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Eukaryotes harbour multiple signalling pathways to detect
and respond to changes in glucose availability. Some of
these pathways use plasma membrane receptors that
sense extracellular glucose. Others are responsive to
glycolytic flux and are activated by an elusive internal
glucose signal. Many have proposed that a glycolytic
intermediate serves dual functions as a metabolite and
as a glucose signal. This issue of The EMBO Journal
presents a study from Dechant et al (2010), which pro-
poses that the glucose signal is elevated intracellular pH.
An important player in the pH signalling pathway is the
vacuolar ATPase, which reversibly assembles in response
to elevated pH and activates the protein kinase A (PKA)
pathway. This model is attractive in its simplicity. Could
the elusive glucose signal be as simple as the concentra-
tion of protons?

Yeast uses three signalling pathways that respond to
changes in glucose availability. The Restores Glucose
Transport (RGT) pathway controls the expression of hexose
transporters using two divergent transporters, Snf3 and Rgt2,
that no longer transport glucose themselves, but bind extra-
cellular glucose as a ligand (Ozcan et al, 1998). The cyclic
AMP-dependent PKA pathway is activated by both external
and internal glucose-sensing systems. The G protein-coupled
receptor Gprl appears to bind external glucose and sucrose
(Lemaire et al, 2004); this interaction is transduced to the
activation of adenylate cyclase and, subsequently, PKA. PKA
activation is also mediated by the yeast ras proteins whose
activation requires internal glucose phosphorylation (Gorner
et al, 2002). Finally, the Snfl kinase pathway, the yeast
version of the AMP-activated protein kinase (AMPK) path-
way, is regulated in response to internal energy stores. The
active state of the mammalian enzyme is stabilized by bind-
ing AMP (Sanders et al, 2007). The yeast AMPK also senses
internal energy status, although nucleotide binding has yet to
be shown. Thus, these three glucose signalling systems in
yeast respond to external glucose as a ligand, some internal
mediator of glucose metabolism or both.

The idea that glycolytic flux is sensed internally by cells is
widespread. Glycolytic flux in pancreatic B cells is directly
proportional to external glucose abundance and controls
internal calcium ion concentration and ultimately secretion
of insulin-loaded vesicles. Glycolytic flux is also sensed in
yeast cells. Even when grown in glucose-rich conditions, the
metabolism and gene expression patterns of yeast strains
with artificially limited glucose transport capacity mimic

©2010 European Molecular Biology Organization

those of glucose-starved cells, suggesting that glycolytic
flux is a dominant signal over the information relayed by
plasma membrane sensors saturated with external glucose
(Otterstedt et al, 2004). Although candidate metabolites such
as glucose-6-phosphase and fructose-2,6-bisphosphate have
been proposed to serve as a glucose signal (Muller et al, 1995,
1997), the identity of the internal glucose signal has remained
a mystery.

Recent studies using a pH-sensitive GFP derivative have
allowed the accurate measurement of the intracellular pH
of living yeast cells (Martinez-Munoz and Kane, 2008;
Orij et al, 2009). Cells vigorously fermenting glucose have a
mildly alkaline cytoplasmic pH of 7.2, whereas cells starved
for glucose experience a more acidic intracellular pH of 6.0.
The change in pH is an extremely sensitive readout of
glycolytic flux. Dechant et al (2010) used microfluidic chips
to conduct live cell microscopy during rapid and precise
changes in glucose concentrations. Their results strongly
suggest that intracellular pH regulates the assembly of the
vacuolar ATPase, which then contributes to PKA pathway
activation (Figure 1).
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Figure 1 pH as the glucose signal. In the presence of abundant
glucose (red dots), high internal glycolytic flux leads to an increase
of intracellular pH. Elevated internal pH promotes assembly of the
V-ATPase, which promotes synthesis of cyclic AMP and subsequent
activation of the PKA pathway.
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The vacuolar ATPase is a multi-protein complex that uses
energy from ATP to transport protons from the cytoplasm into
the vacuolar compartment. The V-ATPase is composed of two
subcomplexes, the membrane inserted V, proton pore and
the distinct ATP-hydrolysing V;, which reversibly associates
with V, in response to changes in glucose availability. By
monitoring subcellular localization of GFP-tagged subunits,
Dechant et al assessed V-ATPase assembly in live cells
exposed to rapid shifts in glucose concentrations. During
conditions of high glycolytic flux, the V; subcomplex rapidly
relocalizes to the vacuolar surface. Upon a shift to low
glucose, the V; subcomplex disassociates, limiting ATP con-
sumption. The data presented by Dechant et al suggest that
the V-ATPase additionally functions as an activator of PKA in
response to elevated pH caused by glycolytic flux.

The idea that high intracellular pH is a secondary signal of
glucose metabolism is intriguing. Evidence to support this
idea comes from several lines of investigation. First, artificial
manipulation of the intracellular pH with a protonophore
mimics glycolytic flux in its effect on V-ATPase assembly.
Second, a functional V-ATPase is needed for the full activa-
tion of the PKA pathway. Third, pyruvate kinase mutants
grown in high glucose have reduced glycolytic flux and retain
an acidic cytoplasm despite the presence of normal extra-
cellular glucose sensors. Thus, the increase of the intracel-
lular pH is a rapid and faithful reporter of glycolytic flux and
is independent of extracellular glucose concentrations.
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Interestingly, the V-ATPase is not required for neutralization
of the cytoplasm as mutants with a defective V-ATPase dis-
play intracellular pH profiles similar to wild-type cells.
Rather, the V-ATPase assembly responds to intracellular pH
and acts as a sensor. Cells lacking a functional V-ATPase have
reduced synthesis of cyclic AMP and exhibit defects in
activation of the PKA pathway. The molecular mechanism
by which the V-ATPase regulates the PKA pathway remains to
be elucidated, although it seems likely to act upstream of
adenylate cyclase and may involve the ras proteins. Finally,
Dechant et al show that the PKA pathway in mammalian
cells is also responsive to glucose and depends on a
functional V-ATPase. Taken together, these data suggest that
elevated intracellular pH acts as a secondary signal of glucose
metabolism in eukaryotes and may in fact be the elusive
glucose signal.
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