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T
he pervasive inositol phosphate
signaling family includes a spe-
cialized subgroup with ‘‘high-
energy� pyrophosphate groups

that turn over rapidly (Fig. 1 and refs. 1
and 2). Some of the enzymes directing
these reactions have yet to be cloned
(see Fig. 1 legend). Therefore, proposed
roles of inositol pyrophosphates ([PP]x-
IPy) in vivo have inevitably depended on
observing phenotypes when the entire
subgroup is either eliminated or over-
produced. Such experiments have led to
conclusions that inositol pyrophosphates
act as a group to regulate apoptosis, ves-
icle trafficking, yeast vacuole biogenesis,
transcription, chemotaxis, and DNA
repair (see ref. 3 for access to the litera-
ture). This tendency to treat these pyro-
phosphates as all acting in a functionally
similar manner has not helped us under-
stand the molecular basis by which they
apparently regulate so many biological
processes. Now, two groups working in-
dependently [Sol Snyder’s laboratory at
Johns Hopkins as described in this issue
of PNAS (4) and John York’s team at
Duke (5)] have used yeast genetics to
obtain evidence that inositol pyrophos-
phates regulate yet another fundamental
process, in this case telomere length.
However, an important new feature of
these studies is that specific inositol py-
rophosphates, namely, those with a hy-
droxyl group at the 2-position (Fig. 1),
are held responsible for this biological
activity. This departure from the stand-
point that inositol pyrophosphates are a
functionally redundant family offers op-
portunities to develop a molecular un-
derstanding of these specific events.

Regulation of Telomere Length
Telomeres are the nucleoprotein com-
plexes that occur at the ends of eukary-
otic linear chromosomes. They consist of
long, repetitive DNA sequences that
attract a number of sequence- and struc-
ture-specific binding proteins (reviewed
in refs. 6 and 7). These chromosomal
caps prevent nucleolytic degradation
and provide a mechanism for cells to
distinguish natural termini from broken
ends; the latter signal DNA damage.
Without telomere protection, the activa-
tion of DNA damage response pathways
by chromosomal ends would provoke
cell cycle arrest, senescence, or apopto-

sis. Another feature of telomeres is that
their 3� single-strand nucleotide over-
hang cannot be replicated, so most hu-
man somatic cells lose terminal DNA
with each division. Thus, telomeres also
guard the more internally located coding
region of the genome, but this protec-
tion requires ongoing telomere attrition
to be countered by elongation mecha-
nisms. Yet, telomere elongation is a
double-edged sword. Although long-
term proliferation of eukaryotic cells
requires mechanisms to maintain telo-
mere length, a telomere-driven limita-
tion of the proliferative capacity of
transformed cells can also be considered
a tumor suppressor system (7). There-
fore, an understanding of the molecular
processes of telomere maintenance has
potential therapeutic benefit.

Among important players in telomere
maintenance in yeast are Tel1 and Mec1
(8), members of the phosphatidylinositol
3-kinase-related kinase (PIKK) family;

despite homology in their catalytic do-
main to phosphatidylinositol 3-kinases,
the PIKKs phosphorylate proteins rather
than lipids. Wortmannin and caffeine
are known PIKK inhibitors (9). Snyder’s
group (4) thinks that there might be a
hitherto unrecognized relationship be-
tween inositol pyrophosphates and
PIKK-related processes, after they ob-
served that yeast became immune to the
toxic, growth-impeding effects of wort-
mannin and caffeine, if the IP6 kinase
gene, KCS1, was deleted. These results
were a little surprising, because earlier
reports contrarily indicated that kcs1�
cells were hypersensitive to both wort-
mannin (10) and caffeine (11). Never-
theless, Snyder’s group was prompted by
its observations to study the effects on
telomere length when inositol pyrophos-
phate synthesis was targeted genetically.

See companion article on page 1911.
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Fig. 1. This figure offers guidance for coping with a complicated nomenclature and uncertain isomeric
assignments. Let us begin with what is known: the synthesis of inositol pyrophosphates can be attributed
to three classes of enzymes, namely, the IP5 kinase (purple arrow; also known as ipk1), the versatile IP6

kinases (green arrows), and the PP-IP5 kinase (blue arrows) that forms [PP]2-IP4 (but note: IP7 and IP8 are
frequently used colloquisms for PP-IP5 and [PP]2-IP4). We also know that the mammalian PP-IP5 isomer has
the diphosphate group attached to the 5-carbon (17). In mammals, three isoforms of IP6 kinases synthesize
PP-IP5 (13, 18). Only one homologue, Kcs1, has been cloned from Saccharomyces cerevisiae (18). All IP6

kinases also phosphorylate IP5 to PP-IP4 (12). Not shown is the hydrolysis of the diester phosphates by
specific phosphohydrolases (19). So, what don’t we know? First, PP-IP4 is itself further phosphorylated by
the IP6 kinase, and the product is unclear. It was originally proposed to be [PP]2-IP3 (12), but a [PP]3-IP4 is
an equally possible product (see ref. 3). Another uncertainty is that the [PP]2-IP4 isomer in yeast and
mammals may be different from the 5,6-diphospho version found in Dictyostelium discoideum (20). The
molecular nature of the PP-IP5 kinase(s) is also unknown because no one has succeeded in cloning it.
Finally, kcs1� yeast can synthesize PP-IP5 by using another enzyme (5). Could this be a novel PP-IP5 isomer
produced by off-target phosphorylation of IP6 by the PP-IP5 kinase?
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Working independently, York’s labora-
tory (5), in collaboration with T. D.
Petes’ group (University of North Caro-
lina, Chapel Hill), were also interested
in studying the effects of inositol pyro-
phosphates on PIKK-related functions
such as telomere length.

A New Role for PP-IP4?
To fully appreciate the experiments that
were performed by both teams, it should
be noted that Kcs1 phosphorylates both
IP6 and IP5 (ref. 12 and the green ar-
rows in Fig. 1). IP5 is initially converted
by Kcs1 to PP-IP4, which is itself further
phosphorylated; the final product could
be either [PP]3-IP4 (as shown in Fig. 1)
or [PP]2-IP4. Either way, the vacant
2-OH distinguishes this whole group of
IP5 derivatives from the other inositol
pyrophosphates, PP-IP5 and [PP]2-IP4

(Fig. 1). Selective elimination of PP-IP5

and [PP]2-IP4 by deletion of Ipk1 (the
purple arrow in Fig. 1) led to increased
synthesis of PP-IP4, which in turn was
associated with decreased telomere
length (4, 5). Elimination of PP-IP4 (and
all of the other inositol pyrophosphates)
by deletion of the KCS1 gene was ac-
companied by telomere lengthening (4,
5). York’s group (5) added an addi-
tional, critical experiment, in view of the
pleiotropic nature of Kcs1 (11): whereas
transformation of kcs1� yeast with WT
Kcs1 rescued telomere length, transfor-
mation with a kinase-dead mutant of
Kcs1 (D791A; K793A) did not. These
results specifically attribute telomere
maintenance to the kinase activity of
Kcs1 and not some additional domain in
this protein. Both groups suggest that a
fluctuating PP-IP4 concentration acts as
a rheostat that can either extend or
shorten telomeres.

How favorably will this newcomer be
welcomed by the telomere field? York
and colleagues (5) noted that regulation
of telomere length by an intracellular
signal (PP-IP4 or a downstream metabo-
lite) potentially connects telomere main-
tenance to environmental inputs.
However, these genetic studies caused
either complete elimination of PP-IP4
from the cell or its overwhelming accu-
mulation. Both conditions lie far outside
the range of normal fluctuations in the
cellular levels of this pyrophosphate. It
will be necessary to show that physiolog-
ically relevant changes in PP-IP4 levels

have the capacity to regulate telomere
length. In mammals, such events might
involve differential expression of the
three isoforms of IP6 kinase, because
each has different affinities for the com-
peting IP5 and IP6 substrates (12, 13).
Unfortunately, perhaps, the one isoform
of IP6 kinase that is predominantly nu-
clear (type 2) has the weakest ability to
phosphorylate IP5 to PP-IP4 (12, 13).
Furthermore, no one has yet shown that
there is an extracellular stimulus that
can specifically regulate PP-IP4 levels,
thereby providing opportunities for
telomere length to be regulated inde-
pendent of the many effects that other

inositol pyrophosphates can elicit (see
above).

Mec1 and Tel1 are potential targets
of PP-IP4 (see above), but the lethal
consequences of MEC1 deletion prohib-
ited its role from being studied. In con-
trast, the tel1� strain is viable. PP-IP4
has no effect in these cells, which al-
ready have short telomeres (8), implying
that PP-IP4 and Tel1 act in a common
signaling pathway (4, 5). Snyder’s group
(4) seems confident that PP-IP4 will be
found to inhibit Tel1, but this possibility
still needs to be directly tested. Such
future experiments should test the ap-
parent specificity of action of PP-IP4
revealed by the in vivo work.

The mammalian homologues of
Tel1 and Mec1 are, respectively, ATM
(ataxia-telangiectasia mutated) and
ATR (ATM-related). Can PP-IP4 regu-
late these PIKKs? Are other PIKKs
modulated by inositol pyrophosphates?
Snyder and colleagues (4) speculate that
a previously described, IP6-mediated
stimulation of a PIKK that is a DNA
repair protein, DNA-PK, might in fact
be physiologically caused by inositol
pyrophosphates rather than IP6. This
hypothesis seems unlikely to be correct,
because it is the Ku subunit, and not
DNA-PK, that is now known to bind
IP6 (14, 15). At least in yeast, Ku seems
to act independent of PP-IP4 (5).
Nevertheless, the possibility of more
widespread interactions of inositol pyro-
phosphates with PIKKs is, potentially,
the most dramatic and far-reaching de-
velopment that could come from these
studies. Organismal survival depends on
appropriate adaptive responses to cellu-
lar stress, and we already know that this
involves signaling pathways driven by
PIKKs (9) and inositol pyrophosphates
(11, 16). Now we should consider that
these two signal transduction systems
may be interconnected.
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