Copyright © 1996 by the Genetics Society of America

Genetic Interactions Between REGI/HEX2 and GLC7, the Gene Encoding the
Protein Phosphatase Type 1 Catalytic Subunit in Saccharomyces cerevisiae

Donggqing Huang, Kristin T. Chun, Mark G. Goebl and Peter J. Roach

Department of Biochemistry and Molecular Biology, Indiana University School of Medicine, Indianapolis, Indiana 46202-5122

Manuscript received November 21, 1995
Accepted for publication February 10, 1996

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 REGI/HEX2 gene, necessary for glucose
repression of several genes, was found to suppress the glycogen-deficient phenotype of the gic7-1 allele.
Deletion of REGI in a wild-type background led to overaccumulation of glycogen as well as slow growth
and an enlarged cell size. However, loss of 'REGI did not suppress other phenotypes associated with
GLC7 mutations, such as inability to sporulate or, in cells bearing the glc7"'” allele, lack of growth at
14°. The effect of REGI deletion on glycogen accumulation is not simply due to derepression of glucose-
repressed genes, although it does require the presence of SNFI, which encodes a protein kinase essential
for expression of glucose-repressed genes and for glycogen accumulation. We propose that REGI has a

role in controlling glycogen accumulation.

N the yeast Saccharomyces cerevisiae, 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-JAEGER et al. 1991; HARDY
et al. 1994). For example, SNF1/CATI, 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-JAEGER et al. 1991;
CANNON et al. 1994).

Glycogen synthesis in yeast requires several proteins.
Glycogen synthase, encoded by two genes, GSYI and
GSY2 (FARKAS et al. 1991), is responsible for the basic
polymerization reaction, and an enzyme encoded by
the GLC3/GHAI 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,
GLGI and GLG2, that code for self-glucosylating pro-
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
(HARDY 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-6-P. Thus, the —/+ glucose-6-P 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 (PENG et al. 1990;
FENG et al. 1991; Posas 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, gic7-1, 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 strains

Strain Genotype Source
EG328-1A MATw trpl leu2 ura3-52 K. TATCHELL
EG327-1D MATo trpl leu2 ura3-52 gle7-1 K. TATCHELL
EG328-2D MATw trpl leu2 ura3-52 gacl::LEU2 K. TATCHELL
NH-102C MATa trpl leu2 ura3-52 gle7"'" K. MATSUMOTO
F243 MATa thr4 Mal® R. C. WK
DH4“ MATa ura3-52 thr4 Mal™ This study
DH5 MATa trpl leu2 wra3-52 snfl::LEU2 This study
DH6 MATo trpl leu2 ura3-52 gle7-1 regl::(Tn3::URA3) This study
DHY7 MATa trpl leu2 wra3-52 glc7-1 regl::URA3 This study
DHS8 MATa trpl leu2 ura3-52 glc7-1 regl::LEU2 This study
DH9“ MATa ura3-52 thrt gle7"'" This study
DH10“ MATa trp] leu2 wra3-52 thré glc7'" regl::=URA3 This study
DHI11 MATa trpl ura3-52 thrd regl::URA3 This study
DHI12 MATa trpl leu2 ura3-52 regl::URA3 This study
DH13 MATa trpl leu2 ura3-52 snfl::LEU2 regl::URA3 This study
DH14 MATa trpl leu2 ura3-52 gle7-1 hsk2::URA3 This study
DHI15 MATa trpl leu2 wra3-52 glc7-1 migl::URA3 This study
DH17 MATa trpl leu2 wra3-52 gacl::LEU2 regl::URA3 This study
DH18* MATw trpl leu2 wra3-52 gle7-1 regl::(Tn3::URA3) This study
DH19 MATo trpl leu2 ura3-52 glc7-1 Mal" This study
DH20 MATa trpl ura3-52 thr4 glc7-1 regl::URA3 This study
DHZ21 MATa trpl leu2 ura3-52 regl::LEU2 gsy2::URA3 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 DH10 are
the progeny of three backcrosses to the wild-type strain EG328-1A from NH102-1C.

*EG3828-1A is Mal . For some experiments, it was necessary to produce a Mal* strain by mating and backcross-
ing with F243 (see text). This produced DH19, which is Mal* and DH18, that contains all the genes necessary

for maltose metabolism except for REGI.

to suppress the glycogen accumulation defect in a
glc7-1 strain (HAarDY and RoachH 1993). Deletion of
GACI, which encodes a presumed regulatory subunit
of type 1 phosphatase (FRANCOIS ef al. 1992; STUART et
al. 1994), also caused a glycogen-deficient phenotype
that could be suppressed by mutations affecting Gsy2p
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 REGI
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. cerevisiae 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 (YP) with the indicated carbon
source. Plasmids were maintained in FEscherichia coli strain
DHbe. 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 glc7-1 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 Nofl to excise linear segments
of the yeast DNA that were then used for one-step gene re-
placement (GUTHRIE and FINK 1991) in haploid glc7-1 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 transpo-
son. The Ura™ colonies that also had restored glycogen accu-
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pHSSE (Yeast genomic DNA) :
Notl ::m-Tn3 (URA3) Notl

Kan '

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 Scal
to introduce a bacterial origin of replication. Yeast genomic
DNA was then isolated from the transformants, cut with Xhol,
and ligated with T4 DNA ligase under dilute conditions to
favor intramolecular ligation. E. coli (DH5«) cells were trans-
formed with the ligation products using the calcium chloride
procedure (MANIATIS et al. 1982). Rescued plasmid DNAs
were purified from bacteria by the alkaline lysis method
(BiIrnBoM and DoLry 1979), and the nucleotide sequence
flanking the transposon was determined by the dideoxy chain
termination method (SANGER et al. 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 (PEARSON 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 MAT«, was crossed with a MATa GLC7 strain (DH4)
to change mating type. MATa suppressor strains were then
crossed with the different MATa mutants isolated from the
primary screen. The resulting diploids were tested for their
ability to restore glycogen in a glc7-1 background. Mutant
alleles within the same complementation group should be
associated with a glycogen-accumulating phenotype in a dip-
loid homozygous for glc7-1.

Gene disruptions and plasmid construction: For disruption
of REGI, PCR was used to generate a DNA fragment that
contained REGI sequences straddling the chosen marker
gene. The URA3 gene on vector pRS306 (SIKORSKI and
HEITER 1989) was used as the template for PCR. The sense
(GAGGGCTAGCTTTTGGCTGTTATACGTATAACCACA-
CACCTGGTGAGCAGATTGTACTGAGAGTGC) and antisense
(CAGCTTACTTGGATCCTAAAGACGGCACTGATCCACACT-
ACCTGGCATCTGTGCGGTATTTCACAC) 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 (—111
to —66 referred to the open reading frame) and 3’ sequence
(3085-3130) of REGI 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

Xhol Scal
Yeast DNA Yeast DNA
pRS305
Scal Xho| Scal
ori LEU2
Xholl Scal Xhol Scal
ori LEU2
Cut with Xho |
and self-ligate
Primer Xhol
ori
Yeast DNA

rescue in E. coli

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

the REGI gene to generate strain DH7. The gene disruption
was confirmed by PCR. A similar strategy was employed to con-
struct a regl::LEUZ2 strain, DHS.

The HXK2 gene was disrupted using pMR226 (K.-D. EN-
TIAN, University of Tubingen, Germany). After cutting with
HindIll and Xbal, the DNA was used to transform EG327-1D
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 Hindlll and Xbal,
and used to transform strain EG327-1D to Ura". Both disrup-
tions were confirmed by Southern blot analysis.

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

Glycogen synthase and glycogen measurements: Assay of
glycogen synthase by the method of THOMAS et al. (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 umol 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-6-phosphate. The —/+ glucose-6-P 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 glycogen-deficient phenotype of glc7-1
cells: Our initial logic was that a screen for second site
suppressors of glc7-1, a mutation known to impair glyco-
gen synthase activation, might reveal glycogen synthase
kinases. We mutagenized strain EG327-1D (glc7-1) 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*

DHI19 gle7-1 0.008 0.098 +

DH7 glc7-1 regl::URA3 0.112 0.285 ND

DH18 gle7-1 regl::(Tn3) 0.149 0.358 -

*DH18 gle7-1 regl::(Tn3) 0.011 0.087 +

+REGI

DH11 regl::URA3 0.485 2.316 ND*

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

during logarithmic growth (5 X 10°~107 cells/ml) or stationary phase (~10% cells/ml).
*The REGI gene was inserted into and expressed from a pRS314 plasmid.

“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
(GIc™). All revertants were recessive and fell into a
single complementation group (see MATERIALS 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 EG328-1A (GLC7
ura3”). 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 27:27, 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 REGI gene. The transposon
was inserted 23 nucleotides after the ATG codon of the
REGI. Consistent with this result, we also found that
the URA3 marker in the transposon is tightly linked to
TRPI (data not shown), which is known to be close to
REGI on chromosome 4.

Suppression of the glycogen-deficient phenotype of
gle7-1 is due to loss of function of REGI: Maltose inhib-
its growth of regl mutants (ENTIAN 1980). In crosses of
glc7-1 regl ::Tn3 strains (DH6 and DH18) to the Mal®
DH4 strain, we found that the Ura® and Mal™ pheno-

types were always linked, indicating that the disruption
of REGI correlated with inability to grow on maltose.
Furthermore, REGI on a plasmid restored growth on
maltose to some of the Ura®™ clones (see also Table
2) suggesting that these cells contained all the genes
required for maitose metabolism and lacked only REGI.
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 REGI-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 REGI function.

Interactions of REG1, GLC7 and GACI in determining
glycogen accumulation: Targetted deletion of REGI
(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 REGI 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-I cells, were
only about half those of wild type. The reglglc7-1 cells
were also defective in maltose metabolism (Table 2).
Deletion of REGI 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 REGI 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 ef 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
gle7-1
glc7-1reg1::Tn3
glc7-1 reg1::URA3
glc7 Y-170
gle7 Y-170rgg1::URA3
gact1:LEU2
gac1::LEU2 reg1::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 REGI in such cells caused an increase in activity
ratio but to a level below that of wild-type cells. REGI
disruption on its own led to a small decrease in activity
ratio relative to wild type.

Defects in the GACI 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 REGI
function would overcome this deficit as it did for glc7-1
cells (Figure 3). When DHI11 (regl:: URA3) was crossed
with EG328-2D (gacl ::LEU2), the resulting tetrads ex-
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FIGURE 4.—Effect of REGI 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.

Wild Type

snf1::LEU2
reg1::URA3
snf1::LEU2 reg1::URA3
glc7-1 hxk2::URA3

glc7-1 mig1::URA3

FIGURE 3.—Effect of REGI mutation on
glycogen accumulation. Cells carrying REGI
mutations, either the original transposon in-
sertion regl::Tn3 or the targeted deletion re-
gl::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.

hibited a 3":1” segregation ratio for glycogen storage
for most tetrads, suggesting that the reg/ mutation sup-
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 REGI does not require
the presence of Gaclp.

Interrelationship between REGI and SNFI in control-
ling glycogen accumulation: REGI has been proposed
to be upstream of SNFI 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 glycogen-defi-
cient phenotype cosegregated with LEU2 but not URA3
(see also Figure 3). These results indicate that snfl mu-
tations are epistatic to reg/ mutations as regards glyco-
gen accumulation, just as in the glucose repression
pathway.

Since mutation of REGI prevents glucose repression
of some genes (NIEDERACHER and ENTIAN 1987), it is
possible that the mechanism of suppression of the
gle7-1 glycogen accumulation defect by reg/ mutations
is due to this effect on gene expression. This possibility
seems unlikely for two reasons. First, growth of EG327-
1D (glc7-1) 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 glc7-1 mutants (Figure 3). We
conclude that the suppression of the glc7-1 defect in
glycogen accumulation by regl is due to functions of
REGI different from those implicated in glucose dere-
pression.

The glc7-1 mutation suppresses the slow growth and
morphological defects of regl cells: Mutations of REGI
cause a reduced rate of growth (MATSUMOTO et al. 1983;
TUNG et al. 1992). During tetrad analysis of diploid cells
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FIGURE 5.—Effect of REGI deletion on cell morphology.
Wild-type (EG 3281-A) (A) or cells with REGI deleted (B)
were grown in YPD liquid culture and examined microscopi-
cally.

heterozygous for regl and gle7-1, we noticed that spores
carrying the regl single mutation hyperaccumulated gly-
cogen and formed smaller colonies, whereas spores
with the regl glc7-1 double mutation formed normal-
sized colonies. We confirmed that regl 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 regl mutants was partially suppressed by the
gle7-1 mutation (doubling time of 1.9 hr). The reg! cells
were enlarged in both logarithmic and stationary phase,
perhaps indicative of some defect in cell cycle progres-
sion (Figure 5). The glc7-1 mutation suppressed this
defect. It is also noteworthy that gacl gene disruption
had no effect on either the slow growth or the cell
morphology phenotype of regl mutation.

Over-accumulation of glycogen has, in our experi-
ence, sometimes been associated with slower growth
rates and so this property of regl cells might be due to
their glycogen hyperaccumulating phenotype. Suppres-
sion of slow-growth by glc7-1 could then be explained
by reduced glycogen storage in a regl gle7-1 double mu-
tant. However, we observed that the accumulation of
glycogen was greatly reduced in a regl gsy2 double mu-
tant (DH21) without any increase in the growth rate
relative to a regl mutant (data not shown). We con-
clude, therefore, that the slow growth phenotype of regl/
cells is not simply a consequence of glycogen hyperaccu-
mulation.

REGI deletion does not rescue other phenotypes as-
sociated with GLC7 muations: The type I protein phos-
phatase in S. cerevisiae has been implicated in numerous
cellular processes, including sporulation (CANNON ef al.
1994) and cell cycle control (HISAMOTO et al. 1994;
BrAcK et al. 1995). It was of interest to know whether
regl could suppress these other phenotypes associated
with mutations of GLC7. To analyze effects of REGI
mutation on sporulation, diploids homozygous for
gle7-1 and regl were made by crossing DH20 and DH12.
No tetrads were detected by microscopic examination,
suggesting that regl does not suppress the sporulation
deficiency caused by glc7-1. To test for suppression of
the G2/M arrest of gle7""" defects by regl, we crossed
a regl strain (DH12) to a glc7"™'” strain (DH9) and
isolated independent regl 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
regl partially restored glycogen accumulation in gle7" "
(Figure 3), it failed to suppress the growth defect of
this mutant at 14° (Figure 6). The cell morphology of
the double mutant grown at 14° was also examined
microscopically and was found to be similar to that asso-
ciated with a gle7"""” single mutant, namely, cells with
large buds (HISAMOTO et al. 1994; data not shown).

DISCUSSION

The REGI/HEX2 gene encodes a protein (NIEDE-
RACHER and ENTIAN 1991) initially identified as being
necessary for glucose repression of several genes (Zim-
MERMANN and SCHEEL 1977; ENTIAN 1980; MATSUMOTO
1981, 1983). Recently, TU and CARLSON (1995) showed
that Reglp interacts physically with Glc7p, leading them
to propose that Reglp is a phosphatase regulatory sub-
unit that targets Glc7p to proteins involved in the glu-
cose repression pathway. TUNG ef al. (1992) found that
REGI is identical to SRN1, a gene identified as a second
site-suppressor of rnal mutations that affect mRNA pro-
cessing (PEARSON et al. 1982). RNAI has since been
found to encode a GTPase-activating protein (GAP)
specific for Gsplp, the budding yeast homologue of the
mammalian Ran/TC4 GTPase (BECKER e al. 1995). Our
results implicate REGI in yet another process, glycogen
accumulation, and provide evidence for a genetic inter-
action between the REGI gene and GLC7, the gene
encoding the type 1 protein phosphatase catalytic sub-
unit. Glycogen biosynthesis, which is closely linked to
glucose availability, clearly shares some regulatory ele-
ments with glucose repression pathways, including SNII
(THOMPSON-JAEGER 1991; CANNON et al. 1994), GLC7
(CANNON et al. 1994) and REGI (this work).

The concept has emerged from study of mammalian
protein phosphatases of a common type 1 catalytic sub-
unit that is directed to a wide range of cellular tasks by
associated regulatory subunits (HUBBARD and COHEN
1993). A number of potential regulatory subunits have
already been identified in S. cerevisiae, including Gaclp
(FrRANCOIS et al. 1992), Gle8p (CANNON et al. 1994),
Sds22p/Egplp (HiSAMOTO et al. 1995; MACKELVIE el
al. 1995), and Piglp (C. CHENG, D. HUANG and P. J.
RoAcCH, unpublished data). The suggestion of STUART
et 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 differ-
ent mutations within the GLC7 gene can cause a variety
of phenotypes. For example, gle7-1 affects glycogen stor-
age but not glucose repression, whereas the gle7-T152K
(cid1-226) mutant is defective for glucose repression but
close to normal for glycogen storage. The gle7"'" allele
confers cell cycle defects as well as reduced glycogen
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deposition (HISAMOTO et al. 1994). The gle7-1 mutation
does influence growth since it partially suppresses the
slow growth of regl mutants, but this effect most likely
reflects disruption of different Gle7p properties than

=Y-170

those affected by glc7 Such observations can be ex-
plained if subsets of Glc7p regulatory subunit interac-
tions can be independently affected in different alleles
of gle7.

Though glycogen accumulation and glucose repres-
sion are clearly intertwined, there is a degree of inde-
pendence in the control of the two processes. For exam-
ple, null mutations in H/XK2 or MIGI, both of which
relieve glucose repression, do not suppress the glyco-
gen-deficient phenotype of gle7-1 and a migl mutant has
no glycogen accumulation phenotype (HARDY 1995).
Similarly, growth of a glc7-1 strain on glycerol, condi-
tions of derepression, do not overcome the glycogen
defect. In addition, we have searched for second-site
suppressors of the glycogen-deficient phenotype of snfl
cells (ssg mutants) and have found several mutant
strains in which glycogen accumulation is restored with-
out correcting defects linked to glucose repression (D.
HUANG and P. J. RoAcH unpublished results). There-
fore, the downstream factors controlled by SNI/ and
GLC7 must be at least partly nonoverlapping. This con-
clusion is consistent with the fact that SNFI and GLC7
act antagonistically to each other in glucose repression
whereas both promote glycogen deposition (THOMP-
SON-JAEGER et al. 1991; Tu and CARLSON 1994).

Mechanistically, how does Reglp influence glycogen
metabolism, accounting both for the proposal that it is
a phosphatase regulatory subunit and that its loss of
function suppresses the glycogen defect in gle7-1 mu-
tants? Considerations of epistasis would formally place
REGI either downstream of the defect in gle7-1 or on
a separate pathway. Though we cannot totally exclude
the former possibility, we prefer the idea that Glc7p
acts on a separate pathway, consistent with its proposed
role as a glycogen synthase phosphatase. Gaclp.Glc7p
may activate glycogen synthase by direct dephosphoryla-
tion, while Reglp.Glc7p acts at some other, as yet un-
identified, step to oppose glycogen synthesis. Another
possibility considered by Tu and Carison (1995) is
based on the idea of a shared pool of Glc7p molecules
interacting with Gaclp and Reglp. One could hypothe-
size that loss of Reglp might lead to a redistribution
of Glc7p so as to favor formation of other complexes,
including the Gaclp.Glc7p complex, and in this way

FIGURE 6.—Growth defects associated the gle7" """
allele are not suppressed by deletion of REGI. Cells
were grown on YPD plates at the indicated tempera-
ture.

promote glycogen accumulation. In a gle7-1 mutant,
increased levels of defective catalytic subunit caused by
deletion of REGI might enable enough interaction with
Gaclp to suppress the glycogen-deficient phenotype.
However, such a mechanism cannot explain how a reg/
mutation suppresses the glycogen deficiency of a gacl
strain, unless there is another regulatory subunit capa-
ble of targeting to glycogen. Also, if interaction between
Glc7p and Reglp is impaired in gle7-T152K mutants,
one would predict an increase in Gaclp.Gle7p forma-
tion, similar to that caused by deletion of REGI. In fact,
gle7-T'152K cells accumulate glycogen normally (Tv and
CARLSON 1994).

The relationship of these phosphatases and Snflp in
regulating glycogen metabolism is not clear. We had
proposed previously that Snflp controls the phosphory-
lation state of glycogen synthase, either inhibiting a
protein Kinase or activating a phosphatase (HARDY ¢/ al.
1994). How then does Snflp relate to Reglp in control-
ling glycogen synthesis? First, we have shown that SNF/
is necessary for REGI control of glycogen accumulation
since SNI'I deletion is epistatic to REGI mutations as
regards glycogen deposition. Indeed, the same epistasis
is known to be true for glucose repression (ENTIAN and
ZIMMERMANN  1982; NEIGEBORN and CARLSON 1987;
ERICKSON and Jonnstonx 1993, 1994). Therefore,
Reglp is either a negative upstream regulator of Snflp
or on a separate pathway controling glycogen. The for-
mer model is difficult to sustain if Reglp acts only as a
phosphatase regulatory subunit, since disruption of the
Reglp-Glc7p interaction, as in gle7-T152K mutants,
should also affect glycogen accumulation, whereas
these mutants are normal for glycogen storage. Either
Reglp has some functions independent of Glc7p or else
it acts on a separate pathway from Snflp in controlling
glycogen.

The expectation was that suppression of the glycogen
storage defect in gle7-1 mutants would correlate with
restoration of glycogen synthase dephosphorylation, as
evidenced by elevation of the activity ratio. Though the
activity ratio of glycogen synthase in gle7-1 regl double
mutants was increased as compared to the low value of
the gle7-1 cell, the activity ratio in a regl mutant, which
hyperaccumulates glycogen, was not elevated. We con-
sider two possible explanations. First, the activity ratio
as measured in vitro may not be an adequate indicator
of the effective activity of the enzyme in vivo. Thus, if
measured under conditions more reflective of the in
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vivo 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 REGI may influence glycogen synthase,
as seen clearly in a gic7-1 background, as well as other
proteins involved in glycogen accumulation. Mutation
of REGI 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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