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ABSTRACT 
Mutations in GLC7, the  gene  encoding  the type 1 protein phosphatase catalytic subunit, cause a variety 

of abberrant phenotypes in  yeast, such as impaired glycogen  synthesis and relief of glucose repression 
of the expression of some genes. Loss of function of the REGl/€fEXZ gene, necessary for glucose 
repression of several genes, was found to suppress the glycogendeficient phenotype of the glc7-1 allele. 
Deletion of REGl in a wild-type background led to overaccumulation of glycogen as  well  as  slow growth 
and  an enlarged cell  size.  However,  loss  of .REG1 did not suppress other phenotypes associated with 
GLC7 mutations, such as inability  to sporulate or, in  cells bearing the gk7y-170 allele, lack  of  growth at 
14". The effect of REGl deletion on glycogen accumulation is not simply due to derepression of glucose- 
repressed genes, although it does require the presence of SAW, which encodes a protein kinase essential 
for expression of glucose-repressed genes and for glycogen accumulation. We propose that REGl has a 
role in controlling glycogen accumulation. 

I N  the yeast Saccharomyces  cereuisiae, glucose is a fa- 
vored carbon  and energy source whose presence 

induces expression of some genes while repressing oth- 
ers (GANCEDO 1992; JOHNSTON and CARLSON 1992; 
TRUMBLY 1992). Nutritional status also controls the ac- 
cumulation of  reserve molecules such as  glycogen, a 
branched polymer of glucose, that accumulates in re- 
sponse to nutrient limitation (LILLIE and PRINGLE 
1980).  There  are intimate connections between glu- 
cose-repression mechanisms and  the  control of  glyco- 
gen deposition (THOMPSON~AEGER et al. 1991; HARDY 
et al. 1994). For example, SWl/CATl, which encodes 
a  protein kinase  catalytic subunit, is required for the 
derepression of expression of glucose-repressed genes 
(CIRIACY 1977; ZIMMERMANN and SCHEEL 1977; CARL 
SON et al. 1981; CELENZA and CARLSON 1986) and for 
glycogen accumulation (THOMPSON~AEGER et al. 1991; 
CANNON et al. 1994). 

Glycogen  synthesis  in  yeast requires several proteins. 
Glycogen synthase, encoded by  two genes, GSYl and 
GSY2 (FARKAS et al. 1991), is responsible for  the basic 
polymerization reaction, and an enzyme encoded by 
the GLC3/GHAl gene  (ROWEN et al. 1992; THON et al. 
1992) introduces  the  branchpoints of the  mature glyco- 
gen molecule. GSY2 codes for  the  more  abundant, nu- 
tritionally regulated form of glycogen  synthase (FARKAS 
et al. 1991). Recently, we identified two other genes, 
GLGl and GLG2, that  code  for self-glucosylating p r e  
teins putatively  involved in initiation of glycogen  biosyn- 
thesis (CHENG et al. 1995a). 
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The regulation of yeast  glycogen metabolism involves 
both transcriptional and posttranslational controls 
(WY et al. 1994).  The expression of  several genes 
(FARKAS et al. 1991; ROWEN et al. 1992; THON et al. 1992; 
FRANCOIS et al. 1992), including GSY2 and GLC3, in- 
creases with the  onset of  glycogen accumulation. Phos- 
phorylation of yeast  glycogen  synthase was one of the 
first examples of the  control of an enzyme by reversible 
covalent modification (ROTHMAN-DENES and CABIB 
1970, 1971). Phosphorylation inactivates the enzyme 
but full  activity can still be elicited by the allosteric 
activator glucose-6P. Thus,  the -/+ glucose-6P ratio 
is often used as a measure of the activation state and, 
by inference,  degree of phosphorylation of glycogen 
synthase. More recent work  has identified three COOH- 
terminal residues of  Gsy2p  as possible  sites  whose phos- 
phorylation leads to inactivation of the enzyme (HARDY 
and ROACH 1993). However, the enzymes mediating the 
phosphorylation/dephosphorylation of  glycogen syn- 
thase remain largely unidentified. 

Several protein phosphatases have been implicated 
in the  control of glycogen  biosynthesis (PENC et al. 1990; 
FENG et al. 1991; POSM et al. 1991; FRANCOIS et al. 1992; 
HARDY and ROACH  1993; CANNON et al. 1994;  CLOTET 
et al. 1995),  but it is unclear which one actually depho- 
sphorylates glycogen synthase. The strongest case  has 
been made for a GLC7-encoded  type 1 phosphatase. 
Some mutant alleles  of GLC7 cause impaired glycogen 
deposition (CANNON et al. 1994;  HISAMOTO et al. 1994), 
and  one of these, glc7-1,  was found to be associated with 
a decreased glyccgen synthase activation state (PENG et 
al. 1990; FENG et al. 1991 ; CANNON et al. 1994). Muta- 
tions that  change  the putative phosphorylation sites of 
Gsy2p to Ala to mimic dephosphorylation were found 
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TABLE 1 

Yeast stra ins 

Strain  Genotype  Source 

EG32&1A MATa trpl leu2 ura3-52 K. TATCHELL 
EG327-1D MATa trpl leu2 ura3-52 glc7-I 
EG328-2D 

K. TATCHELL 
MATa trpl leu2 ura3-52 gacl::LEU2 K. TATCHELL 

F243 MATa thr4 Mal' R. C. WEK 
D H 4  MATa ura3-52 thr4 Mal+ This study 

DH6 MATa trpl leu2 ura3-52 glc7-1 regl::(Tn3::URA3) This study 
DH7 MATa trpl leu2 ura3-52 glc7-1 regl::URA3 This study 
DH8 MA Ta trpl leu2 ura3-52 glc7-1  reg1::LEUZ This study 
DH9" MA Ta ura3-52 thr4  glc  7"' 70 This study 
DH10" MATa trpl leu2 ura3-52 thr4  g1c7y"70 regl::URA3 This study 
DH11 MATa trpl ura3-52 thr4 regl::URA3 This study 
DH12 MATa trpl leu2 ura3-52 regl::URA3 This study 
DH13 MATa trpl leu2 ura3-52 snf1::LEUZ regl::URA3 This study 
DH14 MATa trpl leu2 ura3-52 glc7-I hskZ::UM3 This study 
DH15 MATa trpl leu2 ura3-52 glc7-1 migl::URA3 This study 
DH17 MATa trpl leu2 ura3-52 gac1::LEUZ regl::URA3 This study 
DH 1 8b MATa trpl leu2 ura3-52 glc7-1 regl::(Tn3::URA3) This study 

DH20 h4ATa trpl ura3-52 thr4  glc7-1 regl::URA3 This study 
DH21 MATa trpl leu2 ura3-52 reg1::LEUZ gsy2::URA3 This study 

NH-102C MATa trpl leu2 ura3-52 glc7 y-170 K. MATSUMOTO 

DH5 MATa trpl leu2 ura3-52 snf1::LEUZ This study 

~ ~ 1 9 '  MATa trpl ku2 ura3-52 glc7-1 Mal+ This study 

All DH strains are isogenic to EG328-1A, which is the wild  type used in this study; EG327-1D and EG353- 
1C are isogenic to EG328-1A. 

DH4 is the progeny of four backcrosses to  the wild-type strain EG328-1A from F243. DH9 and DHlO are 
the progeny of three backcrosses to the wild-type strain EG328-1A from NHlOBlC. 

EG328-1A  is Mal-. For some  experiments, it was necessary to produce a Mal+ strain by mating and backcross- 
inc with F243 (see text). This Droduced DHl9. which is Mal+ and DH18, that contains all the genes necessary " 
for maltose metabolism except for REGl. 

to suppress the glycogen accumulation defect in  a 
glc7-1 strain (HARDY and ROACH 1993). Deletion of 
GACI, which encodes  a  presumed regulatory subunit 
of  type 1 phosphatase  (FRANCOIS et al. 1992; STUART et 
al. 1994), also caused a glycogen-deficient phenotype 
that could be suppressed by mutations affecting GsyPp 
phosphorylation sites (HARDY and ROACH 1993).  These 
results are all consistent with the hypothesis that Gsy2p 
is dephosphorylated in vivo by a  phosphatase  composed 
of Glc7p and  Gaclp. However, the results neither ex- 
clude  the existence of other Gsy2p phosphatases nor 
the  occurrence of other functions  for Glc7p and  Gaclp. 

Even  less  well understood  are  the  protein kinases 
responsible for glycogen synthase phosphorylation. Ini- 
tial reports  had suggested a role for cyclic  AMP-depen- 
dent  protein kinase. While activation of the cyclic AMP 
pathway  clearly causes inactivation of glycogen synthase 
in  vivo, this may not  be  through  direct phosphorylation 
by cyclic AMP-dependent protein kinase (CANNON  and 
TATCHELL 1987; FARKAS et al. 1990; PENG et al. 1990; 
POSAS et al. 1991 ; ROWEN et al. 1992; HARDY et al. 1994). 
Since a glc7-1 strain is defective in glycogen accumula- 
tion and also has hyperphosphorylated glycogen  syn- 
thase, we sought suppressors of the glycogen accumula- 
tion defect of glc7-1 cells  with the  idea of uncovering 
glycogen synthase kinases. We identified such a suppres- 

sor but  found  that it was a  mutation within the REGl 
gene  (ENTIAN and ZIMMERMANN 1980; MATSUMOTO et 
al. 1983; NIEDERACHER and  ENTIAN 1991) that has been 
implicated in  the glucose repression mechanism. 

MATERIALS  AND METHODS 

Strains, media, and genetic  methods: The S. cermisiae strains 
used are listed in Table 1. For tests of glycogen accumulation, 
cells were plated on synthetic complete media with glucose or 
glycerol  as carbon  source and grown for 2-3 days at 30" before 
being exposed to iodine vapor for 2 min. Alternatively,  cells 
grown in liquid media were used for enzymatic glycogen mea- 
surement (HARDY and ROACH 1993). For growth tests,  cells 
were grown in rich media (YF') with the indicated carbon 
source. Plasmids were maintained  in Escherichia coli strain 
DH5a. Standard  methods  for yeast genetic analysis (GUTHRIE 
and FINK 1991) and transformation (ITO et al. 1983) were used. 

Screen  for  suppressors of the  glycogen-deficient  phenotype 
of gZc7-1 cells: A library composed of randomly disrupted seg- 
ments of  yeast genomic DNA  was constructed  in the pHSS6 
vector (Figure 1 )  by random transposon  (mini-Tn3)  insertion 
as described by CHUN  and GOEBL (1996). Purified pHSS6 
library DNA  was digested with Not1 to excise linear  segments 
of the yeast DNA that were then used for one-step gene re- 
placement  (GUTHRIE  and FINK  1991)  in  haploid glc7-l cells 
(strain EG327-1D) that  are defective for glycogen accumula- 
tion. Selection was made  for  Ura+ transformants that should 
carry randomly  disrupted  genes tagged with the  Tn3 transpc- 
son. The Urd+ colonies that also had restored glycogen accu- 
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pHSS6 (Yeast  genomic DNA) 
No :: m-Tn3 (ORA3 ) 

- 
Nof I 

Kan I 

FIGURE 1.-Transposon-tagged yeast genomic DNA frag- 
ment in pHSS6 vector. A representative of the library is shown 
with clear boxes denoting  the  Tn3 mini-transposon, light 
shading  the yeast genomic DNA and  dark  shading  the pHSS6 
vector DNA. 

mulation fell into a single complementation group. To iden- 
tify the mutated locus, the transposon and flanking yeast 
genomic DNA were rescued using the strategy described by 
BURNS et al. (1994) as shown in Figure 2. Strain  DH6,  carrying 
a Tn-3  insertion, was transformed  to Ura+Leu+ with  pRS305 
(SIKORSKI and HEITER 1989) that had  been  digested with ScnI 
to  introduce a bacterial origin of replication. Yeast genomic 
DNA  was then isolated from the transformants, cut with XhoI, 
and ligated with T4 DNA ligase under  dilute conditions to 
favor intramolecular ligation. E. coli (DH5a) cells were trans- 
formed with the ligation products using the calcium chloride 
procedure (MANIATIS et dl. 1982). Rescued plasmid DNAs 
were purified from bacteria by the alkaline lysis method 
(BIRNROIM and DOLY 1979),  and  the nucleotide sequence 
flanking the transposon was determined by the dideoxy chain 
termination method (SANCER et nl. 1977) using a primer com- 
plementary to  the 5' end of the URA3 gene. Search of the 
GenBank data base was performed by using the FASTA pro- 
gram (PFARSON and  LIPMAN  1988). 

Complementation  analysis: To test whether  the Tn-3 mu- 
tants with restored glycogen accumulation fell into  the same 
complementation group,  one of the original  mutants, which 
were all MATa, was crossed with a MATn GIX7strain  (DH4) 
to  change mating type. MATn suppressor  strains were then 
crossed with the different MATa mutant5 isolated from the 
primary  screen. The resulting diploids were tested for their 
ability to restore glycogen in a glc7-I background.  Mutant 
alleles within the same  complementation group  should be 
associated with a glycogen-accumulating phenotype in a d i p  
loid homozygous for glc7-I. 

Gene disruptions  and  plasmid  construction: For disruption 
of REGI, PCR was used to generate a DNA fragment  that 
contained REG1 sequences  straddling the chosen  marker 
gene.  The LIRA3 gene  on vector pRS306 (SIKORSKI and 
HEITER 1989) was used as the template  for PCR. The sense 

CACCTGGTGAGCAGA?TGTACTGAGAGTGC) and antisense 

A C C T C C C A T C T G T G C C C A C A C )  primers contain 21 
bases at the 3' end complementary to pRS306 sequences and 
45  bases at the 5' end homologous to 5' or 3' ends of REGI. 
The resulting PCR product  contained the 5' sequence (-1 11 
to -66 referred to  the open reading frame) and 3' sequence 
(3085-3130)  of REG1 at each end of a 1.1-kb sequence con- 
taining the URA3 gene in the middle. This DNA fragment was 
then used to transform strain EG327-1D to Ura', thus replacing 

(GAGGGCTAGCTTTTGGCTGTTATACGTATAACCACA- 

( C A G ~ A ~ G G A T C C G A C G G C A C T G A T C C A C A C T  

XhOl S c s t  
I - - Yeast DNA 

Cut with Xho I 
and self-ligate 

P r i m  

URA3 W bla 
+ XhOl 

Yeast DNA + 
rescue in E. colt 

FIGURE 2.-Scheme for rescue of disrupted  genes from 
yeast mutagenized with transposon-tagged libarary. 

the REG1 gene to generate strain DH7. The  gene disruption 
was confirmed by  PCR. A similar strategy was employed to con- 
struct  a reg1 ::LEU2 strain, DH8. 

The HXK2 gene was disrupted using pMR226 (IC-D. EN- 
TIAN, University of Tubingen, Germany). After cutting with 
Hind11 and XbnI, the DNA  was used to transform EG327-lD 
cells to Leu+.  The MIGI gene was disrupted using the pJN41 
(H. RONNE, Ludwig Institude  for  Cancer Research, Uppsala, 
Sweden). The plasmid DNA  was cut with Hind11 and XbnI, 
and used to transform strain EG327-1D to Ura'.  Both dismp 
tions were confirmed by Southern blot analysis. 

DNA containing RhX1 in a YCp50 plasmid was kindly pro- 
vided by MARK JOHNSTON, Washington University,  St. Louis. 
A 4.1-kb  RnmHI fragment containing  the  open reading  frame 
was subcloned into  the HamHI site of  pRS314. 

Glycogen  synthase  and  glycogen measurements Assay  of 
glycogen synthase by the mcthocl  of TIWMAS ct nl. (1968) was 
as described by HARDY and ROACH (1993). A unit of  activity 
is defined as the  amount of enzyme that catalyzes the transfer 
of 1  pmol of glucose from UDP-glucose to glycogen per mi- 
nute  under conditions of the  standard assay. The total activity 
of glycogen synthase is that measured in the presence of  7.2 
mM glucose-6phosphate. The -/+ glucose-6P activity ratio 
is defined as the activity measured in the  absence of glucose- 
6-P divided by the activity measured in  its presence. Each 
measurement was the average of duplicate assays.  Glycogen 
was determined in extracts of cells as described by HARDY and 
ROACH (1993). 

RESULTS 

Isolation and genetic  characterization of a mutation 
suppressing  the  glycogendeficient  phenotype  of glc7-I 
ceUs: Our initial logic was that a screen for second site 
suppressors of glc7-I, a mutation known to impair glyco- 
gen synthase activation, might reveal  glycogen synthase 
kinases. We mutagenized strain EG327-ID (gZc7-1) by 
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TABLE 2 

Glycogen content and maltose growth of yeast strains 

Glycogen" (mg/mg  protein) 
~ 

Strain Mutant allele Logarithmic Stationary Growth on maltose 

EG328-1A Wild  type 0.042 0.827 ND' 
DH19 glc7-1 0.008  0.098 
DH7 

+ 
glc7-1 regl::URA3 0.112 0.285 ND 

DH18 glc7-1 regl::(Tn3) 0.149 0.358 
bDH18 glc7-1 regl::(Tn3) 0.01 1 0.087 
+REG1 
DH11 regl :: URA3 0.485  2.316 ND' 

- 

+ 

a Glycogen content was measured  in yeast  cell extracts as described under MATERIAL AND METHODS. Cells were harvested either 

*The REGl gene was inserted into  and expressed from a pRS314 plasmid. 
during logarithmic growth (5 X 106-107 cells/ml) or stationary phase (-lo8 cells/ml). 

'ND, not determined. 

random  insertion of a URA3marked transposon (mini- 
Tn3) in the yeast genome (see MATERIALS AND METH- 

ODS). We then  screened by iodine staining for colonies 
that  had reacquired the ability to accumulate glycogen 
(Glc+). All revertants were  recessive and fell into  a 
single complementation  group (see MATERWS AND 
METHODS). 

Since diploids homozygous for glc7-1 do  not  sporulate 
(CANNON et al. 1994), we crossed five representative 
mutants to an isogenic wild-type strain EG3281A (GLC7 
ura?-). The resulting diploids sporulated and spore 
clones were tested for glycogen storage and for uracil 
prototrophy. All glycogen deficient spores in 40 tetrads 
were Ura-, demonstrating  that suppression of the Glc- 
phenotype was tightly linked to the URA3 marker in 
the Tn3 transposon. Ura+ segregated 2+:2-, indicating 
that only one transposon insertion had  occurred in 
each mutant. This was confirmed by Southern analysis 
of genomic DNA isolated from revertants (data not 
shown). 

Identification of the  mutated  gene: To determine 
which gene was disrupted by the mini-Tn3 transposon, 
we selected one of the suppressor strains, DH6, and 
followed the  general strategy described by BURNS et al. 
(1994). After recovering the Tn3-tagged sequence, it 
was sequenced using a transposon-specific primer to 
obtain yeast genomic DNA sequence  adjacent to the 
insertion point. A sequence of  -600 nucleotides was 
found to include the 5"noncoding and the  beginning 
of the  coding region of the REGl gene. The transposon 
was inserted 23 nucleotides after the ATG codon of the 
REGl. Consistent with  this result, we also found  that 
the URA? marker in the transposon is tightly linked to 
TRPl (data  not  shown), which is known  to be close to 
REGl on chromosome 4. 

Suppression  of  the  glycogen-deficient  phenotype  of 
glc7-1 is due  to loss of function  of REGl: Maltose inhib- 
its growth of regl mutants (ENTIAN 1980).  In crosses  of 
glc7-1 regl : : T d  strains (DH6 and DH18) to the Malf 
DH4 strain, we found  that  the  Ura+ and Mal- pheno- 

types  were  always linked, indicating that  the disruption 
of REGl correlated with inability to grow on maltose. 
Furthermore, REGl on a plasmid restored growth on 
maltose to some of the Uraf clones (see also Table 
2) suggesting that these cells contained all the genes 
required for maltose  metabolism and lacked  only REGl. 
As expected,  the Mal- phenotype did not segregate with 
the glc7-1 allele, as judged by the glycogen-accumula- 
tion phenotype. DH18 is also  sensitive to maltose and 
extrachromosomal expression of REG1-restored  resis- 
tance to growth inhibition by maltose (data  not  shown). 
We conclude that defects in  growth on maltose as  well 
as suppression of the glc7-1 glycogen-deficient pheno- 
type  were caused by  loss  of REGl function. 

Interactions of REGl,  GLC7and GACl in determining 
glycogen  accumulation: Targetted deletion of REGl 
(see MATERIALS AND METHODS) resulted in an allele that 
caused similar phentoypes to those caused by Tn-3 in- 
sertion (Figure 3; Table 2). Loss of REGl correlated 
with three- to fourfold over-accumulation of  glycogen 
during logarithmic growth as compared to wild type, 
whereas  in stationary phase the glycogen  levels, though 
substantially increased compared to glc7-1 c&,  were 
only .about half those of  wild  type. The reglglc7-1 cells 
were  also  defective in maltose metabolism (Table 2). 
Deletion of REGl in an otherwise wild-type background 
led to a significant hyperaccumulation of  glycogen, 
both in logarithmic and stationary phase (Table 2 and 
Figure 3 ) .  While our study was in progress, TU and 
CARLSON (1995) found evidence for a physical interac- 
tion between Reglp  and Glc7p, and in the course of 
their work  also observed that  deletion of REGl corre- 
lated with elevated glycogen stores. 

Many  of the known controls of  glycogen accumula- 
tion involve either regulation of the expression of  glyco- 
gen biosynthetic genes, like GSY2, or regulation of the 
activation state of  glycogen  synthase (HARDY et al. 1994). 
Thus, we analyzed the glycogen  synthase  activity  in  wild- 
type, regl and reglglc7-1 strains. As shown in Figure 4, 
there was no major difference in the total enzyme  activ- 
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Wild Type 

glc7- 1 

glc7- 1 reg 1 ::Tn3 

glc7- 1 reg 1 : :MA3 

glc7 y"70regl::URA3 

glc7Y"'O 

gac 1 ::L EU2 

gacl::LEU2  regl::URA3 

ity detected in these strains. The activation state of gly- 
cogen synthase, as reflected in the -/+ glucose-6-P 
activity ratio, was significantly reduced in a glc7-1 strain, 
as previously reported  (PENG 1990; FENG  1991). Disrup 
tion of REGl in such cells caused an increase in  activity 
ratio but to a level  below that of wild-type  cells. REGl 
disruption on its own led to  a small decrease in activity 
ratio relative to wild  type. 

Defects in the GACl gene, which encodes  a putative 
phosphatase regulatory subunit,  are also known to 
cause reduced accumulation of  glycogen (FRANCOIS et 
al. 1992). We therefore tested whether loss of REG1 
function would overcome this deficit as it did  for glc7-1 
cells (Figure 3). When DH11 (regl :: URA3) was crossed 
with  EG328-2D (gacl ::LEU2), the resulting tetrads ex- 

Wild Type 

snfl::LEU2 

reg 1 ::LIRA3 

snf 1 ::L EU2 reg 1 ::URA3 

gk7- 1 h~k2::URA3 

glc7- 1 mig1::URAS 

FIGURE 3.-Effect of REGl mutation on 
glycogen accumulation. Cells  carrying REG1 
mutations, either the original transposon  in- 
sertion reg1 :: Tn3 or the targeted deletion w- 
gI :: URA3, alone or in combination with the 
indicated mutations in other relevant genes, 
were  grown on a synthetic complete plate for 
72 hr and then stained with iodine vapor. 

0.251 I 

FIGURE 4.-Effect of REG1 deletion of glycogen synthase 
activity. Glycogen synthase total activity (A) or activity ratio 
(B) were measured in  extracts of the indicated cells grown 
to stationary phase. A representative experiment is shown. 

hibited  a 3+:1- segregation ratio  for glycogen storage 
for most tetrads, suggesting that  the reg1 mutation s u p  
presses the gacl glycogen-deficient phenotype. All the 
spore clones with defective glycogen accumulation were 
Ura- and  Leu+, whereas all Ura+ clones overaccumu- 
lated glycogen. Thus,  the positive stimulus for glycogen 
storage accruing from the loss of REG1 does  not  require 
the presence of Gaclp. 

Interrelationship  between REGl and SNFl in control- 
ling  glycogen  accumulation: REGl has been  proposed 
to be upstream of SNFl in the glucose repression path- 
way (ENTIAN and ZIMMERMANN 1982; NEIGEBORN and 
CARLSON 1987; ERICKSON and JOHNSTON 1993, 1994). 
It was  of interest  to analyze the epistatic relationship 
of these two genes as regards glycogen accumulation. 
Tetrad analysis  of a snfl ::LEU2 regl :: URA3 heterozy- 
gote  indicated  a segregation ratio of 2+:2- for  the 
glycogen accumulation phenotype. The glycogendefi- 
cient  phenotype cosegregated with LEU2 but  not URA3 
(see also Figure 3). These results indicate that snfl mu- 
tations are epistatic to regl mutations as regards glyco- 
gen accumulation, just as  in the glucose repression 
pathway. 

Since mutation of REGl prevents glucose repression 
of some genes (NIEDERACHER and ENTIAN 1987), it is 
possible that  the mechanism of suppression of the 
gZc7-1 glycogen accumulation defect by regl mutations 
is due to this effect on  gene expression. This possibility 
seems unlikely for two reasons. First,  growth  of  EG327- 
1D (gZc7-1) on glycerol, conditions under which glucose 
repression is absent,  did not restore glycogen storage 
(data  not  shown).  Second,  mutations in two other 
genes, HXK2 (MA and BOTSTEIN 1986) and MIGI (NEH- 
LIN et al. 1991),  that  are  central  components of the 
glucose repression pathway do not suppress the glyco- 
gen storage defect of gZc7-1 mutants (Figure 3). We 
conclude  that  the suppression of the glc7-I defect in 
glycogen accumulation by regl is due to functions of 
REG1 different from those implicated in glucose dere- 
pression. 

The &7-1 mutation  suppresses  the slow growth and 
morphological  defects of regl cells: Mutations of REGl 
cause a  reduced  rate of  growth (MATSUMOTO et al. 1983; 
TUNG et al. 1992).  During  tetrad analysis  of diploid cells 



FIGLIRE :i.--Effect of IVXI deletion on cell morphology. 
Wild-type (EG 3281-A) (A) or cells wi th  R E G 1  clclctetl ( K )  
were  grown in W D  liquid culture  and  examined microscopi- 
cally. 

heterozygous for rq1  and glc7-I, we noticed  that  spores 
carrying the rq-I single mutation  hyperaccumulated gly- 
cogen and formed smaller colonies, whereas spores 
with the reg1 glc7-I double  mutation  formed normal- 
sized colonies. We confirmed  that rq1 cells grow  sig- 
nificantly more slowly than wild-type cells, with dou- 
bling times of 2.3 and 1.6 hr, respectively. The slow 
growth  of reg1 mutants was partially suppressed by the 
gk7-I mutation  (doubling time of 1.9 hr).  The rPg1 cells 
were enlarged in both  logarithmic and stationary phase, 
perhaps indicative of some  defect in  cell  cycle progres- 
sion (Figure 5). The glc7-I mutation  suppressed this 
defect. I t  is also noteworthy that gncl gene  disruption 
had no effect on  either  the slow growth or  the cell 
morphoIocgy phenotype of rPg1 mutation. 

Over-accumulation of  glycogen has, i n  our experi- 
ence, sometimes  been associated with  slower growth 
rates and so this property of rqI cells might be due to 
their glycogen  hyperaccumulatinglg phenotype. Suppres- 
sion of  slow-growth by glc7-1 could  then be explained 
by reduced glycogen storage i n  a rPgl g11-7-I double mu- 
tant. However, we observed that the accumulation of 
glycogen was greatly reduced in a reg1 g~y.2 double mu- 
tant  (DH21) without any increase i n  the growth rate 
relative to a rPgI mutant  (data  not  shown). We con- 
clude,  therefore,  that  the slow growth phenotype of rPgI 
cells is not simply a consequence of  glycogen hyperaccu- 
mulation. 
REG1 deletion does not  rescue  other  phenotypes as- 

sociated with GLC7 muations: The type I protein phos- 
phatase in S. cmwisinr has been implicated in numerous 
cellular processes, including  sporulation (C?\NNON et nl. 
1994) and cell  cycle control  (HISAMOTO PI nl. 1994; 
BLACK et ol. 1995). It  was of interest  to know whether 
reg1 could  suppress these other phenotypes associated 
with mutations of GLC7. To analyze effects of REG1 
mutation on  sporulation, diploids homozygous for 
glc7-I and r q l  were made by crossing DH20 and DH12. 
N o  tetrads were detected by microscopic examination, 
suggesting that rPgI does  not  suppress  the  sporulation 
deficiency caused by glc7-I. To test for suppression of 
the G2/M arrest of glc7'"Ii0 defects by wgl, we crossed 
a rq-I strain  (DH12) to a g l ~ 7 ' " ~ ~ ~ )  strain  (DH9) and 
isolated independent reg1 glc7'""strains. These  double 

mutants were grown at 30" on synthetic complete plates 
to test for glycogen storage by iodine  staining  and  on 
YPD plates at 14" to test for cold sensitivity. Although 
rqsI partially restored glycogen accumulation i n  gki" I")  

(Figure 3 ) ,  it Failed to suppress  the growth def'ect  of 
this mutant  at 14" (Figure 6).  The cell morpholop of 
the  double  mutant grown at 14"  was also examined 
microscopically and was found to be similar to that asso- 
ciated with a g1c7"~17" single mutant, namely, cells with 
large buds  (HISAMOTO ~1 01. 1994; data  not  shown). 

DISCUSSION 

The MGI/HEX2 gene  encodes a protein (NIKDIC- 
RACHER and ENTIAN 1991) initially identified a s  being 
necessary for glucose repression of  several genes (ZIW 
MERMANN and SCHEEI. 1977; ENTIXN 1980; MATSIWYIO 
1981, 1983). Recently, TU and CAK1,SON (1995) showed 
that  Reglp interacts physically  with Glc7p, leading them 
to  propose  that Reglp is a phosphatase regulatory suh  
unit  that targets Glc7p to  proteins involved i n  the glu- 
cose repression pathway. TUNG P/ nl. ( 1  992) found  that 
I E G I  is identical to S K N I ,  a gene identified as a second 
site-suppressor of rnnl mutations  that affect mRNA pro- 
cessing (PEARSON ~1 nl. 1982). RNA1 has since been 
found to encode a GTPase-activating protein (GAP) 
specific for Gsplp,  the  budding yeast homologue of the 
mammalian Ran/TC4 GTPase (BECKICR PI d .  1995). Our 
results implicate REG1 in yet another process, glycogen 
accumulation, and provide evidence for a genctic  inter- 
action behveen the I E G I  gene  and GI,(;% the  gene 
encoding  the type 1  protein  phosphatase catalytic suh  
unit. Glycogen biosynthesis, which is closely linked to 
glucose availability,  clearly shares some regulaton rle- 
ments with glucose repression pathways, including SNFI 
(TH<)MPs<)N~JAE(;ER 1991; CANNON rt 01. 1994), GI.C7 
(CANNON Pt nl. 1994) and IUXI (this  work). 

The concept has emerged from study of mammalian 
protein phosphatases of a common type 1 catalytic a u h  
unit  that is directed to a wide range of cellular tasks by 
associated regulatory subunits (HLIRRARI)  and  COI-IKN 
1993). A number of potential regulatory subunits have 
already been identified in S.  cmnXsinP, including Gaclp 
(FRAN(:OIS P! 01. 1992), Glc8p (CANNOS ~1 nl. 1994), 
Sds22p/Egplp  (HISAMOTO P/ nl. 1995; Ml\cKEL.\w PI 

nl. 1995),  and  Piglp ( C .  CI-IENG, D. HUANC  and P. J .  
ROACH, unpublished data).  The suggestion of STUART 
el al. (1994)  that Gaclp targets Glc7p toward a function 
in  glycogen metabolism is perhaps  one of the clearest 
examples of this idea to date. The existence of multiple 
targetting  subunits  for Glc7p helps explain why  diff'er- 
ent mutations within the GLC7gene can cause a variety 
of phenotypes. For example, glc7-I affects glycogen stor- 
age  but not glucose repression, whereas the glc7-TI52K 
(cidl-226) mutant is defective for glucose repression but 
close to normal  for glycogen storage. The gleiy"i')allele 
confers cell  cycle defects as well as reduced glycogen 



F K ; I . K I ~ ,  [i.-(;rowI1 ( I ~ I C C I S  ;Issoc.i;ltc.cI 1Ilc. ,c/ri' "" 
; ~ l l c + -  ;~rc* 1101 s~~pprcssc~l  I)! tlrlc-tion o l .  / E ( ; / .  (:c*lls 
were gro\vn o n  1'1'1) p l ~ ~ c s  a t  thr inc l i c ;uc~c l  I C I I I ~ C I . : I -  

lllr(-. 

tlcposition ( I ~ I S ~ \ \ I O I ~ O  P/ I / / .  1994). 'I'hc g/r i - /  mtltation 
tloc.s inflllc~ncc growth sincc. i t  p;wti;tlly s r ~ p p r c w ~ ~  t l w  
slow growth o f  w g I  n1I1tants. ~ I I I  this c.ffcct most likely 
rcfl(*cts tlisrrlption of tlil'fi.rcnt ( ; k i p  properties than 
those affcctct! hy gIci"'"'. Such oI,sc.rxttions can I>c. cs- 
p l ; I i n c d  if sr~l>scts of (;kip r c y y ~ l ; ~ t o ~ - y  snhunit intcnc- 
tions can he intlcl~~~~ltlcntly ;~lli.ctctl i n  tlill'crcnt ;dlclcs 
o f  g/r i .  

Though glycogen ;Iccr~rnrll;trion and glncosc rc-prc-s- 
sioll arc clearly intcrtwin<d. there is :I tlcgrcv. o f  intlc- 
pcwtlcncc i n  t h c -  control ofthe t w o  procvssc*s. For cxmn- 
p k ,  n r l l l  mrlt;ttions i n  HSK2 o r  . \ f /G/ ,  I > o t h  o f  which 
rclicvc glrlcosc rc-prvssion, ( l o  n o t  s11pprcss t h c  glyctr 
gcn-dcficicnt phenotype of 'g / c i - /  ;Ind ;I tnig111111tant h;~s 
1 1 0  glycogcn ;umlnrll;ltion phcwotypc ( I  I.\KI)I. l ! W ) .  
Sinlilarly. growth o f  ;I g/ci-/ strain on glyccrol. contli- 
tions o f '  tlcrcprcssion, ( l o  11ot (~vcrco~nc thc- glycogen 
tlcli.ct. 111 addition, we have  sc;Irchctl for sccontl-site 
stlpprcssors ol'thc  glycogrn~lcficit~~~t phcnotypc o f '  .st!/ /  

strains i n  which glycogen ;~ccrmlrhtion is rcstorctl with- 
out corrc*cting defects linkcd t o  glucose repression ( I ) .  
H t . . \ s t ;  ;Inti 1'. J. RO;\(:II rmpuhlishctl rcsr~lts). Thcrc- 
fore, the tlo\\fnstrc;1In fi1Ctor.s co11trollctl !>? .'i.YF/ ;Ind 
G/.Ci must he a t  !cast partly nono\crl;~ppillg.  This con- 
clnsion is consistent with the f k t  t h  .%\%'/ ;tntl (;/,(,'i 
act ;Int;~go~listic;llly t o  <*;1ch otlwr i n  glr~cosc repression 
whcw*as hoth promotc.  glycogen ckposition ( T I  t o \ t t ~ -  

Mc*ch;~nistically, how docs Kcglp inflrlcmx- glycogcw 
mct;hlism, accounting l>oth for thc proposal th;l t  i t  is 
;I phosplutasc rcgulator-y srlhunit ;Ind that its loss o f  
function sr1pprc.ssc.s thc g1ycogc.n clcfi-ct i n  g/r i - /  mil- 

tants? (:onsitlcrations of epistasis w o l l l t l  form;dly pl;~cc 
/UK/ cithcr tlownstrcarn of the defect i n  g / r i - /  or  o n  

t h c  for~ner possibility, wc p r d w  the idea that GIcip 
X I S  OII ;I s<*l>>lr;lt<* p;Ith\\.;ly, consistent with  its proposctl 
rolc- ;IS ;I glycogc-n synthase pI1osphat;w. ( h c !  p.(;lcip 
m;y activate glycogcn syntl1;w by tlircct dcphospI1o~l;~- 
tion. whilc Rcglp.(;lc'ip acts a t  some* othcr, a s  yct un- 
ithtificd, stcrp t o  oppose glycogen  synthesis. AnotI1c-r 
possihility  consitlcrc.tl by T t .  ant! ( ~ K I S ~ S  (199.5) is 
h s c ~ l  on thc itlcsa o f  ;I shared p o o l  of  (;kip molccrllcs 
interacting with Gael p ;Ind Rcgl p. Onc corllrl hypothc- 
sizc that loss of Rcglp might I r ; d  t o  ;I rc.distrihrltion 
of  Glcip s o  ;IS t o  favor formation of othcr complcscs. 
including  thc Gaclp.Glcip complcx, ant1 i n  this \\ay 

cells ( . T . T ~  1111It;111ts)  i1nd !);I\.<* f o \ l n t l  sc\.cr.;Il m t l t ; n l t  

SOS:J:\I(;I.K P/ ( I / .  1 9 9 1 :  Tt. ;lntl (:;\KISOS I ! W l ) .  

;I scp;lr;ltc p t h \ \ ~ > l y .  Thotlgh \CC c;\tln<>t tot;llly <.xclIdc 

I>roInotc glycogcn ~ ~ c c ~ l ~ 1 l ~ ~ l ~ ~ t i o ~ l .  111 ;I gk i - I  lnllt;\llt, 
incrcwcd Icvcls o f  tlcfcctivc cat;dytic srthunit causcd by 
tlclction of /il,'G/ might cn;tl)lc enough interaction w i t h  
( h e 1  p t o  s~~pprcss  the glycogcn~lclieic.nt phcwotype. 
Howc~vcr, slIcl1 a nwcl1;wisn~ c;~nnot explain how a t q l  
mutation sr~pprcsss"~ t h c  glycogen tlcficicncy o f  ;I gurl 
strain, unless thwc is ;Inothc.r ~ ~ ~ ~ ~ l > ~ t o ~ ~  suhni t  c a p -  
hlc oft;wgcting t o  glycogen. Also, i1'intcr;~ction I ~ ~ ~ t w ~ * n  
( ; ! r i p  ;nit1 Rcgl p is  in1p;Iirr.d  in g/ri-T/52K nlutants. 
one woultl  prcdict ;III incrcww i n  ( h c l  p . ( ; !c ip  forn1;l- 

t i o n ,  si~nilw t o  that cause-tl b y  rldction o f '  /U;(;/. I n  li~ct. 
g/r i -T/  i2Kcclls ;IccIIInnI;\tc glycogen norm1lly ( T t .  ant! 
( : . \ K I S o S  1 9 9 4 ) .  

Thc relationship o f  thcsc. pl1osphat;~scs an(! Snfl p i l l  

regulating glycogen mct;hdism is n o t  clear. IVc had 
proposcd previously t h a t  Snfl p controls 1 1 1 ~  pl1osphot-y- 
1;ltion state of  glycogen synth;w, citlwr inhiI>iting a 
protrill kinascb o r  ;tcti\.nting ;I p h o S ~ > h i ~ t ~ ~ s ~  (H;\I<I>I. r /  N / .  
I!l!M). I-low tlwn tloc.s Snfl p rcl;~tc* t o  Kcglp i n  control- 
ling glycogen synthchsis? First, we I1;n.c shown  th;lt XYFI 
is  ncccssm-y for /U,'G/ control  ofglycogc~n ;Iccumul;Ition 
since SA'// dclction is epistatic t o  /V,'G/ Inl1t;Itions ;IS 

rcg;n-tls glycogen tlcposition. I n t l c c d .  t h c  s;nnc c*pist;tsis 
is known t o  l>c I ~ I I C  for glucosc rcpwsion ( ISII . \S  ;nld 
%ISISII:.KSI.\SS 1982; S I I ( ; I ~ ) K S  and <:.\KISOS I ! K :  
EKI(:KSOS ;Itltl JOI ISWOS 1!)!)3, 1 9 0 4 ) .  Thc~<*forc., 
Rcgl p is cithcr ;I 11cgi1ti\.c rlpstrc;lm rcgul;ltor o f  Sllf'l p 
o r  o n  a scp;nxtc pathway controling glycogcn. Tlw for- 
mer moclcl  is tliflicrllt t o  sustain if Keglp acts o n l ! .  ;IS a 
phospl1;~t;~sc~ rcyyl;ItolT srlhnit, sincc clisnlption ol.tl1c 
Rc*gI pGlc'7p intcraction. ;IS i n  g/ri- ' /*/52K 111Ittilt1ts, 

tlwsc mut;nlts arc  normal for glycogc-n storage.. Eithcr 
Rcgl p 1x1s some ftlnctions inrlcpentlcnt of G l c i p  o r  c-lsc- 
i t  ;\CIS on ;I s c ~ p ~ ~ s t c  p;\thway from Snflp i n  controlling 

Tlw  expectation W;IS t h a t  suppression o f t  he glycogcw 
stotxgc dcfcct i n  g/r i - /  mut;lnts w o u l d  corrc*l;~tc* wit11 

rc~storation of  glycogen S ~ n t h i ~ S ~ ~  tlcphosp!lo~l;~tion, ;IS 

cvitlcnccd by clcvation o f '  the activity ratio. Though  the 
activity ratio o f  glycogcn synthase. in g/r7-/ w g /  clonl>lc 
nlutmts was incrcwcd as comp;\rctl t o  the l o w  v a l w  of 
t h c  g/r i - /  cc-I!, the activity r a t i o  in a r . q /  mntant. which 
I1ypcr;~cc~~mr~l;~tcs glycogen, was n o t  clcwtctl. \2'c con- 
sitlcr t w o  possil>lc  csp1;u:ntions.  First, the activity ratio 
a s  nwasnrct! in 7 d W  may not l > c  an atlcqmtc indicator 
of  the cblTcctivc activity o f  the cnTmc i t )  v i v o .  Thus. i f  
mcmrlrctl Imdcr contlitions tnorc rcllcctivc of the in  

s h o ~ ~ l t l  also ;Ifli.ct g l y ~ o g ~ n  ;~eeumul;~tion. \\*h(.r<.iIS 

glycogcn. 
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uiuo situation, glycogen synthase activity might have fol- 
lowed more closely the glycogen  levels. Also, an enzyme 
activity measurement reflects an instantaneous value, 
whereas the level of a  stored  metabolite is an integration 
of past events. Second, regulation of multiple proteins 
might  contribute to the  control  of glycogen biosynthe- 
sis. Mutation of REG1 may influence glycogen synthase, 
as seen clearly in a glc7-I background, as well  as other 
proteins involved in glycogen accumulation. Mutation 
of REG1 in  a wild-type background  might  influence gly- 
cogen synthesis via one of these other proteins. In- 
cluded  here  might be the newly described Glg proteins 
(CHENG et al. 1995a),  the  branching enzyme encoded 
by GLC3 (ROWEN et al. 1992; THON et al. 1992) or  other 
as  yet unidentified regulators of glycogen accumula- 
tion. In studies of metabolism, it is not uncommon  for 
multiple steps to contribute to the  control of a given 
pathway  with different enzymes having greater  or lesser 
impact depending  on  the circumstances. 
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