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Inositol pyrophosphates physiologically regulate vesicular endo-
cytosis, ribosomal disposition, and directly phosphorylate proteins.
Here we demonstrate roles in cell death and regulation of telomere
length. Lethal actions of wortmannin and caffeine are selectively
abolished in yeast mutants that cannot synthesize inositol pyro-
phosphates. Wortmannin and caffeine appear to act through the
phosphoinositide 3-kinase-related protein kinases Tel1 and Mec1,
known regulators of telomere length. Inositol pyrophosphates
physiologically antagonize the actions of these kinases, which is
demonstrated by the fact that yeast mutants with reduced or
elevated levels of inositol pyrophosphates, respectively, display
longer and shorter telomeres.

wortmannin � yeast � caffeine

Inositol polyphosphates mediate diverse forms of cell signaling,
with the best characterized, inositol 1,4,5-trisphosphate (IP3),

releasing calcium from intracellular stores (1). Inositol
hexakisphosphate (IP6) (also known as phytic acid), the most
abundant inositol polyphosphate present in eukaryotes (2), is the
precursor of diphosphoinositol polyphosphates, a class of phos-
phorylated inositols containing one or more pyrophosphate
moieties on the inositol ring (3, 4). The pyrophosphate moieties
of diphosphoinositol-pentakisphosphate (PP-IP5 or IP7) and
bis-diphosphoinositol-tetrakisphosphate ([PP]2-IP4 or IP8) con-
tain energetic bonds that turn over rapidly (3, 4), possibly
indicating a molecular switching role. Recently, we showed that
IP7 physiologically transfers the �-phosphate of the pyrophos-
phate moiety to several target proteins (5), implying a major role
in intracellular signaling. Yeast lacking the inositol pyrophos-
phate-forming enzyme, IP6 kinase (yIP6K; also designated
KCS1; ORF DRO17c) (6, 7), display defective vesicular endo-
cytosis (8). yIP6K-deficient (ip6k�) yeast also manifest slow cell
growth (9), sensitivity to environmental stresses (10), and ab-
normal ribosomal functions (5). In the present study, we dem-
onstrate the involvement of inositol pyrophophates in signaling
cascades that mediate cell death and telomere length. ip6k�
yeast are resistant to the lethal effects of wortmannin and
caffeine, drugs that inhibit the activity of phosphoinositide
3-kinase (PI3K)-related protein kinases. Mutant yeast with
elevated or reduced levels of inositol pyrophosphates respec-
tively possess shorter and longer telomeres.

Materials and Methods
Yeast Growth Conditions and Drug Treatments. Yeast were grown in
synthetic medium supplemented with a complete or appropriate
amino acid mixture of the Synthetic Complete supplement
purchased from Qbiogene (Carlsbad, Ca). Wortmannin and
caffeine (Sigma) were added to the synthetic media from con-
centrated stocks prepared in DMSO and water, respectively.

Yeast Strains, Plasmid Preparation, and HPLC Analyses of Inositol
Phosphates. Yeast strains used in this study were described in refs.
7–9 or generated by standard mating and tetrad dissection

techniques. The plasmids p415yIP6K and p415IPK1 were gen-
erated by using standard recombinant DNA techniques. The
yeast IP6K gene was amplified by using the oligos 5�-
GCTGCGGCCGCTTTAACCTTAAACCAAACAT-3� and
5�-GCTGCGGCCGCATGTACATATATCCTCACA-3� and
cloned into the NotI site of pRS415. Yeast IPK1 gene was
amplified by using the oligos 5�-GCAGCGGCCGCTCTTGGC-
CATTACTTTTCTTCTC-3� and 5�-CGTGCGGCCGCCCT-
CACTTACTTATGGTTTTCTTGTTC-3� and cloned into the
NotI site of pRS415. HPLC analyses were performed as de-
scribed in ref. 8.

Analysis of Telomere Length. Yeast genomic DNA was extracted
from 5 ml of an overnight yeast culture. The cells were washed
with water and resuspended in 0.5 ml of lysis buffer (50 mM
Tris�HCl, pH7.4�20 mM EDTA�1% SDS). Samples were vor-
texed twice for 1 min with acid-washed glass beads and incubated
at 70°C for 10 min. After incubation, 200 �l of 5 M KOAc and
150 �l of 5 M NaCl was added to the lysates. Lysates were
incubated on ice for 20 min and spun at 16,000 � g for 10 min.
DNA was precipitated by addition of two volumes of ethanol.
Precipitated DNA was resuspended in water, digested by PstI,
and subjected to agarose gel electrophoresis followed by transfer
onto Hybond N� membranes (Amersham Pharmacia). The blot
was probed with the yeast Y� subtelomeric DNA (11) obtained
by PCR amplification from yeast DNA by using the oligos
5�-ACACACTCTCTCACATCTACC-3� and 5�-TTGCGTTC-
CATGACGAGCGC-3�. Probe sequence was confirmed by di-
rect sequencing.

Results and Discussion
We compared the effects of a variety of drugs on the growth rates
of WT and several yeast strains possessing impairments in
inositol polyphosphate metabolism (Fig. 1). ip6k� yeast were
markedly resistant to the lethal actions of wortmannin. The
resistance is associated with the loss of inositol pyrophosphates,
because yeast lacking inositol polyphosphate multikinase
(yIMPK; also designated ARG82; ORF YDR173c) (6, 12, 13) or
lacking phospholipase C (PLC1; ORF YPL268w) (14–16) are
also resistant. In contrast, yeast lacking inositol polyphosphate
kinase 1 (IPK1; ORF YDR315c) (16) are not resistant to
wortmannin. Although IPK1-deficent yeast could not synthesize
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IP6, IP7, or IP8, they did accumulate alternative IP5-derived
inositol pyrophosphates, PP-IP4 and [PP]2-IP3 (Fig. 2) (8). The
resistance to wortmannin of ip6k� and ipmk� yeast was reversed
in cells transformed with yIP6K and yIPMK, respectively (Fig. 1).

To further confirm the role of inositol pyrophosphates in
wortmannin-mediated cell death, we evaluated double-mutant
ipk1�ip6k� yeast. These cells possessed high levels of IP4 and IP5

but lacked IP6, IP7, IP8, as well as PP-IP4 and [PP]2-IP3 (Fig. 2).
The yeast manifested a similar resistance to wortmannin as ip6k�
yeast (Fig. 1), which confirmed the requirement of pyrophos-
phate-containing inositols for wortmannin sensitivity.

Recent genome-wide screening of wortmannin sensitivity in
yeast identified ip6k� yeast as wortmannin hypersensitive (17).
This discrepancy may reflect sample misidentification, because
the hyposensitive phenotype we observed in ip6k� yeast was
conserved across three different genetic backgrounds (Fig. 1).

Our experiments implicate inositol pyrophosphates in the
lethal actions of wortmannin. We ruled out direct effects of
wortmannin on yIP6K, because wortmannin (10–20 �M) failed
to inhibit either yIP6K enzymatic activity in yeast lysates or
recombinant mouse IP6K1 (data not shown). Moreover, treat-
ment for 30–60 min with wortmannin (10 �g�ml) did not alter
cellular levels of [3H]IP7 or [3H]IP8 in intact WT yeast labeled
with [3H]inositol in vivo (data not shown).

Caffeine, which, like wortmannin, inhibits PI3K-related pro-
tein kinases (18–20), retarded yeast growth (Fig. 3). ip6k� yeast
are resistant to this effect, as are plc1� and ipmk� yeast, whereas
ipk1� remain sensitive. The similar response of yeast mutants to
caffeine and wortmannin ensures that the findings with wort-

mannin are not unique to a single drug but reflect actions
common to caffeine and wortmannin.

What molecular actions of wortmannin and caffeine are
responsible for the effects on cell growth that are prevented by
yIP6K deletion? Wortmannin, which potently inhibits mamma-
lian PI3K (Ki, low nM) (21) is a very weak inhibitor of the yeast
PI3-kinase, Vps34 (Ki, �M) (22). Yeast contain two phospha-
tidylinositol 4-kinases, enzymes necessary for the formation of
phosphatidylinositol 4, 5 bisphosphate, the precursor of IP3. One
of these enzymes, Pik1, is wortmannin-insensitive (23), whereas
the other, Stt4, is inhibited by wortmannin, with a Ki of 10–20 nM
(23). We think it unlikely that inhibition of this enzyme explains
wortmannin lethality, because phosphatidylinositol 4, 5 bisphos-
phate levels are elevated in ipmk� yeast but markedly reduced
in ip6k� yeast (8), but both mutants are resistant to the lethality
of wortmannin.

Wortmannin also inhibits PI3K-related protein kinases (24–
26), whose yeast forms are Tel1 (homologous to mammalian
ataxia-telangiectasia mutated, ATM), Mec1 (homologous to
mammalian ATM-related, ATR), and targets of rapamycin
Tor1�2 (homologous to mammalian TOR) with 20–200 nM
potencies (24–26). Like wortmannin, caffeine inhibits the kinase
activities of ATM and ATR (18–20). In our experiments,
caffeine inhibits Tel1 kinase activity, with PHAS-I as substrate
(Ki of 0.4 mM) (data not shown). Moreover, the mutagenic
actions of caffeine in fission yeast reflect its inhibitory action on
Mec1�Rad3 (27).

We wondered whether inositol pyrophosphates influence
signaling by members of the PI3K-related protein kinase family.
If yIP6K physiologically inhibits Tel1 and Mec1 signaling and this

Fig. 1. Absence of inositol pyrophosphates confers wortman-
nin resistance. Serial dilutions (7-fold) of cells were planted in
synthetic media containing 10 �g�ml wortmannin (Right) or
vehicle alone (Left) and incubated at 30°C for 72 h. Indicated to
the left are the different genotypes and strain backgrounds
analyzed. Strains ipmk� and ip6k� were transformed with
empty vector (p415) or a vector carrying their respective WT
gene (p415yIPMK and p415yIP6K). Indicated to the right are the
presence (yes) or absence (no) of inositol pyrophosphates in the
different strains as described in Fig. 2 or as published in ref. 8.
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inhibition accounts for the lethal actions of wortmannin, then
ip6k� yeast would resist wortmannin effects as we observe. Tel1
regulates telomere length, which is decreased in the tel1� strain
(28). yIP6K deletion should have consequences opposite to TEL1
deletion, and as predicted, we find increased telomere length in
ip6k� yeast (Fig. 4A). If yIP6K acts by generating inositol
pyrophosphates to antagonize Tel1 activity, then yeast with
elevated levels of inositol pyrophosphates should have shorter
telomeres. Although inositol phosphate metabolism is altered
considerably in ipk1� yeast, formation of inositol pyrophos-
phates still occurs and, in fact, is considerably greater than in WT
yeast (Fig. 2). As predicted, telomere length is reduced in ipk1�
yeast (Fig. 4A). The increased telomere length of ip6k� yeast and

the shortened telomere length in ipk1� yeast are reversed by
transformation with plasmids encoding yIP6K and IPK1, respec-
tively (Fig. 4A). Yeast with deletions of IPK1 and yIP6K

Fig. 2. Intracellular levels of inositol polyphosphates. WT, yIP6K-null (ip6k�),
IPK1-null (ipk1�), and double-mutant yIP6K- and IPK1-null (ipk1�ip6k�) yeast
were radiolabeled with [3H]inositol. Inositol polyphosphates were extracted
and analyzed by HPLC as described in ref. 9; standards used to identify the
different inositol polyphosphate species were described in ref. 8.

Fig. 3. Absence of inositol pyrophosphates confers caffeine resistance. Serial dilutions (7-fold) of cells were planted in synthetic media containing 15 mM
(Center) or 20 mM (Right) of caffeine or vehicle alone (Left) and incubated at 30°C for 72 h (vehicle and 15 mM caffeine) or 96 h (20 mM caffeine). Indicated to
the left are the genotypes analyzed.

Fig. 4. Inositol pyrophosphates control telomere length. Genomic DNA was
extracted from yeast grown in yeast extract�peptone�dextrose, digested by
PstI, and analyzed by using a telomere probe as described in Materials and
Methods. (A) Yeast with defects in inositol pyrophosphate synthesis (de-
scribed in Fig. 2) display associated telomere defects that were rescued by the
introduction of specified plasmids. Strains ipk1� and ip6k� were transformed
with empty vector (p415) or a vector carrying their respective gene (p415IPK1
and p415yIP6K). (B) The analysis of the double-mutants ipk1�tel1� and
ip6k1�tel1� reveals that the shortened telomeres present in tel1� yeast are
not affected by changes in inositol pyrophosphate levels. The lines indicate
the range of the WT telomere lengths observed.

Saiardi et al. PNAS � February 8, 2005 � vol. 102 � no. 6 � 1913

CE
LL

BI
O

LO
G

Y
SE

E
CO

M
M

EN
TA

RY



(ipk1�ip6k�) display an intermediate phenotype with almost
normal telomere length.

Our findings imply a direct interaction between Tel1 and
inositol pyrophosphate signaling in regulating telomere length.
Telomere length is markedly reduced in tel1� yeast (Fig. 4B)
(28). To clarify how inositol pyrophosphates regulate Tel1
influences on telomere length, we generated the double-mutant
yeast strains tel1�ipk1� and tel1�ip6k�. The two double mutants
display short telomeres identical to those found in tel1� yeast
(Fig. 4B). These findings imply that inositol pyrophosphates and
Tel1 share the same signaling pathway in controlling telomere
length.

Very recently, York et al. (29) independently obtained evi-
dence for inositol pyrophosphate modulation of Tel1-dependent
telomere length. In agreement with our analyses, their results
directly link yIP6K-dependent production of PP-IP4 with short-
ened telomeres in ipk1� yeast.

Because MEC1 deletion is lethal (30), we could not directly
examine the influences of inositol pyrophosphates on Mec1
function in yeast. This lethality can be suppressed by the
combined deletion of SML1 (31), but the triple deletion of
MEC1, SML1, and yIP6K posed technical challenges, and we
were unable to generate the mec1�sml1�ip6k� strain. To eval-
uate links between Tor1�2 and inositol pyrophosphate signaling,
we investigated the lethal effects of rapamycin, which kills yeast
by inhibiting Tor1�2 signaling. Concentration-response relation-
ships for rapamycin lethality in ip6k� yeast are the same as in WT
yeast (data not shown).

In summary, we have shown that inositol pyrophosphates
physiologically inhibit signaling by Tel1, and possibly Mec1. Loss
of this inhibition underlies the resistance of inositol pyrophos-
phate-deficient yeast to wortmannin and caffeine toxicity. Mam-

mals possess three distinct IP6K enzymes. One of these, IP6K2,
regulates cell death, given that its overproduction enhances
apoptosis and its deletion is antiapoptotic (32).

Tor1�2 do not appear to be involved in the actions of inositol
pyrophosphates on cell death because rapamycin toxicity does
not correlate with inositol pyrophosphate levels. However, the
precise effects of rapamycin on Tor1�2 kinase activities have yet
to be fully elucidated and many Tor1�2 functions are rapamycin-
insensitive. The Tor1�2 proteins may participate in the regula-
tion by inositol pyrophosphates of vesicular endocytosis (8).
Consistent with this hypothesis are reports of Tor2 localization
to membranes of yeast vacuoles (33) and of Tor1 to the plasma
membrane of yeast (34).

The PI3K-related protein kinases Tel1 and Mec1 control
DNA damage checkpoints during cell cycle so that their deletion
or inhibition elicits hypersensitivity to DNA-damaging agents
(35–37). Earlier, we showed that inositol pyrophosphates are
required for DNA hyper recombination in certain yeast (38).
Conceivably, inositol pyrophosphates influence hyper recombi-
nation through actions on Tel1 and Mec1. IP6 has been reported
to influence end joining by DNA-dependent protein kinase
(DNA-PK) (39). DNA-PK is an exclusively metazoan protein
whose close yeast counterparts are Tel1 and Mec1. Conceivably,
the reported effects of IP6 on DNA-PK reflect the actions
of inositol pyrophosphates on Tel1 signaling that we have
described.
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