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D-Glucose is the preferred carbon and energy source for most eukaryotic cells. Immediately following its
uptake, glucose is rapidly phosphorylated to glucose-6-phosphate (Glc-6-P). The yeast Saccharomyces cerevisiae
has three enzymes (Hxklp, Hxk2p, and Glklp) that convert glucose to Glc-6-P. In the present study, we found
that yeast mutants lacking any two of these enzymes retain the ability to efficiently convert glucose to Glc-6-P
and thus maintain a low level of cellular glucose. However, a mutant strain lacking all three glucose-
phosphorylating enzymes contained up to 225-fold more intracellular glucose than normal. Drugs that inhibit
the synthesis or the trimming of the lipid-linked core oligosaccharide Glu;Man,GlcNac, effectively reduced the
accumulation of glucose. Similarly, mutations that block the addition of glucose residues to the core oligo-
saccharide moiety, such as alg5A or alg6A, also diminished glucose accumulation. These results indicate that
the intracellular glucose accumulation observed in the glucose phosphorylation mutant results primarily from
the trimming of glucose residues from core oligosaccharide chains within the endoplasmic reticulum (ER).
Consistent with this conclusion, both ["*C]glucose exchange and subcellular fractionation experiments indi-
cate that much of the accumulated glucose is retained within an intracellular compartment, suggesting that the
efficient transport of glucose from the ER to the cytosol in yeast may be coupled to its rephosphorylation to
Glc-6-P. The high level of cellular glucose was associated with an increased level of protein glycation and the
release of glucose into the culture medium via its transit through the secretory pathway. Finally, we also found
that the accumulation of glucose may lead to a subtle alteration in ion homeostasis, particularly Ca*>* uptake.
This suggests that this mutant strain may serve as a useful model to study the consequences of excessive

glucose accumulation and protein glycation.

The yeast Saccharomyces cerevisiae contains three enzymes
capable of converting glucose to glucose-6-phosphate (Glc-6-
P). Two are hexokinases (encoded by the HXKI and HXK2
genes), whereas the third is a glucokinase (encoded by the
GLKI gene). The presence of any one of these enzymes is
sufficient to ensure normal growth rates in medium containing
D-glucose as a carbon and energy source (6, 32). However, a
yeast strain lacking all three enzymes is unable to metabolize
any hexoses or pentoses except D-galactose. D-Galactose is
phosphorylated by a specific galactokinase (encoded by the
GALI gene), which then leads to its entry into the glycolytic
pathway after a multistep metabolic conversion to Glc-6-P (22,
23).

Glucose is rapidly phosphorylated to Glc-6-P during or im-
mediately after its transport into the cell (6). This modification
has several consequences. First, the negative charge associated
with phosphorylation prevents the escape of the molecule once
it enters the cell. Second, conversion to Glc-6-P also allows its
direct entry into biochemical pathways such as glycolysis. Fi-
nally, this modification prevents the accumulation of a high
intracellular concentration of glucose, which can lead to ad-
verse consequences such as the nonenzymatic glycation of pro-
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teins. Although glucose phosphorylation occurs upon the
transport of this sugar from the extracellular environment, it is
also necessary for the reutilization of free glucose produced by
metabolic processes within the cell. This includes the reutiliza-
tion of glucose produced from the breakdown of storage car-
bohydrates such as glycogen and trehalose and core oligosac-
charide trimming in the lumen of the endoplasmic reticulum
(ER).

In the present study, we examined how yeast cells cope with
the glucose generated by cellular metabolism in a yeast strain
that is unable to convert glucose to Glc-6-P. Growth of this
mutant strain in media containing galactose or lactate as a
primary carbon and energy source led to an extremely high
level of intracellular glucose. Inhibition of the synthesis of the
lipid-linked core oligosaccharide Glu;Man,GlcNac, or a block
in the trimming of glucose residues from this core oligosaccha-
ride greatly decreased glucose accumulation, indicating that
glucose was produced primarily from the trimming of core
oligosaccharide chains in the ER. Much of this accumulated
glucose remained compartmentalized within the cell, suggest-
ing that the efficient transport of glucose from the ER may be
tightly coupled to its phosphorylation in the cytosol. Consistent
with this finding, a significant fraction of this excess glucose
was released from the cell via vesicular transport through the
secretory pathway. Finally, we found that high levels of glucose
correlated with increased protein glycation and alterations in
ion homeostasis.
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MATERIALS AND METHODS

Strains used. The strains used in the present study include DFY1 (MATa
lys1-1 SUC2), DFY568 (MATa lysI-1 SUC2 leu2-1 hxkl:LEU2 hxk2::LEU2),
DFY582 (MATo lysi-1 SUC2 leu2-1 hxkl1::LEU2 glkl::LEU2), DFY583 (MATa
lys1-1 SUC2 leu2-1 hxk2::LEU2 glk1::LEU2), and DFY570 (MATa lysI-1 SUC2
leu2-1 hxk1::LEU2 hxk2::LEU2 glk1-E289Q). These strains were kindly provided
by D. G. Fraenkel. Although the GLKI locus in DFY570 was originally reported
to contain a glkl::LEU2 disruption (32), our analysis of the GLK locus in this
strain indicated that a LEU?2 insertion was not present. Instead, we identified a
glkI-E289Q mutation (GAA—CAA) in DFY570 that was not present in the
parent strain, DFY1. Biochemical assays confirmed that this mutation resulted in
a loss of glucokinase activity. An alg5A strain (MATa his3A leu2A met15A ura3A
alg5A::KnMX; Research Genetics strain record number 1065) and an alg6A strain
(MATa his3A leu2A metI5SA ura3A alg6A::KnMX; Research Genetics strain
record number 1778) were each crossed to DFY570 to construct YDB434
(MATw lys-1 hxkl::LEU2 hxk2:LEU2 glkl-E289Q metI5A alg5A:KnMX) and
YDB502 (MATa his3A leu2A met]15A hxkl:LEU2 hxk2:LEU2 glkI-E289Q
alg6A::KnMX). The presence of the hxkl:LEU2, hxk2::LEU2, alg5A::KnMX, and
alg6A::KnMX disruptions in the indicated strains were confirmed by PCR and
Southern blotting, whereas the glkl-E289Q mutation was confirmed by DNA
sequence analysis.

Culture conditions. The media used for yeast growth are as described previ-
ously (26). YP-galactose (YPGal) medium was supplemented with 2% b-galac-
tose (D-glucose contamination of <0.01%), whereas YP-lactate (YPLct) medium
was supplemented with 3% prL-lactate. In all experiments, cultures were grown
for five to seven generations in the indicated culture conditions at 30°C to a
maximum cell density of =1.0 A4y, U/ml unless otherwise noted.

Measurement of glucose phosphorylation activity. Cells were grown in YPGal
medium at 30°C and harvested at a cell density of 1.0 A4y, U/ml. The cell pellet
was washed once in distilled water, and cells were disrupted by glass bead lysis in
40 mM morpholineethanesulfonic acid (MES)-Tris buffer (pH 6.8) supple-
mented with 2 mM phenylmethylsulfonyl fluoride. The protein concentration of
samples was measured by the Lowry method (20) and diluted to 50 to 100 mg/ml
with the above buffer. Samples were supplemented with 20 mM b-glucose, 20
mM ATP, and 5 mM MgCl, and incubated at 30°C. The amount of glucose
remaining at various times was measured by using a glucose-oxidase-peroxidase
reaction kit (Sigma). Glucose phosphorylation activity was then calculated from
the total amount of glucose consumed during the incubation (per unit of time).

Measurement of cellular glucose levels. For cellular glucose determination,
100 Ao U of yeast cells were harvested by centrifugation at 4,000 X g for 10 min
at room temperature. The supernatant was removed, and the cells were washed
once in distilled water. The cells were transferred into microcentrifuge tubes and
resuspended in 1 ml of distilled water, and the tightly closed tubes were boiled
for 10 min. The samples were then centrifuged at room temperature at 15,000 X
g for 10 min. The supernatant was separated from the cellular debris and ana-
lyzed for glucose content by using a glucose-oxidase-peroxidase reaction kit
(Sigma). To ensure that cellular trehalose or glycogen did not degrade to glucose
during the processing and/or measurement of samples as described above, we
supplemented some samples with 20 mM trehalose or 2% glycogen. We found no
significant increase in the measured glucose levels beyond the contaminating
glucose present in the trehalose and glycogen preparations.

For normalization of cellular glucose levels we harvested a parallel sample and
collected the cells as described above. The samples were transferred into micro-
centrifuge tubes of known weights and centrifuged at 15,000 X g for 10 min. The
cells were washed once in distilled water and centrifuged again. The residual
supernatant was carefully removed, and the wet weight of each sample was
determined gravimetrically. The samples were then dried in a Savant SpeedVac
system until no further loss of weight occurred, and the dry weight of each sample
was then measured. The cellular glucose level in each sample was then normal-
ized to the mass of each sample and is presented as millimoles of glucose/
kilogram (dry mass) unless indicated otherwise. This method of data presenta-
tion was used because we found that the relative water content of yeast cells
differed after growth in medium containing glucose, galactose, and lactate as the
primary carbon and energy source. Other variables, such as growth phase and
treatment with various drugs, also altered the cell volume. To determine the
mechanism of glucose release into the culture medium, 224 pg of brefeldin A
(BFA; Sigma B-7651)/ml was used to inhibit vesicular transport through the
secretory pathway (9).

Measurement of exchangeable versus nonexchangeable glucose levels. Strains
were grown in YPGal medium and harvested at a cell density of 1 A4, U/ml as
described above. The cells were then resuspended in YP medium supplemented
with ["*C]glucose (final glucose concentration, 1 mM) and incubated at 30°C for
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15 min. The cell-associated ['*C]glucose and total cellular glucose concentrations
were measured before and after washing the cells three times in glucose free,
ice-cold YP medium.

Inhibition of asparagine-linked glycosylation and glucose trimming. The N-
acetylglucosamine analog tunicamycin was added directly to the YPGal medium,
and cells were grown as described above. We found that 1 pM tunicamycin
(Sigma T-7765) caused an ~3-fold reduction in the growth rate of cells. Cas-
tanospermin (Sigma C-3784) and 1-deoxynojirimycin (Sigma D-9305) inhibit the
glycosidases responsible for the glucose trimming from the core oligosaccharide.
The addition of a 1 mM concentration of each of these drugs to the YPGal
medium did not cause a detectable decrease in the growth rate of cells.

Fructosamine measurement. Cultures were grown to <1.0 A4, U/ml in
YPGal medium, and 200 A4y, U of cells was collected by centrifugation at 4,000
X g for 5 min. Cells were washed briefly in 0.89% NaCl, resuspended in a 3X
volume of 1 M NaOH, and then crushed by mechanical agitation with glass
beads. After centrifugation as described above, the supernatant was neutralized
with an equal volume of 1 M HCI and processed for fructosamine (17) by using
a commercial kit (Roche 07-5606-3) and a Hitachi 704 automated analyzer. The
protein levels were determined by using the Bradford method (4).

To determine the fructosamine level in the ER, an ER-enriched fraction was
isolated from spheroplasts. Briefly, cells were collected and washed as described
above. The washed cells were weighed gravimetrically and resuspended in 0.1 M
Tris-Cl (pH 9.4) at a 2:1 buffer/cell ratio. The sample was supplemented with 10
mM dithiothreitol and incubated for 10 min at 30°C. The cells were recovered by
centrifugation at 4,000 X g and resuspended in 1.2 M sorbitol. The cells were
centrifuged again and resuspended in zymolyase buffer (1.2 M sorbitol, 20 mM
KPO, buffer [pH 7.2]) at a 10:1 buffer/cell ratio, 5 mg of zymolyase/ml was added,
and the cell suspension was incubated in a gently shaking water bath for 30 min.
The spheroplasts were washed twice with 1.2 M sorbitol, transferred into ice-cold
homogenization buffer (0.6 M sorbitol, 20 mM Tris-Cl [pH 7.4], 2 mM phenyl-
methylsulfonyl fluoride), and homogenized in a Dounce homogenizer (25
strokes). The homogenate was then centrifuged at 4,000 X g, and the pellet was
discarded. After the supernatant was centrifuged again, the supernatant was
centrifuged at 10,000 X g for 20 min. The ER-enriched pellet was dissolved in 1
M NaOH, neutralized, and processed for fructosamine and protein measure-
ments as described above.

Measurement of steady-state ion levels and uptake rates. Total cellu-
lar Ca?* levels were measured by using an Eppendorf Efox 5053 flame photom-
eter as previously described (30). Briefly, cells were grown to a cell density of <1
Agoo U/ml and harvested by centrifugation at room temperature (5 min at 10,000
X g). A single sample contained ca. 100 Agyy U of cells. The samples were
transferred into microcentrifuge tubes of known weight and centrifuged at room
temperature at 15,000 X g for 10 min. The supernatants were carefully removed,
and the sample measured gravimetrically on an analytical balance. Each sample
was dried in a SpeedVac (Savant) vacuum dessiccator for 3 h, and the dry weight
of the samples measured gravimetrically. A total of 0.6 ml of 1 M HCl was added
to the dry samples, and the samples were vortexed. The samples were incubated
on a rocker table for 24 h and then centrifuged at 15,000 X g for 5 min. The
supernatants were removed, and the indicated elemental measurements were
then carried out.

The rate of high-affinity Ca>" uptake in intact yeast strains was measured as
described previously (8, 11). Exponential phase cells were harvested, washed,
and resuspended in buffer containing 40 mM morpholinepropanesulfonic acid-
Tris (pH 6.0) and 20 mM p-galactose. Cells were incubated for 10 min at 30°C.
The uptake experiment was started by the addition of *Ca®* to a final concen-
tration of 1 mCi/ml. At the indicated time points, 1-ml aliquots of cells were
filtered through 0.45-mm (pore-size) Gelman GN-6 Metricel filters prewashed
with buffer containing 20 mM MgCl, and 0.2 mM LaCl;. The filters were then
washed three times with the same buffer, and cell-associated +*Ca>" was deter-
mined by liquid scintillation counting. In all experiments, triplicate samples were
taken at each time point to ensure reproducibility.

45092+

RESULTS

A mutant yeast strain lacking hexokinase and glucokinase
activities accumulates high levels of intracellular glucose. We
initially examined the ability of strains expressing only one of
the three glucose-phosphorylating enzymes (Hxk1p, Hxk2p, or
Glklp) to phosphorylate glucose when grown in YPGal me-
dium (Fig. 1). We found that the strain expressing only Hxk2p
contained ~77% of normal glucose phosphorylation activity,
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Relative glucose
phosphorylation activity

All  Hxklp Hxk2p Glklp None

Active glucose kinase

FIG. 1. Relative glucose phosphorylation activity in extracts pre-
pared from strains containing different hexokinase or glucokinase ac-
tivities. The kinase(s) remaining in each strain is indicated. Glucose
phosphorylation was determined in an assay measuring the consump-
tion of glucose as described in Materials and Methods.

while the strains containing only Hxk1p or Glklp contained 34
and 25% of the normal glucose phosphorylation activity, re-
spectively. In the strain lacking the activity of all three en-
zymes, we measured only very low (~5%) residual activity.
These relative levels are similar to those published previously
(32).

We next assayed the glucose levels present in cell extracts
from these strains after an extended growth period (five to
seven generations) in YPGal or YPLct medium. In agreement
with earlier observations (32), we found that the intracellular
glucose levels were relatively low in wild-type and mutant S.
cerevisiae strains lacking two of the three glucose-phosphory-
lating enzymes when grown in medium containing galactose or
lactate as a carbon source (Fig. 2). The wild-type strain with all
three active kinases contained 0.5 to 2 mmol of glucose/kg (dry
mass), depending on the growth conditions. Double mutants
that retained only one of three glucose-phosphorylating en-
zymes generally contained a modestly higher glucose level than
the wild-type strain. The strain containing only Hxklp con-
tained 1.5 to 2 mmol of glucose/kg (dry mass), whereas the
strain containing only Hxk2p contained 4 to 6 mmol of glu-
cose/kg (dry mass). The strain that contained only Glklp ac-
tivity contained 2 to 4 mmol of glucose/kg (dry mass). This
latter finding is consistent with a previous study showing that a
strain containing only Glk1p activity accumulates more glucose
than normal after glucose is depleted from the growth medium
(6).

In contrast to the small increases in the level of free glucose
observed in strains lacking two of the three kinases, we found
that a strain lacking all three glucose-phosphorylation enzymes
accumulated extremely high levels of glucose. When grown in
YPGal medium, this strain contained 49 mmol of glucose/kg
(dry mass), a level that was ~20-fold higher than that of the
wild-type strain. When grown in YPLct medium, the glucose
level in the mutant strain was 112 mmol of glucose/kg (dry
mass) (~225-fold higher than that of the wild-type strain).
These results suggest that glucose produced as a result of some
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FIG. 2. Intracellular glucose levels measured in extracts from
strains containing different hexokinase or glucokinase activities. The
kinase(s) remaining in each strain is indicated.

aspect of cellular metabolism leads to the accumulation of high
glucose levels as a consequence of the inability of this strain to
rephosphorylate free glucose.

The accumulated glucose in the phosphorylation mutant is
sequestered in an intracellular compartment. The Hxklp and
Glklp of S. cerevisiae are cytosolic enzymes, whereas Hxk2p
shuttles between the cytosol and nucleus (24). One purpose of
the rapid phosphorylation of transported glucose is to trap it
within the cell, since cytosolic glucose is rapidly released from
yeast cells in the absence of its conversion to Glc-6-P (3, 6, 29).
Based upon this observation, our finding that excess free glu-
cose accumulates to an extremely high level in the glucose
phosphorylation mutant suggested that the glucose may be
sequestered within an intracellular compartment.

It was previously shown that a yeast mutant that lacked the
ability to phosphorylate glucose can still carry out high-affinity
glucose transport (29). This allowed us to examine whether the
accumulated glucose could readily interchange with radiola-
beled glucose transported from the extracellular environment.
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The mutant strain lacking the ability to phosphorylate glucose
was grown in YPGal medium and then shifted to YP medium
containing 1 mM [**C]glucose for 15 min. The cell-associated
[**C)glucose and total glucose concentrations were then deter-
mined before and after the cells were washed three times in
glucose-free YP medium. We found that ~1 mM [**C]glucose
was accumulated in cells after the initial incubation, but that
[**C]glucose does not readily interchange with accumulated
intracellular glucose in the glucose phosphorylation-deficient
strain. The mean cellular glucose concentrations for endoge-
nous glucose were 39.5 = 6.6 and 37.9 = 3.9 mM before and
after washing, respectively. The mean cellular glucose concen-
trations for ['"*C]glucose were 1.11 = 0.09 and 0.018 = 0.005
mM before and after washing, respectively. Thus, a large ma-
jority of this ['*C]glucose (~98%) could be released from the
cells by the wash procedure. In contrast, only ~5% of the total
cellular glucose was lost during the washes, indicating that the
bulk of the accumulated glucose resides in a nonexchangeable
pool that is distinct from the recently transported cytosolic
["*C]glucose pool. These results indicate that the accumulated
glucose is sequestered in an intracellular compartment in this
strain. Consistent with this conclusion, centrifugation of a cell
lysate prepared at 10,000 X g led to the recovery of a significant
fraction of this glucose in the pellet fraction (data not shown).

Excess glucose accumulation is attributable to core oligo-
saccharide trimming in the ER. Only a limited number of
catabolic reactions result in the production of free glucose.
First, glucose can be produced from the degradation of reserve
polysaccharides, such as glycogen and trehalose in S. cerevisiae.
Free glucose results from 8 to 10% of glucose units liberated
from glycogen by the 1,6-glycosidase, whereas glucose linked
by 1,4-glycoside bonds are cleaved and phosphorylated by gly-
cogen phosphorylase (31). Glucose can also be produced by
the breakdown of trehalose [a-D-glucopyranosyl-(1-1)-(a-D-
glucopyranoside)], which can be cleaved to two glucose mole-
cules directly by neutral trehalase (1, 18). However, these en-
zymes and their substrates are largely cytosolic. Hence, their
contribution to organellar (compartmentalized) glucose accu-
mulation is unlikely.

In contrast to the cytosolic degradation of glycogen or tre-
halose, the processing of N-linked oligosaccharides within the
ER could result in the generation of a compartmentalized pool
of glucose. In S. cerevisiae, the biosynthesis of the lipid-linked
oligosaccharide precursor, Glc;ManyGIcNAc,, is similar to
that seen in higher eukaryotes (12, 14, 33). After the translo-
cation of the core oligosaccharide from dolichol phosphate to
a susceptible asparagine on the nascent protein in the lumen of
the ER, three glucoses and a mannose are removed by gluco-
sidases (16). Subsequently, the protein containing the trimmed
core oligosaccharide is transported to the Golgi apparatus for
final oligosaccharide side chain processing.

Tunicamycin inhibits the enzyme UDP-N-acetylglucosamine-
1-P transferase by competitively blocking the linkage of N-
acetylglucosamine to dolichol phosphate (19, 33). We found
that the addition of 1 M tunicamycin to the culture medium
of the strain that lacks glucose phosphorylation activity re-
duced the glucose accumulation observed in the glucose phos-
phorylation mutant strain by more than fivefold (Fig. 3A).
However, the addition of 1 wM tunicamycin also reduced the
growth rate of this strain significantly. This raised the possibil-
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FIG. 3. Compounds that inhibit N-linked oligosaccharide process-
ing reduce cellular glucose levels in the glucose phosphorylation mu-
tant. (A) Effect of 1 pM tunicamycin (Tuni) or a combination of 1 mM
1-deoxynojirimycin and 1 mM castanospermine (Dno/Csp) on cellular
glucose levels in the yeast mutant unable to phosphorylate glucose.
(B) Effect of deleting the ALGS5 or ALG6 genes on cellular glucose
levels in the yeast mutant unable to phosphorylate glucose.

ity that the reduction in glucose accumulation was a secondary
consequence of the slower growth rate.

As a separate means of examining the contribution of core
oligosaccharide trimming to glucose accumulation in the glu-
cose phosphorylation mutant, we next examined the effect of
inhibiting the enzymes responsible for glucose trimming. Cas-
tanospermine and 1-deoxynojirimycin inhibit the glucosidases
that trim the glucose residues from the core oligosaccharide
(28). Treatment of the glucose phosphorylation mutant with a
combination of 1-deoxynojirimycin and castanospermine re-
sulted in a sixfold reduction of cellular glucose levels (Fig. 3A).
Unlike tunicamycin treatment, the addition of these glucosi-
dase inhibitors did not alter the growth rate of cells. These
results provide additional evidence that the trimming of core



538 MISETA ET AL.

oligosaccharides within the ER is responsible for the majority
of the glucose accumulation observed in this strain.

To confirm this conclusion, we next used a genetic approach
to prevent the generation of free glucose via the trimming of
asparagine-linked oligosaccharides in the ER. We constructed
two new strains that lacked the three enzymes responsible for
the phosphorylation of glucose. In addition, these strains also
contained a deletion of either the gene encoding UDP-glucose
dolichol phosphate glucosyltransferase (alg5A) or dolichol-
phosphate-mannose-protein mannosyltransferase (algbA). It
has previously been shown that both alg5A and alg6A mutants
are unable to attach glucose residues to the core oligosaccha-
ride during its synthesis (13, 15, 27). Consequently, the release
of free glucose by trimming of the core oligosaccharide chain
should not occur in these strains. We found that the glucose
phosphorylation-deficient alg5A strain accumulated 11-fold-
less glucose, whereas the glucose phosphorylation-deficient
alg6A strain accumulated 4-fold-less glucose than the parent
glucose phosphorylation strain (Fig. 3B). These results confirm
that the trimming of glucose from asparagine-linked oligosac-
charides is largely responsible for the elevation of cellular
glucose in the strain that lacks the capacity to phosphorylate
glucose to Glc-6-P.

Glucose is released from the glucose phosphorylation-defi-
cient strain and accumulates in the culture medium via transit
through the secretory pathway. Our results suggest that glu-
cose accumulates as a result of core oligosaccharide trimming
in the glucose phosphorylation mutant strain. Since the trim-
ming of these oligosaccharide chains takes place exclusively in
the ER, a compartment that comprises only a small fraction of
the total volume of a yeast cell, the actual glucose concentra-
tion in this organelle must be significantly higher. In addition,
we hypothesized that the presence of this large reservoir of
glucose in a compartment of the secretory pathway could lead
to the passive release of glucose from the cell.

To test this possibility, we assayed for the net appearance of
glucose in the culture medium. YPGal medium normally con-
tains a small amount of glucose (~1.2 mM) due to its presence
as a trace contaminant in one or more components of this
medium (Fig. 4A). To test for the appearance of glucose in this
growth medium, we grew the strains for 36 h, which was a
sufficient length of time to metabolize all of the galactose
present in the culture medium. We found that the small
amount of free glucose initially present in the culture medium
was consumed by the wild-type strain (probably before the
utilization of galactose was initiated). In contrast, we measured
alevel of ~2.3 mM glucose in the YPGal medium used to grow
the glucose phosphorylation mutant strain. This represented a
net increase of ~1.1 mM glucose to the glucose concentration
of the starting culture medium and an increase of ~2.2 mM
glucose above the concentration measured in the medium in
which the wild-type strain was grown. These results indicate
that glucose is released from the glucose phosphorylation mu-
tant under these growth conditions. Glucose release into the
medium was greatly reduced when the strain was grown either
in the presence of 1-deoxymojirimycin and castanospermine or
when the ALG5 or ALG6 genes were knocked out. These
results demonstrate that a significant amount of the glucose
that accumulates from core oligosaccharide trimming can be
released into the extracellular environment.
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FIG. 4. The glucose phosphorylation mutant releases glucose into
the culture medium via the secretory pathway. (A) Amount of glucose
released into the culture medium by the indicated strains grown in
YPGal medium or YPGal supplemented with 1 mM 1-deoxynojirimy-
cin and 1 mM castanospermine (Dno/Csp). Cultures were grown for
36 h. (B) Concentrations of glucose accumulated in cells after BFA
treatment. Cultures of the wild-type and glucose phosphorylation mu-
tant strains grown in YPGal medium were divided into two aliquots.
BFA (224 pg/ml) was added to one aliquot from each strain, and
incubation was continued under the same culture conditions for 4.5 h
before the cells were harvested and the cellular glucose levels were
determined.

Like mammalian cells, the route of glucose release from the
glucose phosphorylation mutant could occur through the cy-
tosol or the secretory pathway (10). This led us to test whether
glucose release occurs via transit through the secretory path-
way in this strain. Since core oligosaccharide trimming and
glucose accumulation is a relatively slow process that requires
continuing protein synthesis, we felt it was necessary to impose
a partial block in vesicular transport over several generations
rather than a complete block that would lead to a cessation of
protein synthesis. The fungal metabolite BFA acts to disassem-
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FIG. 5. Fructosamine levels measured in cell extracts indicate that
nonenzymatic protein glycation is increased in the glucose phosphory-
lation-deficient strain. Cells were grown in YPGal medium at 30°C.

ble the Golgi complex and collapse it into the ER (5). Yeast
strains are relatively impermeant to this compound unless a
mutation in sterol synthesis is present (9). However, since we
desired only a partial block in Golgi traffic, we examined the
effect of BFA on glucose accumulation in our strains in the
absence of such a mutation. Cells grown in YPGal medium
were incubated with BFA for 4.5 h (~3 generations), and the
amount of cell-associated glucose was determined (Fig. 4B).
We found that this BFA treatment had no effect on the low
level of cellular glucose present in the wild-type strain. How-
ever, we observed a substantial (32%) increase in cell-associ-
ated glucose in the glucose phosphorylation mutant. These
results indicate that a significant fraction of the glucose lost
into the culture medium from this strain is released via transit
through the secretory pathway.

Glucose accumulation in the glucose phosphorylation mu-
tant is associated with the nonenzymatic glycation of proteins
and alterations in ion homeostasis. Nonenzymatic biochemical
reactions between carbohydrates and proteins can occur at
significant levels in biological systems (2). Such glycation reac-
tions represent a central component of the pathology associ-
ated with diabetes, particularly in individuals who frequently
experience hyperglycemia (25). The measurement of fruc-
tosamine is commonly used to monitor plasma protein glyca-
tion in diabetic patents. Because we had observed a high con-
centration of glucose accumulation in the yeast glucose
phosphorylation mutant, we next sought to determine whether
this also resulted in an increase in protein glycation. The glu-
cose phosphorylation mutant strain was grown in YPGal me-
dium, and the fructosamine concentration was then deter-
mined in crude extracts. We found that the fructosamine
concentration was ~4-fold higher in the glucose phosphoryla-
tion-deficient mutant than in the wild-type strain (Fig. 5). The
fructosamine level was even higher (~6-fold) than wild type in
a 10,000 X g pellet from the glucose phosphorylation mutant.
Since the yeast ER is enriched in the 10,000 X g pellet, this
result is consistent with the accumulation of glucose in the ER
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TABLE 1. Cellular ion levels in the glucose phosphorylation-
deficient strain®

Mean ion level (mmol/kg [dry mass]) = SD

Active kinase

Ca2t Mg2+ K+ Na*
All 521 +0.06 58.6x52 691.2=*87 66.6 = 0.8
None 553028 51.0*x1.0 6505=*=119 76.7=*9.0

“ Ion levels were determined by flame photometry.

compartment. These results suggest that protein glycation
could possibly alter the function of not only resident ER pro-
teins but also any other proteins that transit through the ER on
their way to the cell surface.

We next sought to determine whether these high levels of
cellular glucose had any adverse effects on protein function
that could lead to alterations in cellular physiology. Since cel-
lular ion homeostasis is dependent upon an assortment of
channels and transporters that transit to their final cellular
location (such as the ER, Golgi apparatus, vacuole, and plasma
membrane) via the secretory pathway, we first examined the
steady-state cellular levels of various cations by flame photom-
etry (Table 1). We found that steady-state ion levels were
altered in a subtle manner in the glucose phosphorylation
mutant. When the level of divalent cations was examined, we
found that the steady-state Ca®" level was increased 6%,
whereas the Mg>" level was decreased 13%. Similarly, our
analysis of monovalent cations indicated that the steady-state
Na™ level was increased 15%, whereas the K™ level was de-
creased 6%. Thus, the ratios of Mg>"/Ca** and K*/Na" were
both reduced by 18%. These small, compensatory changes in
the relative amounts of both divalent and monovalent cations
suggest that increased cellular glucose may correlate with al-
terations in ion homeostasis in the glucose phosphorylation-
deficient strain. Since these changes in the steady-state levels
of these ions were relatively small, we next examined the high-
affinity **Ca®* uptake rate in the glucose phosphorylation-
deficient and wild-type strains (Fig. 6). We found that high-
affinity Ca®>" uptake was reduced 30 to 40% in the mutant
strain in multiple experiments. Taken together, these results
demonstrate that ER glucose accumulation leads to significant
alterations in cellular ion homeostasis.

DISCUSSION

The results of the present study demonstrate that a yeast
strain lacking the three enzymes responsible for the phosphor-
ylation of glucose to Gle-6-P (Hxklp, Hxk2p, and Glklp) ac-
cumulates a high level of intracellular glucose when grown in
medium containing either galactose or lactate as carbon
source. The results of our study suggest that this glucose ac-
cumulates as a result of the trimming of N-linked core oligo-
saccharides within the lumen of the ER. We used both
['*C]glucose exchange and subcellular fractionation experi-
ments to show that the glucose produced by the trimming of
N-linked core oligosaccharides accumulates in an intracellular
compartment. Since the enzymes responsible for the rephos-
phorylation of the glucose generated in this manner are largely
cytosolic, the glucose produced by oligosaccharide trimming
must normally be transported from the ER to the cytosol prior
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FIG. 6. High-affinity Ca®* uptake is significantly reduced in the
glucose phosphorylation mutant strain. Cells grown in YPGal medium
at 30°C were harvested at a cell density of =1.0 4, U/ml, and the rate
of Ca*>* uptake was determined as described in Materials and Meth-
ods.

to its reconversion to Glc-6-P. This predicts the existence of an
ER-localized glucose transporter to carry out this important
task. In light of this reasoning, our finding that ER glucose
accumulation occurs only when the capacity for glucose phos-
phorylation is completely eliminated suggests that a mecha-
nism exists to couple glucose transport from the ER to its
efficient conversion to Glc-6-P in the cytosol. Further studies
are required to determine whether a specific glucose trans-
porter resides in the yeast ER membrane where it facilitates
the recycling of glucose produced by core oligosaccharide trim-
ming.

Previous studies have demonstrated that some enzymes re-
sponsible for glucose phosphorylation can bind to various in-
tracellular membranes. For example, mammalian hexokinase
binds to the cytosolic face of both mitochondria and ER mem-
branes (21). Our finding that much of the accumulated glucose
is located in the ER suggests that a mechanism coupling glu-
cose transport from the ER to its immediate rephosphoryla-
tion to Glc-6-P may have evolved to provide the most efficient
reentry of this glucose into cellular metabolic pathways. This
model predicts that one or more of the enzymes responsible
for the conversion of glucose to Glc-6-P may also associate
with the yeast ER membrane. Interestingly, it has been shown
that yeast Hxk2p exhibits a dual cytosolic-nuclear localization
(24). Since the cortical ER membrane is contiguous with the
nuclear membrane, further studies should examine whether
this nuclear localization of Hxk2p may also include the asso-
ciated ER compartment involved in protein translocation and
asparagine-linked glycosylation. However, given our finding
that the accumulation of ER glucose can be suppressed by the
presence of any one of the three enzymes Hxklp, Hxk2p, or
Glklp, it appears that each of these enzymes can indepen-
dently trigger glucose transport from the ER and its subse-
quent phosphorylation to Glc-6-P. This suggests that each of
these enzymes may be capable of associating with the ER
membrane. Alternatively, the gating of the glucose release
channel may be regulated by an indirect mechanism that does
not require the direct association of any of these enzymes.

EUKARYOT. CELL

When the glucose phosphorylation mutant strain was grown
in YPGal medium, we found that the glucose content was ~49
mmol/kg (dry mass). Based upon this value and gravimetric
determinations of the total wet and dry weights of cells grown
under these conditions, we calculate that the total intracellular
glucose concentration in the aqueous fraction is remarkably
high (~17 mM). Since the cellular location of core oligosac-
charide trimming is the ER, the local concentration of glucose
in this compartmentalized pool is likely to be significantly
(more than an order of magnitude) higher. Since high concen-
trations of osmolytes can have a significant effect on protein
folding, as well as influence the function of molecular chaper-
ones (7), this high concentration of glucose has the potential to
affect protein folding in the ER. Finally, given the volume of
cells relative to the total culture volume, we can further calcu-
late that the quantitative release of this glucose would increase
the glucose concentration in the culture medium by ~0.4 mM.
When combined with the 1.1 mM glucose that was measured
into the culture medium, we conclude that a total of ~1.5 mM
glucose is trapped in this nonmetabolizable state when the
capacity to phosphorylate glucose is lost. This amount repre-
sents 1.25% of the 120 mM galactose that was originally
present in the YPGal culture medium.

Our results also indicate that the high concentration of ER
glucose that accumulates in the absence of glucose phosphor-
ylation leads to an elevated level of nonenzymatic protein
glycation. This result is strikingly similar to the elevated level
of protein glycation observed in diabetic patients. Based upon
this observation, we sought to determine whether any adverse
consequences that may result from increased protein glycation
could be detected. We found that the absolute levels of Ca™,
Na*, Mg?*, and K" are all slightly altered in the glucose
phosphorylation mutant strain. As a result, the ratios of Mg*"/
Ca?* and K*/Na* were both reduced by 18%. Furthermore,
the rate of high-affinity Ca*>* uptake was reduced 30 to 40% in
the glucose phosphorylation mutant strain. The compensatory
changes in the relative levels of these monovalent and divalent
ions and the significantly reduced rate of Ca*>" uptake together
suggest that a subset of plasma membrane proteins responsible
for ion transport into the cell may be compromised to various
extents as a consequence of the excessive level of glucose
present in the secretory pathway. Further experiments are re-
quired to determine whether these alterations in ion ho-
meostasis are attributable to high glucose levels on protein
folding in the ER, to the nonenzymatic glycation of proteins, or
to a combination of these mechanisms.
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