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glucose sensing in yeast and other cells

Glucose is the primary fuel for most cells. Because the amount of available glucose can fluctuate wildly,
organisms must sense the amount available to them and respond appropriately. Altering gene expression is one
of the major effects glucose has on cells. Two different glucose sensing and signal transduction pathways in
the yeast S. cerevisiae — one for repression, and one for induction of gene expression — have recently come
into focus. What we have learned about these glucose sensing and signaling mechanisms might shed light on

how other cells sense and respond to glucose.

1l of us must eat to live; some of us, it seems, live to eat.

But whether our fare is dull or delicious makes little
difference to our cells: they, for the most part, feast only
on the glucose that is the ultimate end product of our
meals. Whether it be during the brief periods when we are
eating, during the long periods when we sleep, or while we
are exercising, most people are able to maintain remark-
ably constant levels of glucose in their blood. It is fortu-
nate we have this ability, because even small changes in
blood glucose levels have the dire consequences to our
health known as diabetes.

Glucose, the most abundant monosaccharide in nature,
is also the primary fuel for microorganisms. While most
microorganisms can utilize a variety of carbon sources,
many go to great lengths to ensure that they use up the
available glucose before turning to alternative fuels.
Myriad mechanisms have evolved to achieve this, includ-
ing those that act at the levels of gene transcription [called
glucose (also ‘catabolite’) repression]?, mRNA stability?,
mRNA translation* and protein stability’.

Like ~mammals, bakers’ (or brewers’) yeast
(Saccharomyces cerevisiae) prefers to eat glucose, and has
evolved sophisticated regulatory mechanisms to cope with
the wildly fluctuating levels of glucose available to it.
These regulatory mechanisms are particularly important
to yeast, because they contribute to its fermentative
lifestyle by helping to ensure that most of the available
glucose is fermented (by inhibiting respiration)®. The con-
sequent production of relatively large amounts of ethanol
and carbon dioxide have made yeast of great utility to
human civilization for thousands of years’. A major route
by which glucose encourages its own use and stimulates
fermentation is by regulating gene expression. Some of the
mechanisms by which glucose affects gene expression in
bakers’ yeast have recently come into focus, and the para-
digms that are emerging may inform how cells of other
organisms respond to glucose.
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Glucose has two major effects on gene expression in S.
cerevisiae: it represses expression of many genes, including
those encoding proteins in the respiratory pathway (e.g.
cytochromes) and enzymes for utilization of alternative
carbon sources (e.g. galactose, sucrose and maltose); it
also induces expression of genes required for glucose uti-
lization, including genes encoding glycolytic enzymes and
glucose transporters. We now have the outlines of two sig-
nal transduction pathways in yeast responsible for these
effects of glucose. First, I describe one responsible for glu-
cose repression (shown in red in Fig. 1), which employs
the Migl transcriptional repressor, whose function is
inhibited by the Snfl protein kinase. Then I describe a sig-
naling pathway responsible for glucose induction of glu-
cose transporter gene expression (shown in green in
Fig. 1), which centers around the Rgtl transcriptional
repressor, whose function is inhibited by the SCF¢!
protein complex.

Glucose repression mechanism

The central components of a major (though apparently
not exclusive®) pathway for glucose repression of gene
expression are: (1) Migl, a transcriptional repressor’; (2)
Snfl, a protein kinase!®, and its associated regulators (Snf4
and the three members of the Sip family of proteins)!!; and
(3) glc7, which encodes protein phosphatase 1 (PP1), and
its regulatory subunit (Reg1)'2. The zinc-finger-containing
Migl repressor’ (along with its relative Mig2, in some
cases'?), binds to the promoters of many glucose-repressed
genes and represses their transcription, probably by
recruiting the general repressors Ssn6 and Tupl (Ref. 14).
Mig1 seems to be responsible for most of the repression of
glucose-repressed genes; Mig2 collaborates with Mig1 in
repressing some genes'’. The nuclear localization of Mig1 is
regulated by glucose: it moves rapidly into the nucleus when
glucose is added to cells, and quickly moves back into the
cytoplasm when glucose is removed!®. This regulated
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FIGURE 1. Glucose repression and induction
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Mechanisms of glucose repression and induction (see text for details): glucose repression (red)
and glucose induction (green) of gene expression; arrows signify activation of function; lines
ending in a bar signify inhibition of function. Glucose repression: high levels of glucose are
probably transported into the cell mainly by the low-affinity glucose transporter Hxt1. Intracellular
glucose is converted to glucose-6-phosphate primarily by Hxk2, then fermented to ethanol and
C0,. The consequent production of ATP depletes AMP, which might be the signal that activates
Snf1-Snf4. Because AMP levels are low, Snfl is inactive, and therefore does not inhibit Migl,
which enters the nucleus and represses expression of many genes. The Glc7—Regl protein
phosphatase is also involved in regulating Snfl function; it could also dephosphorylate Migl. Low
levels of glucose lead to high AMP levels, which might activate Snfl, which phosphorylates Migl,
causing it to leave the nucleus, thereby derepressing gene expression. Glucose induction: low levels
of glucose bind to the high-affinity glucose receptor (Snf3), and high levels of glucose bind to the
low-affinity glucose receptor (Rgt2) and generate an unidentified intracellular signal that activates
the SCFE™ complex, causing it to inhibit the function of the Rgtl repressor, thereby derepressing
expression of the HXT genes. Not shown in the figure is the fact that high glucose levels also
activate the transcriptional activator function of Rgtl, a process that also requires Grrl. In
addition, high glucose also activates another mechanism (shown in blue), whose components have
not been identified, that further stimulates the high glucose-induced HXTI gene.

movement of Migl appears to be due to phosphorylation,
probably catalyzed by the Snfl protein kinase. Glucose
inhibits the activity of the Snf1 kinase!”!%, which leads to
underphosphorylation of Migl (Refs 14, 16), thereby
causing Migl to move into the nucleus where it represses
gene expression'®, Removal of glucose activates the Snfl
kinase, which causes Mig1 to become phosphorylated and
leave the nucleus, resulting in derepression of glucose-
repressed genes. While it has not been rigorously shown
that Snfl directly phosphorylates Migl, this seems likely,
because Migl contains four consensus sequences for Snfl
phosphorylation, and changing all four of the residues
thought to be phosphorylated reduces the level of phos-
phorylation of Mig1 (Ref. 19) and causes it always to be
in the nucleus, repressing transcription (M. DeVit, unpub-
lished). In addition, Snf1 interacts with Mig1, and phos-
phorylates the Mig1 that co-immune precipitates with it'’.
The protein phosphatase that acts on Migl has not been
identified. Reg1-Glc7 (see below) is an attractive candi-
date, because regl and glc7 mutations cause Migl to be
hyperphosphorylated!® and always in the cytoplasm (M.
DeVit, unpublished). A different glucose signal transduction
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pathway must affect Mig2, because it is regulated differ-
ently than Migl: it is neither affected by Snfl, nor is its
nuclear localization regulated by glucose®. This is surprising,
because these two proteins bind to the same DNA sequences
and carry out the same function in response to glucose.

How does glucose regulate the Snfl protein kinase?
The view that emerges from a large body of evidence is
that it is due to the interaction of a regulatory domain of
Snf1l with either the Snfl catalytic domain, or with Snf4, a
subunit of the Snf1 kinase that enhances its function (Fig.
2)2021 The regulatory domain of Snfl is thought to mask
the catalytic domain when cells are growing on high levels
of glucose. When glucose levels fall, Snf4 binds to the reg-
ulatory domain of Snfl, thereby activating the enzyme. It
may do this actively, by releasing the catalytic domain
from its grasp, or passively, by stabilizing the active form
of the enzyme. Snf4 is assisted in this process by one of
the members of the Sip family of proteins (Sip1, Sip2,
Gal83)", which seem to serve as scaffolds for the protein
complex, and could be responsible for recruiting sub-
strates??. An additional contributor to the process is the
Glc7 protein phosphatase?, which is probably targeted to
Snfl through its regulatory subunit, Regl (Ref. 12). The
evidence suggests that Regl binds to the catalytic domain
of active (low glucose) Snfl, presumably directing Glc7 to
remove phosphate(s) from Snfl (Ref. 20), which prevents
Snf4 from sequestering the regulatory domain, thereby
switching Snfl to its inactive (high glucose) state. The
inability of Snf4 to bind to the regulatory domain of Snfl
when glucose levels are high may be due to removal of
phosphate from T210, a residue conserved in many pro-
tein kinases that must be phosphorylated for Snfl be
active?*. Thus, two proteins (Snf4 and Regl) determine
whether the regulatory domain inhibits the catalytic
domain of Snfl. In addition, Snfl function appears to be
regulated by another, unidentified mechanism, because its
activity is regulated by glucose even in the absence of its
regulatory domain and Reg1 (Ref. 20).

Glucose repression signal

What is the glucose signal that affects Snfl function?
An attractive candidate is AMP (or, more likely, the
AMP:ATP or ADP:ATP ratio), which is depleted in glu-
cose grown cells due to generation of ATP in glycolysis
(Fig. 1). This insight came from the realization that the
three components of the Snfl kinase (Snfl, Snf4, and
the Sip proteins) are similar to the subunits of the AMP-
activated protein kinase (AMPK) of mammals?*-?°. Unlike
AMPK, Snfl is not directly activated by AMP (Refs 18,
26), but its activity correlates remarkably well with the
AMP:ATP (and ADP:ATP) ratio, which rapidly increases
more than 200-fold upon glucose removal's. These obser-
vations suggest the satisfying view that in cells growing
with abundant glucose, generation of ATP by glycolysis
depletes AMP (low AMP:ATP ratio), leading to inactive
Snfl; cells starved for glucose are replete in AMP (high
AMP:ATP ratio), which would result in activation of Snfl.
Thus, the signal for glucose repression may be generated
during metabolism of glucose. This idea is consistent with
the observation that hexokinase 2 (Hxk2), the enzyme
that is primarily responsible for catalyzing the first step of
glycolysis when glucose is abundant, plays a major role in
glucose repression?”. While this provides a satisfying view,
it remains possible that glucose itself, or an early metabolite
of glucose is the signal for glucose repression?$-3°,
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If the AMP:ATP ratio regulates Snfl activity, it prob-
ably does this indirectly, because Snfl does not appear to
be activated by AMP (Refs 18, 26). AMP may activate
Snf1 by activating a Snfl kinase kinase, which appears to
exist'®, but has not yet been identified. Again, this is by
analogy to AMPK, whose activity, in addition to being
directly activated by AMP, is regulated by another protein
kinase (AMPK kinase) that is also regulated by AMP
(reviewed in Ref. 31).

The Snfl homolog in mammalian cells - AMPK - is
involved in the cellular stress response (reviewed in Ref.
31). Because of its sensitivity to reduction in ATP levels,
AMPK has been called the ‘fuel gauge’ of the mammalian
cell3!. Tts activity is increased by a variety of stresses (e.g.
heat shock, hypoxia), all of which increase the AMP:ATP
ratio and cause AMPK to phosphorylate and inactivate a
number of biosynthetic enzymes, probably for the purpose
of conserving ATP (Refs 18, 31). Its yeast cousin also
plays this role, because starvation for glucose is one of
yeast’s major stresses (at least during the time it takes cells
to mobilize the machinery necessary to use alternative car-
bon sources), and the result of activation of Snfl is to
increase ATP production (by enabling use of alternative
carbon sources). Conversely, AMPK plays a role in regu-
lating gene expression in mammalian cells****, as does
Snf1l in yeast. Plants also appear to possess a similar stress-
response system, because they possess Snfl homologs that
may also be responsible for repression of gene expression
by sucrose®?. Clearly, this is a mechanism for dealing with
stress and starvation that arose early in evolution and has
continued to serve cells well.

Glucose induction mechanism

The second pathway for glucose regulation of gene expres-
sion helps ensure that yeasts can live well on glucose.
Because yeast cells growing on high levels of glucose
obtain most of their energy from fermentation®, which
generates only a few ATP molecules per glucose molecule
burned, they must pump large amounts of glucose through
glycolysis to generate enough energy to live comfortably.
To achieve greater glycolytic capacity, expression of most
genes encoding enzymes of glycolysis®, as well as of sev-
eral of the HXT genes encoding glucose transporters®® is
induced by glucose. Separate signal transduction pathways
seem to be responsible for induction of expression of these
two classes of genes by glucose; the one effecting glucose-
induction of the HXT genes has recently come into view.

The central players in this pathway are: (1) a transcrip-
tional repressor (Rgt1)®’; (2) a multiprotein complex
(SCFY1) that inhibits repressor function®®*; and (3)
glucose sensors in the membrane that generate an intra-
cellular glucose signal (Snf3 and Rgt2)*2. In the absence of
glucose, the zinc-finger-containing Rgt1 repressor binds to
the HXT promoters and represses their transcription,
probably by recruiting the general repressors Ssné and
Tup1 (Ref. 37). When glucose is added to cells, it binds to
the glucose sensors outside the cell and generates a signal
inside the cell that causes the SCF¢! complex to inactivate
the Rgtl repressor, thereby derepressing HXT gene
expression and enabling glucose transport.

Yeast cells are able not only to detect glucose in their
surroundings, but to determine how much is available and
respond by expressing the appropriate transporter.
Among the 20 known or apparent hexose transporters in
yeast*®™*! are several (Hxt2, -4, -6, -7) with high affinity

FIGURE 2. Regulation of Snf1
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Proposed mechanism of regulation of Snfl kinase function (after Fig. 1 of Ref.
20; see text for details). Abbreviations: KD, Snfl kinase domain, responsible for
catalytic function of the enzyme; RD, Snfl regulatory domain that interacts
with the kinase domain, and with Snf4; 7210, threonine residue conserved in
many kinases that must be phosphorylated for the Snfl kinase to be active.

(Km ~ 1-10 mMm) for glucose, and two (Hxt1 and Hxt3)
with low affinity (Km ~ 50-100 mMm)*. The high-affinity
(low capacity) transporters are most useful when glucose
is scarce, so it is fitting that HXT2 et al. are only expressed
when glucose levels are low. This is because the promoters
of these genes contain Migl binding sites, which causes
them to be repressed by high levels of glucose*. In the
absence of glucose, Rgt1 prevents expression of HXT2 et al.;
Mig1 maintains their repression in cells growing on high
glucose. It is only at low glucose levels that repression by
Rgt1 is prevented, but Mig1 is not activated, that HXT2 is
expressed. The low-affinity (high capacity) glucose trans-
porters are of greatest use to the cell when glucose is abun-
dant, and, appropriately, the HXT1 gene is expressed only
under those conditions®. This is due to relief of Rgtl-
mediated repression, which occurs at both low and high
concentrations of glucose, and to another pathway (whose
components have not yet been identified), that responds
only to high glucose concentrations®. In addition, Rgtl
becomes a transcriptional activator when glucose levels
are high?’, and this may contribute to high glucose-induced
HXT1 expression. Because of these overlapping regulatory
mechanisms, the cell expresses the glucose transporters
appropriate for the amount of glucose available.
Inhibition of Rgtl repressor function appears to
involve ubiquitin, or a ubiquitin-related protein. The key
clue that led to this insight came from the discovery that
Grr1 is part of an SCF complex (Fig. 3)*4. (SCF com-
plexes are named for their constituent proteins: Skpl,
Cdc53 and Cdc34, and an F-box-containing protein3$4¢.)
Other SCF complexes are known to direct protein ubiqui-
tination®* (reviewed in Ref. 47). The central component
of these SCF complexes is the ubiquitin conjugating
enzyme Cdc34 (also known as Ubc3). The SCF complexes
that have been identified contain, in addition to Cdc34,
two other proteins (Cdc53 and Skp1) that seem to provide
a scaffold for the protein-protein interactions. These com-
plexes differ in the F-box-containing component that
interacts with Skp1, which is thought to recruit substrates
to the complex. The SCF* complex, for example, contains
Cdc4 instead of Grr1. Cdc4 is responsible for recruiting to
the complex certain substrates (e.g. the cyclin-dependent
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protein kinase inhibitor Sic1) using its WD40 repeat pro-
tein interaction domain, thereby causing them to be ubiqui-
tinated and thus marked for degradation*. By analogy, it
seems reasonable to speculate that Grrl recruits the Rgtl
repressor (or possibly an unidentified protein that regu-
lates Rgtl) to the SCFS complex through its protein
interaction domain (leucine-rich repeats). In this view, the
ensuing modification of Rgt1 (or its regulator) with ubiqui-
tin would inhibit its ability to repress transcription, and
stimulate its function as a transcriptional activator.
However, it is not known if Rgt1 becomes modified with
ubiquitin. It is possible that Rgt1 (or its regulator) is mod-
ified instead by one of the ubiquitin-related proteins
[Smt3, whose attachment to proteins is catalyzed by Ubc9
(Ref. 50), or Rub1 (Ref. 51)]. Determining the target of
the SCF¢! complex, the nature of the modification it cata-
lyzes, and the consequence of the modification for Rgtl
function are key questions that remain to be answered.
Grrl1 is also required for the Cdc34-dependent ubiquiti-
nation and subsequent degradation of the G1 cyclins Cln1
and CIn2 (Refs 46, 48), whose function is required for cells
to start the cell cycle, and of Gicl and Gic2, which regulate
actin polarization and bud emergence®. Grrl interacts
with CIn1 and Cln2, and is thus probably responsible for
recruiting these proteins to the SCF! complex (though
their SCF¢r!-directed ubiquitination has not yet been
demonstrated in vitro)*t. Because glucose is a key nutrient
whose availability has a major influence on the cell cycle,
Grrl is situated to play a central role in coupling nutrient
availability to gene expression and cell-cycle progression.
It is not clear how glucose stimulates the SCFS&!-
mediated modification of Rgtl. Perhaps it activates the
SCF¢! complex. This complex is, in fact, about 10-fold
more abundant in cells growing on high levels of glucose
than in cells growing without glucose, probably due to
more efficient interaction of Grrl with the components of
the complex (rather than to increased levels of Grr1)®.
However, it is possible that SCF¢! function is unregulated,

FIGURE 3. Regulation by SCF' complexes
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Grrl is known to interact with Skp1 through its F-box sequence motif, and
with Cdc53 (Refs 38, 46). The ubiquitin-conjugating enzyme Cdc34 is likely
also part of this complex, because (a) it is part of other SCF complexes?, (b)
Grrl is known to be required for the Cdc34-dependent ubiquitination of
CInl and CIn2 (Ref. 48), and (c) Grrl is known to interact with CIn1 (Ref.
46). Grrl is also required for modification of Rgt1 function®’, which leads
to the suggestion that Grrl interacts with Rgtl. Rgtl (or its regulator) is
probably modified, but this could be with ubiquitin or one of the ubiquitin-
like proteins like Smt3. (See text for details.)
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and that the glucose signal acts elsewhere to stimulate
inactivation of the repressor function of Rgt1.

Glucose induction signal
The glucose signal is generated by Snf3 and Rgt2, two
glucose sensors that reside in the cell membrane. While
these two proteins are very similar to glucose transporters,
with 12 predicted membrane-spanning domains*>*3, they
appear to be unable to transport glucose’®. Instead,
they seem to serve as glucose receptors that generate an
intracellular glucose signal upon binding extracellular glu-
cose. Two key observations led to this view. First, Snf3
and Rgt2 are required for induction of HXT expression by
glucose®®*>52, Because Snf3 is required for induction of
gene expression by low levels of glucose, it is thought
to be a high affinity glucose receptor. Rgt2, which is
required for full induction of high glucose induced genes,
is probably a low affinity glucose receptor. Second, a
mutation that alters a single amino acid of these proteins
(an arginine, conserved in all glucose transporters, located
in the cytoplasmic loop just before the fifth transmem-
brane domain) causes them always to generate a glucose
signal that induces HX T expression, even in the absence of
glucose, presumably by converting them into their glucose-
bound form*2. This result demonstrates that metabolism
of glucose is not required for the glucose induction signal.
How is the glucose signal generated by these receptors,
and what is its nature? It seems likely that glucose binds
to the receptors outside the cell and induces a confor-
mational change in them that affects events inside the cell.
In this regard, the nutrient glucose is acting like some
hormones, which signal similarly through a receptor-
mediated process. Key elements in this process are the
unusually long C-terminal tails of the glucose receptors,
which are predicted to reside in the cytoplasm®. These
long (more than 200 amino acid) cytoplasmic tails, which
distinguish Snf3 and Rgt2 from all known glucose trans-
porters (which have cytoplasmic tails of around 50 amino
acids or less), are required for glucose signal gener-
ation®>7%¢, In fact, the Snf3 tail is sufficient for glucose
signaling, because its attachment to the C-termini of the
known glucose transporters Hxt1 and Hxt2 converts them
into glucose sensors that are able to generate a glucose sig-
nal®*. The region of the Snf3 and Rgt2 tails most critical
for glucose signaling is the only region they have in com-
mon: a 26 amino acid sequence that is nearly identical
between the two proteins. Snf3 possesses two of these
sequences, Rgt2 has only one. It is tempting to speculate
that this 26 amino acid sequence interacts with the next
component of the signal transduction pathway, and that
the signal generation event is the alteration of the interac-
tion that results when the conformation of the sensors
changes upon glucose binding. Whatever the nature of the
glucose signal generated by the glucose receptors, it is
clear that it is not generated by glucose metabolism*?,
unlike the situation for glucose repression'®.

Glucose sensing and signaling in other cells

A major effect of glucose on both mammalian and yeast
cells is to increase the number of glucose transporters in
the cell membrane. As we have seen, glucose directly
increases glucose transporter gene expression in yeast
cells. Mammals, being multicellular, have evolved an indi-
rect mechanism for stimulation of glucose transport in the
cells primarily responsible for glucose disposal (fat and
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muscle cells) that is mediated by the hormone insulin. The
insulin-producing beta cells of the pancreas are the primary
fuel-sensing cells of mammals, and there is no indication
yet that they employ a receptor-mediated mechanism for
sensing glucose like that in yeast. A wealth of evidence has
led to the view that glucose sensing by beta cells requires
glucose metabolism, as seems to be the case for glucose
repression in yeast, with glucokinase serving as the glucose
sensor by determining how much glucose enters glycolysis
(reviewed in Refs 57, 58). It seems worthwhile to keep an
eye out for glucose receptors similar to Snf3 and Rgt2 in
other cells that must recognize the presence of glucose.
Such a protein (Rco-3) has been identified in Neurospora
crassa, where it seems to play a role in sensing glucose and
regulating glucose transporter gene expression®’.

What is particularly exciting about the glucose sensing
mechanism for induction of gene expression in yeast is

that it may be novel: the likely signaling regions of the
glucose receptors (the 23 amino acid repeats) contain no
sequence motifs that appear in other receptors, and the
next component of the signal transduction pathway (an
SCF complex involved in protein modification) has only
recently been identified in signaling pathways (proteins
similar to Grr1 have recently turned up in signaling path-
ways in plants®®®!). Grrl homologs also exist in
Caenorhabditis elegans, and in humans®? (F. Li, unpub-
lished). It seems likely that what we learn about how yeast
cells sense and respond to glucose will help us learn how
cells of many different organisms know when they are
feasting or fasting.
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