc6-1 
was between Tn5 insertions 55  and  70 (Figure 2). 
The DNA sequence of this interval revealed an  open 
reading  frame of 495 codons  (Figure 3). Comparison 
of the GLC6 DNA sequence  to the EMBL database 
revealed a match to  the sequences reported  for CIFl 
(GONZALEZ et al. 1992), TPSl (BELL et al. 1992; 
MCDOUGALL et  al. 1993),  and GGSl (BULAYA et  al. 
1992), as well as for  the  mutant  allelesfdpl  and bypl 
(cited in MCDOUGALL et  al. 1993). There  are 12 
discrepancies between the GLC6 DNA sequence  re- 
ported  here  and  that  reported by GONZALEZ et  al. 
(1  992). We have confirmed our sequence analysis by 
analyzing both DNA strands  on multiple gels.  All but 
two of the  12 GLC6 versus  CIFl DNA sequence dif- 
ferences are silent; they would not affect the  amino 
acid sequence of the expressed  protein  (Table 5). 
Some,  but  not all, of these DNA sequence  differences 
were observed in the TPSlICIFl comparison (BELL et  
al. 1992). 

The GLC6 locus was retrieved  from JC787-9A 
(glc6-1) by gapped plasmid allele recovery (see MA- 

TABLE 5 

Differences in the GLC6 and CIFl protein  and  DNA  sequences 

Codon GLCC CIF I 

129 Leu TTG Phe TTC 
130 Ala GCA Gly GGA 
196 Ile ATC Ile ATT 
205 Lys AAG Lys AAA 
230 Arg AGA Arg AGG 
235 Asn AAC Asn AAT 
276 Gin CAA Gln C A S  
384 Val GTT Val GTC 
385 Cys TGT Cys TGC 
390  Thr ACC Thr  ACT 
424 Leu TTG Leu CTG 
End TGA  ACC TGA  ACT 

TERIALS AND METHODS). The DNA sequence of the 
entire  coding  region of glc6-1 was determined; it 
revealed a single transition  that  converts  codon  223 
from CAT (His) to TAT (Tyr). 

Two different glc6 gene  disruptions were con- 
structed by inserting URA3 into  the BglII and Sal1 
sites within the GLC6 coding  region (see MATERIALS 
AND METHODS; Figure 2); the results obtained were 
identical. DNA fragments  containing glc6::URA3 
genes were integrated  into  the diploid JC482Dip. 
When  these diploids were sporulated and  tetrads dis- 
sected, there was high spore viability and 2:2 segre- 
gation for  the  Ura+  trait.  Southern analysis confirmed 
that  the  gene  disruptions were present in a heterozy- 
gous state in the diploids and without a wild-type gene 
in the  Ura+ haploids (data  not shown). The glc6::URA3 
spores were capable of growing on glucose but  not on 
fructose as carbon  source.  A significant growth lag 
was observed when glc6::URA3 cells were grown in 
liquid glucose medium,  but  growth yields (although 
not  rates) eventually reached those of  wild type. This 
result is  in contrast to results found  for cijl mutants 
(including a cij2 deletion), which failed to grow on 
either  fructose or glucose (GONZALEZ et  al. 1992) (see 
DISCUSSION). 

Iodine  staining of the spore clones revealed that  the 
glc6::URA3 progeny stained darker  than did the wild- 
type (Ura-)  progeny. That glycogen accumulation by 
glc6::URA3 cells was greater  than in  wild type was 
confirmed by quantitative  measurement  (Table 6). As 
a glycogen phosphorylase null mutant shows no dif- 
ference in the iodine-staining trait when scored as 
described here, it appears  that  the level  of glycogen 
synthase activity is the primary determinant of this 
trait (J. CANNON, unpublished observations). Measure- 
ments of glycogen synthase activities with or without 
the allosteric effector glucose-6-phosphate showed 
that  the gZc6-1 mutation  reduced  both glucose-6-phos- 
phate-dependent  (phosphorylated) and  independent 
(unphosphorylated) glycogen synthase activities to  the 
same extent  (Table 6),  explaining  the  decreased gly- 
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TABLE 6 

Glycogen  accumulation  and  glycogen synthase activities of wild-type, glc6 and glc7 strains 

Glycogen synthase specific 
activity' 

Strain and relevant  Carbon Ratio of 
genotype sourcea Glycogen' +G-6-P -G-6-P independenced 

JC482 wt Glucose 2.1% 30  6.4  0.21 
JC482 wt Galactose 4.7% 34  6.9  0.21 
JC787-9A &6-I Glucose 1.2% 17 3.7 0.21 
JC901-6B glc6::URAjl Glucose 12% 120 86  0.70 
JC901-6B &6::URA3 Galactose 9.3% 52 29 0.56 
JC675-25C gk7-I Glucose 0.32% 32  3.8  0.12 

a Cultures were grown to early  stationary  phase on the indicated carbon source at 2% in  YEP medium. Galactose-grown cultures were 

' Percent of dry weight. 
' Specific activity  in milliunits per  milligram of protein with or without 16 mM glucose-6-phosphate. 

examined in addition to glucose-grown cultures because glc6::URA3 strains  show some impairment of growth on glucose (see DISCUSSION). 

Defined  as glycogen synthase  activity without glucose-6-phosphate divided by activity  with glucose-6-phosphate. 

cogen  accumulation  in these strains. In sharp contrast, 
the glc6::URA3 mutation greatly elevated both the 
dependent and independent glycogen  synthase  activi- 
ties (Table 6). Furthermore,  the increased ratio of 
independence suggests that  a  greater proportion of 
the glycogen  synthase is unphosphorylated in 
glc6::URA3 strains. 

The dark iodine-staining trait of glc6::URA3 was 
used to explore the epistasis  relationships  of GLC6 
with other GLC genes (Table 3).  When glc6::URA3 
was combined  with a glcl ,  glc4 or glc5 mutation, 
growth on glucose was prevented, but growth on 
galactose was unaffected. (Note that galactose  sup- 
ports glycogen  accumulation  similar to the levels  ob- 
served on glucose: Table 6). The g lc l ,  glc4 and glc5 
mutations all are predicted to increase  CAMP-depend- 
ent protein kinase  activity. Thus,  the results  suggested 
that glc6::URA3, when  combined  with mutations that 
activate the CAMP-dependent protein kinase,  yields 
strains incapable of growth on glucose.  We tested this 
hypothesis by scoring the growth on glucose  of double 
mutants containing glc6::URA3 in  combination  with 
sral (bcyl) ,  SRA4 (CYRZ), and SRA3 (TPKZ) mutations 
(CANNON et al. 1986; CANNON  and TATCHELL 1987). 
These  three mutations, which  activate the CAMP- 
dependent protein kinase,  all inhibited the growth of 
glc6::URA3 strains on glucose. The sra glc6::URA3 
cells  grew  normally on galactose and iodine-stained 
like the sra parents. These results indicate that CAMP- 
dependent protein kinase  hyperactivity is epistatic to 
glc6::URA3 when scored on galactose,  suggesting that 
Glc6p function is either upstream in the Ras/cAMP 
pathway or in a separate pathway for glycogen regu- 
lation  (see DISCUSSION). The  other epistasis  results 
(Table 3) are all  consistent  with  this view and with the 
inferences made  above from the epistasis  results  of glc 
mutations with  ras2::LEUZ. 
GLC7: Two plasmids, p 172 1  and  p 17 19, were  iso- 

lated that complement glc7-I. Restriction  mapping 

indicated that they  contain overlapping genomic DNA 
(Figure 4). The integrated plasmid p1736 (Figure 4) 
showed  exclusively parental ditype segregation of 
URA3 and glc7-Z in 24 tetrads, indicating that less 
than 2 cM separate these markers. Therefore, plas- 
mids p1719 and p1721 contain GLC7 rather than a 
suppressor. Deletions and subclones of these  plasmids 
delimited GLC7 to the 2.5-kb  XhoI-Hind111 fragment 
of p1855 (Figure 4). The DNA sequence  of  this frag- 
ment revealed a tRNAHis gene that was characterized 
previously (DEL REY et al. 1983) and  the DZS2SZ gene 
(OHKURA et al. 1989), which encodes a type-1 protein 
phosphatase. The GLC7 DNA sequence indicated that 
codon 273 encodes glycine (GGT) rather than the 
valine (GTT) reported for DZSZSZ. Identical  findings 
were  made independently by FENC et al. (1 99 1). Mu- 
tant glc7-1 DNA  was recovered by gapped plasmid 
allele  recovery  (see MATERIALS AND METHODS). DNA 
sequencing revealed that the glc7-Z mutation is an 
Arg-73 to Cys  missense mutation. Theglc7-1 mutation 
increases the glucose-6-phosphate dependence of  gly- 
cogen  synthase (Table 6), presumably  because  of  its 
increased  phosphorylation due to the decreased type- 
1 protein phosphatase  activity (FENC et al. 1991). 

To create a null  allele  of GLC7, we replaced the 
EcoRI-Sal1 fragment within the 3' exon with HIS3 
(Figure 4; see MATERIALS AND METHODS). Genomic 
Southern analysis  of the diploid transformants con- 
firmed that the gene disruption was present in a 
heterozygous state (glc7::HZS3/+; data not shown). 
Sporulation of  these transformants yielded  only  two 
viable,  His-  spores per tetrad. This result  indicates 
that GLC7 function is essential for viability. This has 
also  been reported recently  using other disruptions of 
GLC7 (CLOTET et al. 1991; FENC et al. 1991). Micro- 
scopic examination of the inviable  spores from 159 
tetrads revealed that 258 (81%) were unbudded and 
60 (1 9%) had  buds one-quarter the size  of the mother 
cell. We never observed completion  of  cytokinesis of 
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_ I  
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. .  

pl737 (YCp50) 

pKC886  (pRS314) 

pl767 (pUC9), pl855 (YEp352) 

pl840 (pUC9) 

pl866(Ylp5) 
i" J 

p1888  (YEp352) . .d - 
1 kb pl898 (YCp50) - 

FIGURE 5.-Analysis of CLC8. The genomic inserts of plasmid 
p1814 and the indicated  subclones are shown.  Complementation of 
the glc8-I mutation is indicated on the right. The coding region 
and  direction of transcription for GLC8 are shown. A 4.5-kb EcoRI- 
SalI  fragment  from p1814 (SalI site in the vector sequences) was 
cloned into YIp5 to make p1866. The glc8::HIS3 mutation was 
constructed by insertion of a HIS3 BamHI fragment into the unique 
BamHI site in p1866. 

glc7::HZS3 spores in the  tetrads analyzed.  We  could 
not discriminate whether the unbudded cells  had ger- 
minated in this experiment, but tetrad dissections  of 
the parent strain JC746 yielded 95% spore viability. 

GLC8: Of the glc mutations, glc8-1 produced the 
smallest reduction of  glycogen accumulation. Al- 
though the iodine-staining trait of  colonies was clear, 
quantitative assays revealed  as  much  as 75% of wild- 
type  levels  of  glycogen (Table 3). There were no  other 
obvious phenotypic effects  of the glc8-1 mutation. We 
isolated a plasmid, p l8  14,  that contained DNA  com- 
plementing glc8-1. Subcloning localized the comple- 
menting activity to a 1.5-kb  ClaI-Hind111 fragment 
(Figure 5, p1898) and indicated that sequences  be- 
tween the BamHI and Hind111 sites were necessary 
for complementation (Figure 5, ~1888) .   The DNA 
sequence  of this region revealed a 229-codon open 
reading frame that spanned the BamHI site (Figure 
6). Insertion of the HIS3 gene in this BamHI  site was 
used to create glc8::HZS3 in the diploid JC746 (see 
MATERIALS AND METHODS). Sporulation and  tetrad 
dissection  showed  high  viability and 2:2 segregation 

pl736 
(YIP51 

FIGURE 4.-Analysis of CLC7. The ge- 
nomic  inserts of plasmids pl721 and 
p1719, which complement glc7-I, are 
shown at the top. For clarity, the p1719 
restriction  sites  common to p1721 are not 
shown. Other plasmids  were  constructed by 
cloning the indicated  fragments  from 
p 17 19 or pl72 1 into the  vectors  indicated. 
pKC886  and p1855 complement glc7-I, 
whereas p1738 and p1737 do not. The 
direction of transcription  for a tRNA gene 
and  GLC7 are shown; GLC7  has a 525-bp 
intron. The EcoRIIHindIII  fragments of 
p1721 and p1719 correspond  reasonably 
well to fragments 470-474 of RILFS cf al. 
(1 993). 

for  the His+ trait. Furthermore,  the His+ spore clones 
had reduced glycogen  accumulation  as judged by io- 
dine staining.  Diploids obtained by mating  JC840B 
(glc8::HZS3) to JC788-15A (glc8-1) displayed an io- 
dine-staining trait identical to that of the parents. In 
addition, sporulation and  tetrad dissection  resulted in 
exclusively 4 yellow: 0 brown  segregation for iodine- 
staining in 35 tetrads. These complementation and 
linkage data confirm that  the GLC8 locus was cloned. 

The predicted protein sequence of  Glc8p  was  com- 
pared to GenBank database release  75. The best 
homology was found to inhibitor-2 of rabbit type-I 
protein phosphatase (HOLMES et al. 1986). The two 
proteins share 25% identical amino acids (Figure 7). 
Two particular sequence features are conserved be- 
tween these two proteins. The first is a glycogen 
synthase  kinase-3 threonine phosphorylation  site. 
Phosphorylation at this  site  results in activation  of 
type-I protein phosphatase via inactivation  of the 
inhibitor (COHEN 1989; SHENOLIKAR and NAIRN 
1991). The second feature is a conserved  insulin 
receptor tyrosine  phosphorylation  site. The physiolog- 
ical  significance  of inhibitor-2 tyrosine  phosphoryla- 
tion is unknown.  Casein  kinase  phosphorylation  sites 
within inhibitor-2 are not conserved in  Glc8p;  these 
sites are apparently not essential for function in the 
rabbit protein (SHENOLIKAR and NAIRN 199 1). 

DISCUSSION 

The glycogendeficient mutants described in  this 
paper were  isolated on the basis  of their iodine-stain- 
ing traits. Most  of the GLC genes  identified encode 
regulatory proteins rather than glycogen  metabolic 
enzymes. The sole exception was GLC3, which en- 
codes  glycogen branching enzyme.  Deletion  of GLC3 
results in a severe reduction in  glycogen  accumulation, 
apparently reflecting a required cooperation between 
glycogen  synthase and branching enzyme for glycogen 
synthesis. Apparently hypomorphic  (partial-loss-of- 
function) alleles  of GLC3 result in production of  gly- 
cogen  with a decreased branching ratio and thus an 
altered (and apparently much darker) color  upon 
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-2555 
TGGGTMTAT ATTATMTGG TAGCTCTATG GGGUTCCGT TGCAAGTTTA  TTCGGTTGCT TGTCUATGA  GUACTMAG UATTATTGA CCGATGAUA 

M T A U C U C  GGTTATTCTC MWCGTTTA  TCTTTTTATC CGGTTTGTTA TGAMTATAT T M A T T T C T T   A C C C C A W U   T G C C M U A T   C C G A G U T M  
CCWWGCCC CTATACTAGG T T M C G G M C  TATUTGTAT ACTCATGTTT CTTTGGCWG ACUTACTTG  GCACUTTGG TGGTAMTGA TTTGUGCAT 

TCWCATAGG ATGGAGGTAT TCGATAATTT AGGCCTGTTG T G C T U T T M  T U U I W C T   M T M T T G A T  W M A W C T C  CUGATCAGC TACGGAGATT 
GCTGTGGTAC CMGGATGM M G T C T A T C A   T T M C M G G A  TTATTGMGG T C M C T M A C  M U T T C C A T  ACTGGATMA  ATCTGGTGM C C M G T A U T  
GGCCCGCACl AGCTTTMTT M G A U A G A T  G T G U W C W  ATTTMATTA GACGAUTM TUGIGCMO ACGGAGTAGG TAGTATCGTT TCCACTTTTT 
TCTGTCTTAT TTTTTTTATT GATAGAGCTC GATTGCATAT ATTTTTCATT GATATTGTAC T T U U I T A T  ATTUGTTCA T A G M M M C  M T M T A C G A  
G M T U A T C T  GCCTCGTATA TMTCTTATC  ATTATTTAGC GATAAMTAG TTTTGTTGAC  TCCTTCTUT TCAWTATAG CTATTUTTT TUACGACGT 
GTAGGCTTCT CTTTGMGTT  GUATGGGTG CGCCGCCCCT OCUACGTGC MTGAGCCGC  TTACGTCCTT T G C M M C C G  GTCTTCAGAC GATTUAGTT 
U M T M T U  TTGATTTGAT M A G G M G A T  T T G T A U M T  TTTGUGATT CGAGGMTGA M A W G U T  CGTATTCATC TATATTMAT ATCTCCGMT 

CCCTGTTGM TATGATCMG MTWTGTAG ATTTATTAAA MGCTGTGW TACGGTMTT TACACGAGCA CCTAMGGTG GGWCTTTW T T u G M a T  

GAMTMMA CGTUMITA TTACTATTAT MGUTTATC CMATATGCC T a T A T u c  GCWTUGT uo~uuu UGAGATCCT CTTCGWTT 

TGUMUAT GATTANACT T T c u T T G a  TUAMGAGG TGTGATCMC TTATTGTTTA ATTCTGMU GTTAGGCGCT TACTAGCGAC MUGTMTT 
CTGGTTGTTC GATGATAKA ATGGTGTCAG TTGGGTTATT TTGTATAGU GawcucT TTGCGAGTAC GTUCTTAGT ATTTTGTCTC TTGGCTTATT 
ATGGATATTA TTMCGATGA AGTCGGACAG G M G T C T A M  MATTGTAGT TATTAGATGG GATCTTTAGC TTGTTTMTG M T T T G T M A  ATAGTTCTGT 
TCGTGGATM  ACGACGCMG GACTGUTGG GAGCGAGTTG ACGMGGTAG U T C G A T G M  W G A T T C A T   T M G G G M C T   T G G G W C C T   M C A C C T G C G  
TTTCTACTAG  TGCGTTTATC  ATCCATAGTC  GTTGAGTACA GATTGATGGG T G A T W W  TMGTTATGA GAGTTGCTGT C T T G G M M I  GTGGGUGW 
AGUCTGATT GGTCGCTGAA TAGGACCAM  TCTTCTCGTT  GMCACTACC CATAMTGTG TATTTAGTTA TTTTTGTGGA GGTTCTGWC GGTTTTTGCC 
TUCTTCTAC  TACCCTCMT  TTAGTACTTT  TATTTTTTTT  TCATTTTTCA  TTCTGCTUT  CGCCTATCM TTCATGCCTA  AGAGATGUA AGATAGCGTA 
CTATAGATGT GAAMGGTTG G A T A M U M  GCCCATWTA TAAGCCACGG CTTCAGCCTT M M T T G G G G  T T A M G G C T A   A W C G A A T T   G U M T T C T T  
T T G C T T U G C   A G G M T T T T C   U A C A G U M   C T A T M "   T C T A T C T M G   C C C C T T T T M  ATTMGGAGC G T A T A T M M  T T A T A T M T C   A U C T C G M G  
GACCMTCTG TGCTCTACAT  ACCTTACGCC CTCTAATMT ATGATCTATG CTTUTCAGT  CTTGTTTATT  CTTMAGTAT  TTTTTTTTAT  GTTTGGTTCT 
TGTTATTGM C M M A A A T G   M T T M C C C G  AACACTACCA M T C M T A G C  AGAAGAAMC A A G M M T G A  T M M T A M G  GTGAWACCA TTTTAAAGCA 
TTATTCATTA  TCMATCCTC CTATCTAGTA TMCTTGATT CCACACCTTG CTAATATTTC TCTGAAGCAC TCTCTTTAGA GGUMACGG  TACTATCWA 
TATTCTTACC  CGGTTTCAAG  TTTTGCCCTC  ACCCTTTTTT  AGGGACMAT  CACTTCCACC C M A G G A T M  TTTGAGMCA CCACTACAAC TTAAAGTCCA 
AGAGCTTCAT CAGTAUACG AGTTCGTATC ATCAAGAACC CAUTCAGCA GAATA 

1 
ATG GGA GGT ATA CTT A M  AAC CCG CTA CCC TTA TCG CCG  GAG  CAG CTG GCG C M  CAG GAT C U  GAA ACG CTT GAA GAG TTT AGA AGA CM 
MET GLy GLy I l e  Leu  Lys A s n  Pro Leu A l a  Leu Ser Pro GLu C L n  Leu A l a   G l n   C l n   A s p  Pro G l u  Thr Leu GLu Glu Phc Arg Arg G l n  Y) 

- 
91 

V a l  Tyr GLu A s n  Thr G l n  Lys A s n   A L a  Lys  Leu Thr  Ser His Lys Arg A s n  ILe Pro GLy Leu A s p   A s n  Thr Lys GLu GLu Gly Clu Ita 60 
GTT TAC W M T  ACG CAG AAA AAT GCC AAA TTG A C A  TCA  CAT AAA AGG AAT  ATA CCG GW CTA GAT AAT A U  AM GAG GAG GGG GAG ATA 

181 
A T 1  GGA A U  TCG  ACT  ACC TTC  CTT CCA AAG GAC ACA CTG T U  CTG AM CAT GAG CAA GAC ATG  TTG GCC M G  ATG ACA C U  GM GAG C W  
Ilc Gly Thr  Ser  Ser  Thr  Phe Leu Pro Lys A s p  Thr Leu Ser Leu  Lys H i s  Glu G l n  Asp Met Leu A l a  Lys Met Thr Pro G l u   G l u  Arg 90 

271 

V a l   G l n  Trp A s n   G l n  Arg A s n  Leu A l a   G l u   A s n   G l u  ILe Thr Lys  Lys GLn Phe Gln A s p  I l e  H i s  ILe A s p  GLu Pro Lys Thr Pro Tyr 120 
GTT C M  TGG M C   C M  AGA AAT TTA GCA GAA AAT GAA ATA ACA AM AAG CAG TTC CAA GAT A T 1  CAC ATA GAC GAG CCC M G  ACC CCC TAC 
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361 
C M  GGT GCT GTG GAC CCT CAC GGG GAA TAC  TAC AGA GTA GAT GAT GAT GAA GAT GAG GAT AAT ACT GAT M A  AM CCA TGC  CAE GTG G C A  
G l n  Gly Ala V a l   A s p  Pro His  GLy G l u  Tyr Tyr Arg V a l   A s p   A s p   A s p  GLu A s p   G l u   A s p   A s n  Ser A s p  Lys  Lys Pro C y s   G l n   V a l   A L s  150 

451 
M C  GAT GAC ATC GAC GAT TTC TCC  CTG GGC GAA CCG G M  TTT GAA ATC AM GAG AAC AM C A I  CCG GAT TTT GAG ACC  AAC GAC GAG M T  
A s n  A o p  Asp I l e  Asp A s p  Leu Ser Leu Gly GLu Pro GLu Phe GLu ILe Lys GLu A s n  L y s  GLn Pro Asp  Phe Glu Thr A s n   A s p   C l u  A s n  180 

541 
GAT GM GAC TCA CCG GAG GCT AGA CAT AAG A M  TTT GAA  GAA ATG AGA M C  M G  CAT T I C  GAC GTA AGG GCA A T 1  TTC AAC A M  M G  TCC 
Asp G L u   A s p  Ser Pro GLu A l a  Arg H i s  Lys  Lys Phe GLu Glu Met Arg Lys  Lys H i s  Tyr A s p   V a l  Arg A l a  I l e  Phe A s n  Lys  Ly.  Ser 210 

631 
CGT W GCG CTA AAG GAC GAA GAC GAA GAC GAA GAT GAT ACT ACG ACA AM GAA C U  TGA AAC  ATG A U  CCT CCA TAA CGT TTA CCT  ATA 
Arg G l u  Ala LW  Lys A s p  GLU A s p  GLU A s p   G L U   A s p   A s p  Ser  Thr  Thr Lys GLU Pro **' 229 

721 
CTA U T  ATA  TCT  TAT T I T  TTG GAT TCT TGG TAC I T A  AAT ATG CAC TGT TTG TTA T U  CGC G M  C 

1 0  2 0  30 4 0  5 0   6 0   7 0  8 0  
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FIGURE 6.-DNA  and  predicted 
amino  acid  sequences of GLC8. The 
DNA  sequence w a s  determined 
from  plasmids p1945 and p1879 
near the EcoRI site  toward the 
Hind111 site  (Figure 5). The largest 
open reading  frame 5' to that of 
GLC8  is 116 codons long. The 
BamHI site  (Figure 5) is indicated 
by an overline. The GenBank acces- 
sion  number of this  sequence is 
L22000. 

FIGURE 7.-Homology of Glc8p 
and  rabbit  inhibitor-2.  Identical 
amino acids  are  indicated by  vertical 
bars and  conservative  replacements 
by colons. GSK3 and  insulin  receptor 
denote the sites of phosphorylation 
of rabbit  inhibitor-2 by glycogen syn- 
thase kinase-3  and  insulin receptor, 
respectively. 

staining  with iodine (ROWEN et al. 1992; THON et al. 
1992).  This altered color initially suggested that the 
gha mutants  had elevated glycogen contents. In fact, 
all of the gha mutants  picked (see also THON et al. 
1992) proved to have  mutant alleles of GLC3, sug- 
gesting that it may be diffkult to isolate  mutants  that 
actually  have elevated glycogen levels in  this  way. 
Perhaps  picking colones whose  iodine-staining  reac- 
tions are less  dramatically different from that of wild- 
type would  yield  such  mutants. 

It is interesting that  null glc3 mutations  appear  fully 

recessive to the wild-type allele as judged by the color 
obtained in the iodine-staining reaction, whereas the 
apparently  hypomorphic alleles are partially domi- 
nant. Thus, the presence of branching enzyme mole- 
cules of low activity  apparently  causes glycogen with 
a decreased branching  ratio to be produced, even in 
the presence of normal molecules of branching en- 
zyme. One possible  explanation of this result, which 
might also explain the virtual  absence of glycogen 
synthesis  in the absence of branching enzyme activity, 
is that  individual molecules of glycogen synthase  func- 
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tion in the  form of stable complexes with branching 
enzyme. 

The mapping of GLC3 revealed an interesting  par- 
adox: physical mapping  appears to establish that GLC3 
is -6 kb centromere-distal to GCN4, which is in turn 
-1 2 kb from  the  centromere, whereas the genetic 
data show a considerably tighter  centromere linkage 
for GLC3 than previously reported  for GCN4. The 
GCN4 data suggest that  the  region between this gene 
and  the  centromere has a rate of recombination 
(-0.31 cM/kb) that is similar to  the average value in 
yeast  (-0.37 cM/kb; see PETES et al. 1991), whereas 
the GLC3 data suggest a  much lower rate of recom- 
bination (-0.03 cM/kb) in this region. One possible 
explanation is that  a  centromere-associated suppres- 
sion of recombination is highly sensitive to physiolog- 
ical or genetic background  factors, and thus highly 
variable from cross to cross. This hypothesis could 
also explain the inconsistencies (PETES et al. 1991) 
among previous observations  regarding the possible 
effect of the  centromere on recombination. 

No mutations were isolated in genes for glycogen 
synthase or a yeast glycogenin, the  protein  core  upon 
which glycogen particles are assembled (reviewed in 
SMYTHE and COHEN  1991).  In  the case of glycogen 
synthase, the reason is that two genes  encode this 
enzyme (FARKAS et al. 1990, 1991).  When  both of 
these genes are  deleted,  there is no detectable glyco- 
gen made, yet these cells exhibit no  other known 
traits. These results and those with glc3 mutants 
(ROWEN et al. 1992; THON et al. 1992)  indicate  that 
glycogen is a dispensable storage  carbohydrate in 
yeast. It remains  unclear  whether yeast  lacks a glyco- 
genin-like moiety or whether it contains one  but  the 
gene(s) was missed in this study. 

Glycogen-deficient mutants have also been isolated 
on  the basis  of other traits. For  example, snfl  muta- 
tions, which prevent sucrose fermentation (CARLSON 
et al. 1981), have subsequently been  found also to 
reduce glycogen accumulation (THOMPSON-JAEGER et 
al. 1991). Thus, it was not  surprising  that one GLC 
gene, GLC2, is allelic  with S N F l .  Yeast glycogen syn- 
thase, like the cognate mammalian enzyme, is a sub- 
strate  for multiple protein kinases, which modulate its 
activity (ROACH 1986,  199 1). The SNFl  protein ki- 
nase could regulate glycogen synthase either directly 
or indirectly by phosphorylation. Alternatively, tran- 
scription of the glycogen synthase genes, GSYl and 
GSY2, may be subject to transcriptional  control by 
Snflp activity. 

Activation of CAMP-dependent protein kinase re- 
duces glycogen accumulation, and many mutations in 
the Ras/cAMP pathway thus display this phenotype 
(MATSUMOTO et al. 1985a; GIBBS and MARSHALL 
1989).  For  example, the IRA1   (GLCl )  and IRA2  
(GLC4) gene  products  stimulate Ras GTPase activity. 

Mutations in either of these  genes  result in greater 
levels of Ras-GTP (TANAKA et al. 1990b), which acti- 
vates adenylate cyclase (FIELD et al. 1987), which  in 
turn activates CAMP-dependent protein kinase. The 
GLCS-1 (Glu-70 to Lys) mutation is equivalent to a 
Ha-Ras mutation  (Glu-63 to Lys) that transforms  NIH 
3T3 cells  with a modest potency (FASANO et al. 1984). 
This mutation in Ha-Ras reduces the intrinsic GTPase 
activity, resulting in greater in vivo Ras-GTP levels 
(GIDEON et al. 1992). The observation that GLCS-1 is 
recessive for its sporulation-deficiency trait  and dom- 
inant  for glycogen reduction illustrates two points. 
The first is that glycogen reduction can be  a conse- 
quence of modest increases of CAMP-dependent pro- 
tein kinase activity, a conclusion also reached by ex- 
amination of sral  (bcyl)  traits  (CANNON et al. 1990). 
The second point is that  not all activated RASP mu- 
tations  behave like RAS2""'*9 (KATAOKA et al. 1984). 
In particular, the sporulation  trait  conferred by acti- 
vated RAS2 mutations  can  be  dominant or recessive 
depending  on  the potency of the RASP mutation. The 
mutual suppression with ras2::LEU2 and ability to 
bypass Cdc25p observed with glcl and glc4 are  the 
expected behaviors for iral  or ira2 mutations because 
the I R A  gene  products inhibit Ras function and thus 
antagonize  Cdc25p (TANAKA et al. 1990b). In this 
study, we have confirmed  the previous conclusions 
(MATSUMOTO et al. 1985b; TANAKA et al. 1989,1990a) 
of  allelism between GLCl and IRA1 and between 
GLC4 and ZRA2, and we have clarified the map posi- 
tions of both genes. In  addition,  the  apparent  intra- 
genic complementation  among glc4 alleles suggests 
that  the IRA2  gene  product self  associates and/or has 
two or more  discrete  functional domains. 

The cifl and f d p l  mutations were isolated because 
they prevented  growth  on glucose (NAVON et al. 1979; 
VAN DE POLL et al. 1974). The bypl mutation was 
isolated because it prevented  the  growth of strains 
that were also mutant in one of the phosphofructoki- 
nase genes (BREITENBACH-SCHMITT et al. 1984; HOH- 
MANN et al. 1992).  It was concluded  that CIFl,   FDPl 
and BYPl encode  regulatory  components because the 
mutants have normal levels  of  glycolytic enzymes. It 
now appears  that CIFl,   FDPl and BYPl are all the 
same gene (also called GGSl:  THEVELEIN 1992; BU- 
LAYA et al. 1992),  and  that this gene is also the same 
as GLC6 (this study) and TPSl  (or T S S l ) ,  recently 
isolated as  encoding one subunit of the trehalose-6- 
phosphate synthase (BELL et al. 1992; MCDOUGALL et 
al. 1993; VUORIO et al. 1992). The combination of 
sequence  data (GONZALEZ et al. 1992; BELL et d .  1992; 
HOHMANN et al. 1992;  BULAYA et al. 1992; VUORIO et 
al. 1992; MCDOUGALL et al. 1993; this study), South- 
ern blotting (GONZALEZ et al. 1992; BELL et d .  1992), 
and genetic and physical mapping (see RESULTS) estab- 
lish unequivocally that all of the laboratories involved 
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have  cloned the same gene and  that this gene lies 
centromere-distal to LYS2 on chromosome ZZ.  The 
fact that GLC6ICZFlITPSl sequences are adjacent to 
those of the VAT2 (or VMA2)  gene (BELL et al. 1992; 
GONZALEZ et al. 1992; MCDOUCALL et al. 1993), which 
encodes the 57-60 kD subunit of the vacuolar proton 
ATPase (NELSON et al. 1989; YAMASHIRO et al. 1990), 
allows us to place  this gene also on the map  of chro- 
mosome ZZ. The order of VAT2IVMA2 and GLC6I 
CZFl/TPSl relative to outside markers remains un- 
known. 

Two observations  raise a slight  possibility that  there 
exists a second gene in the vicinity  of LYS2, mutations 
in  which  also affect carbon and energy metabolism 
and can  be  suppressed by a low-copy-number  plasmid 
carrying GLC6/CZFl/TPSl.  First, apparent comple- 
mentation was observed between a cifl disruption and 
the f d p l  mutation (GONZALEZ et al. 1992). Second, 
recent genetic mapping data from THEVELEIN’S labo- 
ratory (see MORTIMER et al. 1992) suggested that f d p l  
lies centromere-proximal to LYS2. However, we con- 
sider it more likely that  there is just one gene, and 
that the  apparent complementation observed  between 
the cifl and f d p l  mutations reflects  instead genetic 
background effects on whether mutations in GLC6I 
CZFlITPSl render cells  unable to grow on glucose 
(see  below),  while the recent genetic mapping data for 
f d p l  were  misleading. (Indeed, previous  mapping data 
had indicated that f d p l  was centromere-distal to LYS2 
(VAN DE POLL and SCHAMHART 1977)). 

Curiously, there  are 12 DNA sequence differences, 
most  of  which are silent, between GLC6ICZFlITPSl 
as  isolated from different strains (Table 5). The se- 
quence reported  here was derived from a plasmid 
constructed using  DNA from strain GRF88, an S288C 
derivative (ROSE et al. 1987). The DNA sequence of 
glc6-1 showed  only a single  base difference from our 
GLC6 sequence, reflecting the fact that C276-4A (the 
source of the glc6-1 allele) is also  closely related to 
S288C. The fact that most  of the DNA  sequence 
differences between GLC6 and CZFl are silent in the 
translated gene product suggests that  the amino acid 
sequence  has a high information content that has  been 
maintained by selection. 

Glycogen  accumulation is reduced in glc6-1 strains 
at least  in part by the diminished  activity  of  glycogen 
synthase (Table 6). Altered glycogen  metabolism was 
previously observed in the f d p l  mutant. However, 
despite alterations in the glucose-6-phosphate-depend- 
ent  and independent glycogen  synthase  activities  in 
an f d p l  strain, no differences in  glycogen content were 
observed (VAN DE POLL and SCHAMHART 1977). In 
contrast to  the glc6-1 phenotype, great increases in 
glycogen  synthase  activity result from the glc6::URA3 
gene disruption (Table 6). The ratio of independence 
suggests that  a  greater proportion of the glycogen 

synthase is unphosphorylated in glc6::URA3 strains. 
This is probably a consequence  of the elevated glu- 
cose-6-phosphate  levels present in glc6/cifl / tpsl  cells 
(NAVON et al. 1979) and the influence that glucose-6- 
phosphate has on glycogen  synthase  dephosphoryla- 
tion (FRAN~OIS and HERS 1988). Additional experi- 
ments are necessary to determine whether the changes 
in  glycogen  synthase  activities produced by glc6 mu- 
tations occur by regulating synthesis, degradation or 
phosphorylation of  this  enzyme. 

The failure of glc6/cifl / tpsl  strains to grow on 
glucose was originally thought to be due to the per- 
sistence of fructose bisphosphatase (NAVON et al. 
1979), which  normally is degraded upon addition of 
glucose (FUNAYAMA et al. 1980). If  this  were the 
explanation, futile  cycling  would  quickly deplete 
ATP. However, other mechanisms  must  inactivate 
fructose bisphosphatase,  because no detectable cycling 
occurs in a f d p l  mutant strain (BA~~UELOS and FRAEN- 
KEL 1982). The strains used  in the present study  were 
capable  of growth on glucose  with the glc6::URA3 
mutation present, in contrast to the cifl deletion strain 
studied by GONZALEZ et al. (1 992). There was only a 
slightly  increased  lag detected for glc6::URA3 cells 
compared with  wild-type  when growth was monitored 
in  YEP-glucose broth (data not shown).  However, we 
found that when  CAMP-dependent protein kinase  ac- 
tivity was increased by any  of  several different muta- 
tions, growth on glucose was blocked for glc6::URA3 
strains. Differences in the basal  activity  of  CAMP- 
dependent protein kinase  may  explain why glc6/cifl/ 
tpsl  disruptions prevent growth on glucose  in  some 
strains but not in others. Another possibility is that 
the glc6::URA3 mutants that we have constructed re- 
tain  some  Glc6p  activity. 

The function(s) of the GLC6/CZFl/TPSl gene prod- 
uct are incompletely understood but appear complex 
and interesting. There seems no doubt that this  poly- 
peptide is an important functional component of the 
trehalose-6-phosphate synthase  (BELL et al. 1992; 
VUORIO et al. 1992; MCDOUGALL et al. 1993). On  the 
other hand, the various  physiological data on f d p l ,  
c i f l ,  bypl and glc6 mutants suggest a role or roles in 
the control of carbon and energy metabolism and the 
response to glucose  (see  above and THEVELEIN 1992). 
It is not clear how these  roles are interrelated. From 
the perspective  of  glycogen  metabolism, the 
glc6::URA3 mutation is not epistatic to any other glc 
mutation (Table 3). This finding implies that Glc6p 
function is either upstream or on a separate pathway 
from the  other functions in regulating glycogen  ac- 
cumulation. The observation that glc6::URA3 strains 
grow  well on galactose, and in some  cases on glucose, 
but never on fructose implies that Glc6p function is 
sensitive to  a metabolic step at which these  sugars are 
distinguishable.  Besides GLC6ICIFlITPS1, another 
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gene, FPSl ,  has  recently  been identified that can 
complement f d p l  (VAN AELST et al. 1991). Fpslp is 
apparently a membrane protein that is involved  in an 
early step in sugar metabolism (transport/phosphoryl- 
ation). A potential role for GlcGp/Ciflp/Tpslp is in 
the signal transduction pathway from extracellular 
nutrients through Ras (THEVELEIN 1991, 1992). Ex- 
perimental observations  consistent  with  such a role 
are that cifl and by91 mutants fail to increase  CAMP 
after the addition of  glucose (GONZ~LEZ et al. 1992; 
HOHMANN et al. 1992) and  that glc6-1 was capable  of 
mutual  suppression  of iodine staining traits with cdc35- 
10 (data not  shown). 

Type- 1 protein phosphatase participates in regulat- 
ing  mammalian  glycogen  metabolism by dephosphor- 
ylating  glycogen  synthase and glycogen  phosphorylase 
(COHEN 1989; SHENOLIKAR and NAIRN 1991). It is 
targeted to glycogen  particles by binding to G-subunit 
(COHEN 1989). Thus, it was not surprising to discover 
a type-1 protein phosphatase m t a p t  among the glc 
mutants. GLC7 is essential  (CLOTET et al. 1991; FENG 
et al .  1991; see  above), and the examination of 
glc7::HIS3 spores indicated arrest at two  points in the 
cell  division  cycle. The glc7-1 mutation results in 
reduction of  glycogen  levels but does not detectably 
reduce growth rate. One model to explain  these  ob- 
servations is that  the glc7-1 mutant protein retains 
protein phosphatase  activity but is not targeted to 
glycogen  particles  because it has lost the ability to bind 
to the  G subunit, the product of the GACl gene 
(FRANCOIS et al. 1992). This model  rationalizes the 
observation that glc7-1 affects  glycogen  metabolism 
without affecting cell  division,  because deletion of 
G A C l ,  the two  glycogen  synthase  genes, or  the gly- 
cogen  phosphorylase gene does not detectably affect 
the cell  division  cycle (FRANCOIS et al. 1992; FARKAS 
et al. 1991 ; HWANG et al. 1989). However, this  model 
does not appear to explain the sporulation defect of 

Three mammalian heat-stable proteins are known 
to regulate type-I protein phosphatase: inhibitor-1 , 
DARPP-32 and inhibitor-2 (COHEN 1989; SHENOLI- 
KAR and NAIRN 1991). The predicted amino acid 
sequence of Glc8p shares a limited  homology  with 
mammalian inhibitor-2 (Figure 7). Although this  ho- 
mology  is not in  itself  convincing  evidence that Glc8p 
is a S. cerevisiae inhibitor-2, we have  also  shown that 
Glc8p shares physical properties with inhibitor-2 and 
binds to Glc7p (P. A. MORCOS and J. F. CANNON, 
unpublished data). Loss of inhibitor function, as  in 
glc8::HIS3 strains, would  be predicted to increase  type- 
1 protein phosphatase  activity.  Elevated GLC7 expres- 
sion  induces  cell  division  cycle arrest (K. E. CLEMENS 
et al., unpublished data). The glc8::HIS3 mutation 
does  not  elicit  cell  cycle arrest, but instead  mimics a 
reduction of protein phosphatase  activity,  as  mani- 

glc7-1. 

TABLE 7 

Summary of the functions of GLC gene producta 

Locus Synonym(s)  and function 

GLCl = I R A l ,  Ras GTPase  activating  protein 
GLCZ = SNFl,  protein  kinase  regulating  sucrose  utili- 

zation  and other metabolic  processes 
GLC3 Glycogen  branching  enzyme 
GLCl = I R A Z ,  Ras GTPase activating  protein 
GLC5 = RAS2, guanine nucleotide binding  protein 

that  activates  adenylate  cyclase 
GLC6 = CIFl,   FDPl,   TPSl ,   BYPl,  GGSl 

Modulator of sugar  metabolism;  component of 
trehalose-phosphate  synthase 

GLC7 = DISZSI, type 1 protein  phosphatase 
CLC8 Regulator of type 1 protein  phosphatase 

fested by decreased glycogen  accumulation. This ap- 
parent paradox might be rationalized by proposing 
that Glc8p  stabilizes  Glc7p by complex formation. 
Mammalian inhibitor-2 is frequently isolated  as a com- 
plex  with  type-1 protein phosphatase  (COHEN 1989; 
SHENOLIKAR and NAIRN 1991). In this  model, the 
glc8::HIS3 mutation would  be predicted to reduce the 
in vivo levels  of  Glc7p.  We are currently performing 
experiments to test  this prediction. 

The characterization of  glycogen-deficient mutants 
described in  this paper increases our knowledge  of 
gene products that modulate glycogen  metabolism. A 
summary  of the functions of the GLC gene products 
is  shown  in Table 7. Several  considerations  make it 
clear that these GLC genes do not represent saturation 
of  glycogen regulatory genes. First, a number of other 
mutations known to reduce glycogen  accumulation 
were not identified in this  study.  Second, for four of 
the loci that were identified, only a single mutation 
was isolated.  For three of these  genes (GLC5,  GLC6 
and GLC7) ,  the low frequency of  isolation reflected 
the fact that special mutations are required to produce 
the glycogen-deficient phenotype (cf. GLCl-GLCI, for 
which  hypomorphic or null  mutations  suffice to give 
the glycogen-deficient phenotype). It is likely that 
other genes requiring special mutations to give a 
glycogen-deficient phenotype were  missed  with the 
mutant set  analyzed. Third,  the constraints applied 
during screening (notably the requirements for rea- 
sonably good growth and for an iodine-staining  reac- 
tion  drastically different from that of wild type)  almost 
certainly  would  have prevented some  genes from 
being detected. Although glycogen  itself is dispensa- 
ble for S. cerevisiae, its  metabolism is regulated by 
gene products that are also  involved  in other funda- 
mentally important pathways. 
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