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The glucose analogue 2-deoxy-p-glucose (2-DG) restrains growth
of normal and malignant cells, prolongs the lifespan of C. elegans,
and is widely used as a glycolytic inhibitor to study metabolic
activity with regard to cancer, neurodegeneration, calorie restric-
tion, and aging. Here, we report that separating glycolysis and the
pentose phosphate pathway highly increases cellular tolerance to
2-DG. This finding indicates that 2-DG does not block cell growth
solely by preventing glucose catabolism. In addition, 2-DG pro-
voked similar concentration changes of sugar-phosphate interme-
diates in wild-type and 2-DG-resistant yeast strains and in human
primary fibroblasts. Finally, a genome-wide analysis revealed 19
2-DG-resistant yeast knockouts of genes implicated in carbohy-
drate metabolism and mitochondrial homeostasis, as well as ribo-
some biogenesis, mRNA decay, transcriptional regulation, and cell
cycle. Thus, processes beyond the metabolic block are essential for
the biological properties of 2-DG.

cell growth inhibition | glycolysis | off-target effect |
pentose phosphate pathway | carbohydrate metabolism

-Deoxy-D-glucose (2-DG) is a stable glucose analogue that
is actively taken up by the hexose transporters and phos-
phorylated but cannot be fully metabolized. 2-DG-6-
phosphate accumulates in the cell and interferes with carbo-
hydrate metabolism by inhibiting glycolytic enzymes. 2-DG-
6-phosphate inhibits phosphoglucose isomerase (PGI) in a
competitive, and hexokinase (HXK) in a noncompetitive,
manner (1-3). On the cellular level, 2-DG provokes rapid
growth inhibition and results in altered glycosylation that is
highly dependent on catabolic glucose intermediates (4, 5).
2-DG has been used in numerous studies focused on the
effects of reduced metabolic rates. Recently, 2-DG has been
used in this study of glycolytic inhibition with respect to calorie
restriction and aging. 2-DG increases the lifespan of C. elegans,
an effect that is reversed by antioxidants (6, 7). Moreover, 2-DG
mitigates disease progression in a murine model of temporal lobe
epilepsy (8), possibly due to the repression of the BDNF
promoter. 2-DG shows possibilities as an antiviral drug, as it
targets gene expression in papillomavirus (9). Finally, 2-DG has
been thoroughly studied in regard to cancer biology. Malignant
cells exhibit increased glucose metabolism compared with sur-
rounding tissue (10) and, therefore, increased 2-DG uptake.
2-DG efficiently inhibits tumor progression and is a focus of
clinical trials (reviewed in ref. 11).

In general, it is assumed that the biological effects of 2-DG are
the consequence of a block in carbohydrate catalysis, implying
that 2-DG treated cells, unable to metabolize glucose, stop
growing as a result of a lack of energy and metabolic interme-
diates. However, several observations bring this assumption into
question. First, only a moderate decline in ATP has been
observed in 2-DG-treated eukaryotes (7, 12). Second, a current
study reveals that tumor cells react differently to 2-DG than to
its close analogue 2-fluorodeoxy-D-glucose (2-FDG). Although
2-FDG seems to be the more potent glycolytic inhibitor, 2-FDG
was not toxic to all tumor cells that reacted to 2-DG (13). And
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finally, the effectiveness of the anticancer properties of 2-DG
correlates with changes in the glycosylation pattern of the target
tissue (14).

Here, we focus on glycolysis and the pentose phosphate
pathway (PPP) in cells treated with 2-DG. Interrupting the
interplay of these pathways increased, rather than decreased,
cellular tolerance to 2-DG. Moreover, although 2-DG provoked
concentration changes of several sugar-phosphate intermediates
of both pathways, we observed no linear decrease of glucose
catabolites. The metabolic shift was similar in the wild-type and
two 2-DG resistant yeast strains. Finally, we screened a collec-
tion of ~5,150 knockouts and identified 19 2-DG-resistant
mutants. The identified genes were implicated in carbohydrate
metabolism and its regulation, cell cycle control, signaling,
mRNA decay, redox control, protein degradation, ribosome
biogenesis, and DNA repair. Thus, we conclude that a metabolic
block in the classic sense does not sufficiently explain how 2-DG
impacts eukaryotic cell growth, bringing into question the cur-
rent assumptions concerning how 2-DG interferes with biolog-
ical systems.

Results

Glycolysis begins with the phosphorylation of glucose to glucose-
6-phosphate by HXK. It is then either converted by phosphoglu-
cose-isomerase (PGI) and enters glycolysis, or it is metabolized by
glucose-6-phosphate dehydrogenase (G6PD; Fig. 14) and enters
the PPP. 2-DG inhibits HXK and PGI, and the inhibition of PGI
is competitive (1, 3). It is likely that cells with impaired glucose
metabolism due to the inhibition of PGI have an increased influx
of glucose-6-phosphate into the PPP. This is true for yeast with
deletions of PGI (15). Thus, if glycolysis is inhibited at a step at or
after PGI, the glucose equivalents can still be metabolized in the
PPP. Consequently, deletion of the unique G6PD gene would
prevent the entrance of glucose-6-phosphate into the PPP and,
consequently, should increase the sensitivity of the cells to 2-DG.
A stronger 2-DG phenotype in the G6PD mutant would also be
expected, if reduced activity of the PPP would contribute to the
cytotoxicity of 2-DG (as suggested in ref. 16).

Surprisingly, the deletion of the G6PD gene (ZWFI) in an
S288c derivate (BY4741) resulted in cells that were highly
resistant to 2-DG (Fig. 1B). To exclude the possibility that this
finding was a background-specific artifact, ZWF1 was deleted in
the W303 derivate Y2546 as well, but this strain was also resistant
to 2-DG [supporting information (SI) Fig. S1A4].
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Fig. 1. Yeast cells interrupted for the interplay of glycolysis and the PPP are 2-DG resistant. (A) Simplified overview of glycolysis, the PPP, and the enzymatic
targets of 2-DG. (B) Wild-type and AZWFT yeast were spotted as 5-fold serial dilution on SC media with or without 2-DG and incubated at 30 °C. (C) Similar to
(B), but with yeast cells expressing K. lactis GDP1. (D) Wild-type and AZWF1 yeast transformed with a K. lactis GDP1 expression plasmid were spotted on SCURA

media with or without 2-DG

GDP1 of Kluyveromyces lactis is a phosphorylating GAPDH,
unique among nonplant eukaryotes, that can rescue the lethal
phenotype of the PGII deletion in S. cerevisiae (17). When
growing on pentoses, K. lactis avoids carbon exhaust by inducing
the expression of this enzyme; GDPI interferes with the inter-
play of glycolysis and the PPP by switching the glycolytic
redox-cofactor from NAD(H) to NADP(H) (17, 18). 2-DG
tolerance was examined in the presence of GDPI. The wild-type
strain was transformed with a GDPI expression plasmid and
tested for 2-DG resistance. As illustrated in Fig. 1C, BY4741
cells expressing GDPI were resistant to 2-DG. GDPI transfor-
mants of the unrelated Y2546 strain expressed a similar pheno-
type (Fig. S1B). Finally, GDPI was expressed in the AZWFI
strain (Fig. 1D). However, GDPI expression did not further
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increase the 2-DG tolerance of the AZWFI strain. That the
effects were not additive indicates the possibility of a shared
mechanism.

Next, we investigated how 2-DG impacts the metabolite
homeostasis of glycolysis and the PPP in the wild-type as well as
in the resistant mutants. To determine the optimum 2-DG
concentration for these analyses, BY4741 cells were grown in
yeast peptone dextrose (YPD) without 2-DG or supplemented
with 0.05, 0.10, or 0.20% 2-DG (Fig. 24). 2-DG strongly inhib-
ited cell growth at all concentrations. As expected, 0.20% 2-DG
had the strongest effect, although growth was only minimally
decreased compared with 0.10% 2-DG; both were more effective
than 0.05% 2-DG. The cells treated with 0.10% 2-DG were
profiled (Fig. 2B). 2-DG treatment provoked quantitative
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Fig. 2. Metabolic profiling of eukaryotic cells treated with 2-DG. (A) Growth of yeast batch cultures supplemented with 2-DG at different concentrations. (B)

Quantitative changes of metabolites in wild-type, AZWF1, and GDPT-expressing yeast treated with 2-DG. Shown are the relative increases or decreases in
percentage compared with the respective untreated strain. <, e4p was below detection limit in the 2-DG-untreated cells, but strongly increased (to 6.5 + 0.55
mM/(ODggo X ml) [WT yeast], 9.9 = 0.76 mM/(ODgoo X ml) [AZWFT], and 6.5 = 0.67 mM/(ODggo X ml) [GDPT] in the 2-DG-treated sample). (C) Human primary
fibroblasts were incubated with 4 mM 2-DG and processed for sugar-phosphate analyses. <, e4p increased to 9.70 nmol/mgsotal protein- (B and C) Error bars indicate
the normalized standard deviation of the 2-DG-treated cells.
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changes in all assayed metabolites of glycolysis and the PPP. As
glucose-6-phosphate and fructose-6-phosphate could not be
distinguished by the chosen methodology, their combined con-
centration is given as gbp. In agreement with previous observa-
tions that 2-DG blocks the upstream enzyme HXK, gbp con-
centration decreased by 39.4% in the 2-DG-treated wild-type
strain. Another glycolytic metabolite, the three-carbon sugar
dihydroxyacetone phosphate (dhap), also decreased (—57.6%).
Dhap is converted by triosephosphate isomerase to glyceralde-
hyde-3-phosphate, the GAPDH metabolite. Remarkably, ri-
bose-5-phosphate (r5p) was diminished by 52.8%, ruling out a
general increase of PPP intermediates in 2-DG-treated cells.
Other metabolites, however, behaved differently. Sedoheptu-
lose-7-phosphate (s7p), a 7C intermediate of the PPP, increased
(+32.4%). Erythrose-4-phosphate (e4p), an intermediate of the
nonoxidative branch of the pentose phosphate pathway and a
product of transaldolase, exhibited the most striking change.
Whereas e4p of untreated yeast was below the detection limit, in
2-DG-treated cells e4p concentrations were comparable to the
most abundant metabolites (dhap and gbp).

The metabolic profiles of the two resistant strains (AZWF1
and WT expressing GDPI) were also examined. Although the
absolute concentrations differed (see Table S1), the relative
changes caused by 2-DG were similar (Fig. 2B). The AZWF1
strain exhibited similar quantitative tendencies for dhap, e4p,
r5p, and s7p; only gbp was not altered. Remarkably, the PPP
metabolites r5p and s7p shifted as in the wild-type strain, even
though entrance into the oxidative branch of the PPP is pre-
vented in the mutant. The GDPI expressing strain was qualita-
tively and quantitatively like the wild-type strain and showed
similar tendencies for every assayed metabolite. Notably, the s7p
concentration correlated with the 2-DG resistance. To clarify if
this molecule plays a key role in the underlying mechanism, we
tested two yeast strains deleted for s7p metabolizing enzymes,
TALI (encoding transaldolase) and TKLI (encoding the major
transketolase isoform). Although both mutants are known to have
altered s7p levels, both strains showed no difference in 2-DG
resistance compared with wild type (Fig. S2). Thus, s7p seems not
directly involved in the mechanism promoting 2-DG tolerance.

Overall, with the exception of e4p, the metabolic changes were
relatively moderate and did not reveal a linear decrease of the
intermediates. Mutations reducing triosephosphate isomerase
activity or eliminating transaldolase activity, for instance, are
known to provoke larger metabolic changes without strongly
impacting cell growth (18, 19). Remarkably, the 2-DG treatment
provoked similar metabolic changes in both the resistant strains
and the wild type. This indicates that the resistance of both
strains is not based on a reduced 2-DG uptake, and that
glycolysis is targeted in these strains as in the wild type.

Next, the effects of 2-DG on the carbohydrate intermediates
in mammalian cells were examined. Human primary fibroblasts
were treated with 2-DG and the changes in sugar-phosphate
concentration were monitored. As illustrated in Fig. 2C, 2-DG
treatment resulted in a decrease in dhap, a strong increase in e4p
(the e4p concentration of the native fibroblasts was below the
detection limit), and an increase in s7p. Only gbp was unaffected
by 2-DG. Unfortunately, we were unable to determine the
change in rSp as the absolute rSp concentration was too low in
these cells for adequate quantification. Thus, 2-DG caused
similar metabolic changes in yeast and mammalian cells.

These results raised the possibility that regulatory events
rather than classic metabolic inhibition are central for the
growth-inhibiting properties of 2-DG, suggesting that the re-
spective target pathways could be identified in a chemical genetic
screen. Therefore, we tested a complete collection of viable yeast
gene deletion strains (~5,150 strains of the MATa knockout
collection, including the version 2 supplemental set) for 2-DG
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resistance. Knockouts that reproducibly tolerated high concen-
trations of 2-DG were re-grown and verified by sequencing of the
genetic barcode. Nineteen 2-DG-resistant knockouts were iden-
tified. Surprisingly, the AZWFI strain, deleted for the G6PD, was
not among them; but a subsequent verification of the respective
strain taken from our copy of the knockout collection revealed
that it was wild type for this gene. As illustrated in Fig. 3, all
identified strains were highly resistant; most of them tolerated
more than 0.40% 2-DG. Three candidates were deleted for
metabolic enzymes, including TPS2, which catalyzes one step in
trehalose synthesis. Like glycogen, trehalose functions as a
storage carbohydrate, but also protects cells from desiccation
and stress (20). In addition, at least three of the identified genes
are implicated in the regulation of glycogen storage (REGI,
PCLS, and DGR2).

Several knockouts were implicated in mRNA decay (LSM6,
EDC2, and DHHI), subunits of the RNA pol II mediator
complex (ROX3), or involved in 60S ribosomal subunit biogen-
esis (NOPI16). The mRNA decay is compartmentalized to so-
called P-bodies, sites that are also important for mRNA stability
control and translation (21), indicating that the control of
mRNA turnover could be targeted by 2-DG.

Moreover, two deletion mutants of yet unassigned function
(YNL130C-A [termed DGRI for 2-deoxy-glucose-resistant-1]
and YKLI21IW [DGR2]) were 2-DG tolerant. The protein
encoded by DGR2 has several homologues in different species
and contains a WD40 domain found in proteins that function as
adaptor/regulatory modules in signal transduction, pre-mRNA
processing, and cytoskeleton assembly. In contrast, DGRI en-
codes for a putative small polypeptide (49 residues), but neither
nucleotide nor protein (PHI- and PSI-) BLAST searches iden-
tified any putative orthologues.

Remarkably, the strain deleted for hexokinase-2 (HXK2) was
2-DG resistant. HXK?2 is predominant in yeast growing on
glucose, whereas the other glucose-phosphorylating enzymes
(HXKI1 and GLKI) are induced on nonfermentable carbon
sources (22). This observation is a strong indication that a block
of HXK by 2-DG does not explain how 2-DG restrains cell
growth. However, HXK2 mutants are deficient for glucose
repression (23), as is another candidate, AREGI, a regulator of
the protein phosphatase type 1 (PP1; GLC7) (24). Moreover, the
identified cyclin PCLS interacts with the Cdk Pho85, which itself
phosphorylates the PP1 regulator Glc8 (25, 26). Taken together,
these findings suggest that the prevention of glucose repression
mediates 2-DG resistance, indicating that 2-DG-mediated
growth inhibition is a regulatory consequence.

Discussion

Here, we provide abundant evidence that inhibition of carbo-
hydrate catalysis in not sufficient to explain how 2-DG restrains
cell growth. First, inhibition of the PPP, the alternate pathway by
which glucose analogues enter the Krebs cycle, increases the
cellular tolerance to 2-DG. Second, metabolic profiling did not
show a linear decrease of downstream catabolic intermediates
and, moreover, two 2-DG resistant strains had a similar meta-
bolic profile as the wild type. Finally, 2-DG-resistant knockouts
were implicated in various pathways and included the major
hexokinase isoform as well as genes involved in mRNA decay
and different regulatory pathways. Thus, the biological response
to 2-DG involves pathways that are beyond the catabolic block.
Consequently, the current assumptions concerning how 2-DG
acts as an anticancer therapeutic, improves temporal lobe epi-
lepsy in mice, and increases the lifespan of C. elegans are called
into question. Nonetheless, it remains plausible that metabolic
changes are central to the effects of 2-DG. The strong increase
in edp, for example, could be involved in yet unknown regulatory
mechanisms and feedback control systems. In concordance, recent
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Fig.3. Identification of 2-DG-resistant yeast knockouts. 2-DG-resistant yeast strains identified in the genome-wide screen were spotted, alternating with the
wild-type strain, on SC media with or without 2-DG, as indicated. Growth was monitored after incubation for 3 days at 30°C.

work highlights the correlation between glycosylation patterns and
the properties of 2-DG (5, 14), even though no protein known to be
involved in this process has been identified in the screen.

Remarkably, the cellular adenosine triphosphate (ATP) sen-
sor target of rapamycin (TOR) is known to be inactivated in
2-DG-treated cells (27). Because TOR activation is able to block
the cell cycle in G; (28), we assayed yeast strains deleted for
genes involved in the G; checkpoint (CLNI, CLN2, CLN3,
CLG1, PCLI1, and WHI2) for a potential 2-DG phenotype.
Although one Pho85 cyclin, PCLS, was identified in the resis-
tance screen, none of these knockouts showed altered sensitivity
to 2-DG (Fig. S3). This suggested that 2-DG toxicity is not
primarily based on a TOR-mediated G; block. Supporting,
recent work showed that the TOR inhibitor CCI-779 (a rapa-
mycin analogue) sensitizes, not protects, HIF1-a-expressing
tumor cells against 2-DG (29).

Moreover, it is feasible that the cellular redox state, especially
of the NADP(H) pool (because targeted by GDPI), could be
involved in the effects of 2-DG. Our investigations failed to

17810 | www.pnas.org/cgi/doi/10.1073/pnas.0803090105

support the idea that cells stop growing due to a lack of NADP*
(data not shown). But, as GDP]I is a close homologue to the three
yeast GAPDH paralogues TDHI, TDH2, and TDH3, the sub-
stance might target other processes influenced by these central
metabolic regulators. GAPDH is implicated in many cellular
processes; for instance, it acts as metabolic switch, receptor
kinase, transcription factor, and apoptosis regulator (18, 30-32).
Accordingly, it is of viable interest to reevaluate the mechanisms
by which 2-DG treatment increases lifespan and blocks tumor
and disease progression. Enhanced understanding will extend
the wide-ranging pharmacological properties of 2-DG and could
lead to the identification of novel targets.

Methods

Cell Culture, Yeast Cultivation, Screening, and Strain Generation. Primary
fibroblasts were isolated and cultivated as described (19), and treated with 4 mM
2-DG. Yeast was cultivated in YPD or synthetic complete media (SC; Difco) with
2% glucose. Yeast strains deleted for ZWF1 were generated by genomic integra-
tion of the kanMX4 module, and strains deleted for TKL1 by integrating natMX4.
GPD1 promoter-driven K. lactis GDP1 was integrated into the HIS3 locus by using

Ralser et al.
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a Nhel-digested pRS303 vector. Details of the strain and plasmid generation are
given in S/ Text; genotypes of the yeast strains used are listed in Table S2.

For the chemical genetic screening, the MATa deletion collection was
grown in multiwell plates, transferred three times to SC media containing
0.25% or 0.20% 2-DG, and incubated at 30 °C. Strains that were identified at
least twice were selected and retested for 2-DG resistance. The positive clones
were verified by sequencing of the genetic barcode and rearrayed for com-
parative 2-DG tests as shown in Fig. 3.
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