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Disruption of the gene pgil of Saccharomyces cerevisiae, which codes for phosphoglucose isomerase, results in a dramatic increase in the amount
of intracellular glycogen in early exponential cullures. The level of glucose 6-phosphate was much higher in mutant than in wild-type cells.
Phosphorylase @ activity and the stale of activation of glycogen synthase were also inveslipated. Phosphorylase a activity was rather low along
the culture in wild-type cells, whereas it was consistently higher in mutants. Glycogen synthase was mostly in the active form in early-medium
exponential cultures in wild-type cells whereas the activation slate of this enzyme in mutant cells, although lowesr at the earlier steps of the culture,
did not differ from wild-type cells at later stages. The fact that the intracellular levels of UDP-glucose are markedly incrensed in mutant cells suggest
that the observed accumulation of glycogen results from a rise in subsirate availability rather than from the activation of the enzyme responsible
for the synthesis of the polysaccharide.
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1. INTRODUCTION

The interconversion of glucose 6-phosphate and fruc-
tose 6-phosphate in yeast is catalyzed by the enzyme
phosphoglucose isomerase (PGI) (see [1] for review).
Mutants with reduced PGI activity were isolated as a
result of their ability to grow in fructose as carbon
source but not in glucose [2]. “feast phosphoglucose
isomerase is encoded by the gene pgi/ [3]. Deletion of
pgil results in no measurable PGI activity and failure
to grow in fructose as a sole source of carbon [4,5).
Instead, addition of trace amounts of glucose was neces-
sary to support growth in fructese-supplemented media.
. Under these conditions, mutant cells accumnulate large
amounts of glucose 6-P, as it was previously observed
for muants with residual PGI activity [6,7].

Glycogen is the major energy reserve in yeast (see [8]
for review) and glycogen synthase and glycogen
phosphorylase are the key enzymes centrolling glyco-
gen metabolism, In yeast, as well as in many other
organisms, both enzymes are regulated by phospho-
dephosphorylation reactions [9-14]. Phosphorylation
activates phosphorylase and inactivates synthase, while
dephosphorylation provokes the opposite effects. Both
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enzymes can also be under the control of allosteric mod-
ulators. For instance, glucose 6-P is able to activate
glycogen synthase in spite of the phosphorylation state
of the enzyme [9,10,15-17). The role of glucose 6-P is
especially interesting because this sugar phosphate is
also a metabolic precursor of UDP-glucose, the glucose-
donor substrate for glycogen synthase. In this context,
the availability of pgil deletion mutants provides with
a useful tool to test how the accumulation of glucose 6-P
affects glycogen metabolism in yeast cells. Our work
demonstrates that a pgil/ deletion mutant accumulates
large amounts of glycogen, most probably as a result of
an increase in the intracellular levels of UDP-glucose.

2, MATERIALS AND METHODS

2.1, Strain and media

The haploid strain UTL-7A (MAT 4 leu 2-3/112 ura 3-52 trpl) was
used to construct strain EBY-UTL23, which carries a disrupted pgé”
gene. Wild-type and pgil cells were grown in medium containing yeast
extract 1%, peptone 2%, glucose 0.1% and fructose 2% at 30°C with
continuous shaking (250 strokes/min). Growth was monitored by
measuring the optical density of the cultures at 660 nm.

2.2, Disruption of pgil gene

The one-step gene disruption method [18) was used. Briefly, the 2.68
kbp Scal/EcoRV frapment carrying the gene pgél from plasmid
£PGIi-1 [3] was subcloned into plasmid pUCI18. The resulting plas-
mid, pEB2, was digested with Clal and Kpnl 10 remove & 1.25 kbp
fragment of the pgi/ gene. This fragment was replaced with a 1.11
Clal/Kpnl fragment containing the entire URA3 gene to give plasmid
pEB23. This plasmid was digested with Dral and BamHI and the
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insert used to transform UTL-7A cells as described {19). Uracil pro-
lotrophic transformants were selecled and the disruption confirmed
by Southern blot.

23. Preparation of exiracts

Ai ih2 aporopriate tme, culture sampl.a contaigin s., aLHIrcK, e
SANIE @iNULhl Ol wils weed oy Loz 3 i pEH
enzyme sctivity detcrmmanons, the ceil an\. wis wqcheu ONcE Wil t
10 m! of cold water und tmediately requspended in SG0 4l of ,n,c-s.u.d
buffer containing 50 mM Tris-HCI (pH 7.4), 0.6 M sucrose, {00 mM
KF, 5 mM EDTA, 2 mM EGTA, 2 mM DTT, 0.5 mM phenylmeth-
ylsulfonyl fluoride and 0.5 mM benzamidine. The same volume of
acid-washed glass beads was added and extracts prepared as described
in [20].

For metabolite determination the cell cake (about 30 mg dry weight)
was immediately frozen in liquid nitrogen. Acid extracts for determi-
nation of glucose 6-P and UDP-glucose were prepared as in [20]. For
glycogen measurements, about 30 mg of cells (dry weight) were col-
lected and immediately resuspended in 1 ml of cold perchloric acid and
the same volume of glass beads. The mixture was immediately frozen
in liquid nitrogen. When appropriate, samples were thawed in ice and
acid extracts prepared by five pulses of vigorous vortexing during one
min. After each pulse, sumples were kept on ice for one min, Glass
beads were removed by low-speed centrifugation and supernatants
saved for glycogen determination. Alkaline extracts were prepared by
resuspending the cell cake (about 15 mg dry weight) in 1 ml of sodium
hydroxide 54 mM prewarmed at 80°C and incubating the cells at this
temperature for 15 min. The suspension was then centrifuged at 12,000
rpm in a microfuge and the supernatant used for fructose 2,6-bis-
phosphate measurements.

2.4, Measurement of giycogen synthase and phosphorylase 'a’ activities

Glycogen synthase activity was determined by measuring the
amount of {'*C]glucose incorporated from UDP-{*C]glucose into gly-
cogen as described in {21]. The assay mixture was as described in [20].
The active form of glycogen synthase was determined in the absence
of exogenous glucose 6-phosphale. Total glycogen synthase activity
was measured in the presence of 6.6 mM glucose 6-phosphate in the
assay mixture, Glycogen phosphorylase ¢ was measured as in [20]. The
assays were performed at 30°C. One unit is the amount of enzyme that
calalyses the incorporation of 1 gmol of [*Clglucose per min into
glycogen,

2.5. Determination of metabolites

Glycogen, glucose 6-P and fructose 2,6-bisphosphate levels were
essentially measured as described in {20]. UDP-glucose was deter-
mined spectrophotometrically by using UDP-glucose dehydrogenase
essentially as deseribed in [22). In all cases metabolite concentrations
are referred to grams of cells (dry weight).
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Fig. 1. Disruption of the pgi/ gene. A 1.25 kbp Clul-Kpnl fragment

containing most of the coding region of gene pgif (depicted as arrow)

was removed and replaced by a 1.11 kbp fragment containing the

entire URA3 gene, Haploid UTL-7A cells were transformed and trans-

formants selected in synthetic medium lacking uracil. See the main text
for additional delails.
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2.6. Other determinations

Protein concentration was measured in bufTered extracts using the
Biuret method (23] with bovine serum albumin as standard. Fruclose
concentration in the medium was measured afier removal of the cells
as described in [24].
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3.1. Disruption of the pgil gene results in accumulation
of glycogen

The gene pgil encoding the glycolytic enzyme
phosphoglucose isomerase was disrupted in vitro and
the construct used to transform haploid UTL-7A cells
to produce a disruption mutant EBY.UTL23 strain
(Fig. 1). Mutant pgil cells lacked detectable
phosphoglucose isomerase activity (not shown). Wild-
type and pgil cells were grown in rich medium contain-
ing 0.1% glucose and 2% fructose as carbon source.
Under these conditions, the rate of growth of
EBY.UTL23 mutants at early exponential phase was
lower than UTL-7A wild-type cells (doubling time of
about 270 min vs. 90 min). However, a noticeable in-
crease in the doubling time was cbserved in mutant cells
at later stages of the culture. In addition, very high
levels of glycogen at the early exponential period of
culture were observed in mutant cells. The concentra-
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Fig. 2. Glycogen and glucose §-P levels during the growih of wild Lype
{0) and pgi/ mutant (@) strains. Yalues are mean % 5.E.M. from at
least 3 independent experiments.
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Fig. 3. Glycogen phosphorylase a and glycogen synthase activity ratio
in wild-lype (0) and pgif mutant (@) cells. Glycogen synthase activity
was measured in the absence (active form) or the presence (total
enzyme) of exogenous glucose 6-P and the activation stale of the
enzyme is presented as the —/+ glucose 6-P activity ratio. Values are
mean = S.E.M. from 3-5 independent experiments,

tion of the polysaccharide decreased rapidly when the
culture approached the stationary phase. In wild-type
cells the concentration of glycogen was steadily iower
(Fig. 2A). The levels of glucose 6-P were also deter-
mined. The profile obtained for this sugar phosphate
was very similar to the one obtained for glycogen (Fig.
2B). At early exponential phase, the amount of glucose
6-phosphate in pgi! mutants was about 20-30-fold
higher than in wild-type cells. In addition, the concen-
tration of the sugar phosphate sharply decreased, reach-
ing baseline values once the culture entered late expo-
nential phase. When fructose 2,6-bisphosphate was
measured, mutant cells were found to contain very low
levels of this phosphorylated sugar when compared with
the isogenic wild-type strain (1.2 £ 0.3 vs. 10.3 £ 0.9
nmol/g cells in early exponential cultures).

3.2. Glycogen synthase and phosphorylase activities in
the pgil mutant

In order to understand the basis for the accumulation

of glycogen observed in the pgi/ mutant, glycogen
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Fig. 4. Intracellular levels of UDP-glucose during the growth of wild
type (©) and pgi! mutant (@) yeas! cells. Values are mean + S.E.M.
from 3 independent experiments.

phosphorylase and glycogen synthase activities were de-
termined. Glycogen phosphorylase a in wild-type cells
was rather low, increasing at the end of the exponential
phase. In mutants, phosphorylase appears to be more
active along the culture (Fig. 3A). Both the active form
and the total amount of glycogen synthase were meas-
ured in wild-type and mutant cells, and the activation
state of the enzyme was expressed as the active form/
total activity ratio. In wild-type cells the enzyme is al-
most fully active during early-medium exponential
phase. As the carbon source is nearly depleted, glycogen
synthase activity ratio decreases. The same profile is
observed in mutant cells, although the enzyme is less
active at early exponential phase (Fig. 3B). The intracel-
lular concentration of the glycogen synthase substrate,
UDP-glucose, was measured along the culture (Fig. 4).
UDP-glucose levels in wild-type cells were rather con-
stant, ranging from 0.2-0.5 umol/g. On the contrary, in
the pgif mutants, UDP-glucose levels were much higher
at early exponential phase (about 6-fold when com-
pared to wild-type cells) and they decreased steadily,
reaching values similar to those observed in wild-type
cells when the culture approached stationary phase.

4. DISCUSSION

In this paper we show that during the exponential
phase, yeast cells lacking phosphoglucose isomerase ac-
cumulate a large amount of glycogen, whereas the levels
of the polysaccharide decrease during the culture. This
situation is completely different from the previously de-
scribed for other strains [25,26}, in which the amount of
polysaccharide is almost negligible and it accumulates
only at the end of the exponential phase. In order to
understand the basis for the accumulation of glycogen,
it is important to consider the characteristic accumula-
tion of glucose 6-P in the pgi/ mutant. Glucose 6-P has
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been found to be a stimulator of glycogen synthase
[9,10,15-17] and an inhibitor of phosphorylase [12,27].
QOur results with the pgi/ disruption mutant show that
in early exponential cultures the intracellular concentra-
tion of glucose 6-P can be as high as 30 umol/g cells. In
these conditions one might expect that the accumulation
of glycogen could be the result of the activation of gly-
cogen synthase caused by the rise in intracellular glu-
cose 6-P. However, it has to be considered that, al-
though the experimental conditions do preserve the co-
valent modifications of the enzyme affecting its activity
(i.e. phosphorylation state), the non-covalent allosteric
effect of intracellular glucose 6-P cannot be observed
during the enzymatic assays, simply because the experi-
mental procedures that allow the determination of the
activity do not preserve the intracellular levels of this
sugar phosphate, which are known to be very sensitive
to the sampling techniques [28].

Our results demonstrate that, in early exponential
cells, the activity of synthase in pgi/ mutants is some-
what lower than in wild-type cells, despite the difference
in glucose 6-P levels. This is in contrast to what has been
found in glycogen synthase from rat hepatocytes, where
increase in intracellular levels of glucose 6-P correlates
with the activation of the enzyme [29,30]. This effect has
been attributed to a dephosphorylation of synthase in-
duced by glucose 6-P. In this context, it has been re-
cently shown that glucose 6-P is able to stimulate the in
vitro dephosphorylation of rabbit muscle glycogen syn-
thase by protein phosphatases. This effect was shown
to be rather specific for synthase [29], suggesting that it
was most likely due to an allosteric configuration
change of this enzyme which facilitates its
dephosphorylation, rather than to an effect on the
phosphatases. Therefore, our results indicate that the
veast enzyme does not respond to glucose 6-P in tha
same way as the mammalian enzyme does. A most inter-
esting issue would be to understand the molecular basis
for such different behavior, since the yeast isoforms of
glycogen synthase, although structurally related to the
mammalian enzymes, are only 48-50% identical to the
rabbit muscle enzyme [31,32].

An alternative explanation for the accumulation of
glycogen in the presence of high levels of glucose 6-P
could be an increase in the levels of UDP-glucose, the
glucose-donor substrate for glycogen synthase. Such an
increase could be expected since the reactions catalyzed
by phosphoglucomutase and UDPG-pyrophosphory-
lase are believed to be near the equilibrium. This is
consistent with our finding of increased levels of UDPG
in pgif cells. Therefore, the emerging picture would be
that glycogen would accumulate at early exponential
phase in pgil cells mostly as a result of increased sub-
strate availability and net as a result of the effect of
glucose 6-P on glycogen synthase. It is important to
consider that since glycogen synthase is already almost
fully active in wild-type cells, the expected allosteric
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activation due to the rise in glucose 6-P cannot account
for the large accumulation of glycogen found in mu-
tants. In this regard, it is suggestive that, in mutant cells,
the glycogen content decreases during the growth of the
culture. This change parallels the decrease in UDPG
and glucose 6-P. The reduced availability of UDPG and
the relatively high phosphorylase activity found in mu-
tant cells could account for the much lower levels of
glycogen found at late exponential phase in the
phosphoglucose isomerase mutant. In this regard, the
possibility cannot be ruled out that the fact that pgi/
mutants can grow in the presence of trace amounts of
glucose could be explained, at least partially, by its abil-
ity to accumulate glycogen during the initial phases of
the culture.
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