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An insulin receptor-like signaling pathway regulates Caenorhabditis elegans metabolism, development, and
longevity. Inactivation of the insulin receptor homolog DAF-2, the AGE-1 PI3K, or the AKT-1 and AKT-2
kinases causes a developmental arrest at the dauer stage. A null mutation in the daf-16 Fork head
transcription factor alleviates the requirement for signaling through this pathway. We show here that a
loss-of-function mutation in pdk-1, the C. elegans homolog of the mammalian Akt/PKB kinase PDK1, results
in constitutive arrest at the dauer stage and increased life span; these phenotypes are suppressed by a loss of
function mutation in daf-16. An activating mutation in pdk-1 or overexpression of wild-type pdk-1 relieves
the requirement for AGE-1 PI3K signaling. Therefore, pdk-1 activity is both necessary and sufficient to
propagate AGE-1 PI3K signals in the DAF-2 insulin receptor-like signaling pathway. The activating mutation
in pdk-1 requires akt-1 and akt-2 gene activity in order to suppress the dauer arrest phenotype of age-1. This
indicates that the major function of C. elegans PDK1 is to transduce signals from AGE-1 to AKT-1 and
AKT-2. The activating pdk-1 mutation is located in a conserved region of the kinase domain; the equivalent
amino acid substitution in human PDK1 activates its kinase activity toward mammalian Akt/PKB.
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Insulin signaling in mammals causes a variety of cellular
responses, including glucose uptake and glycogen syn-
thesis in liver and muscle, fat storage in adipocytes, and
changes in protein synthesis and gene expression (Kahn
1994). Activation of the insulin receptor leads to activa-
tion of other signaling molecules such as phosphoinosit-
ide-3-OH kinase (PI3K) and Ras and their downstream
effectors, such as Akt/PKB and the MAP kinase cascade
(Avruch 1998). The kinase cascades in turn regulate glu-
cose transporter localization, metabolic enzymes, and
the transcription and translation of these and other genes
(Avruch 1998). In Caenorhabditis elegans, a signal trans-
duction cascade from the DAF-2 insulin/IGF-1 receptor
homolog (Kimura et al. 1997) to the DAF-16 Fork head
transcription factor (Lin et al. 1997; Ogg et al. 1997) regu-
lates metabolism, development, and longevity. Genetic
analysis of this pathway has identified homologs of
genes that had been implicated in mammalian insulin

signaling by biochemical analyses (Morris et al. 1996;
Avruch 1998; Paradis and Ruvkun 1998; this report),
demonstrating the extensive conservation of this path-
way between C. elegans and mammals. In addition, the
C. elegans genetics has identified new signaling compo-
nents, such as the DAF-16 Fork head transcription factor
(Lin et al. 1997; Ogg et al. 1997) and the DAF-18 PTEN
homolog (Ogg and Ruvkun 1998) not previously known
to be coupled to insulin. For both the novel genes and the
genes implicated previously in insulin signaling, genetic
analysis in C. elegans allows specific components of the
insulin-like signaling pathway to be disrupted so that the
metabolic and developmental consequences can be
monitored in the whole animal.

The C. elegans insulin/IGF-1 receptor pathway is re-
quired for reproductive growth and metabolism, as well
as normal life span. Reduction of signaling through the
DAF-2 insulin receptor-like signaling pathway causes
the animals to arrest at a reversible diapause stage
known as the dauer larval stage (Kimura et al. 1997).
Dauer larvae do not feed or reproduce and their metabo-
lism is shifted to energy storage (O’Riordan and Burnell
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1989, 1990; Riddle and Albert 1997). Molecules that have
been identified downstream of the DAF-2 insulin/IGF-1
receptor in C. elegans include the AGE-1 PI3K (Morris et
al. 1996), the Akt/PKB homologs AKT-1 and AKT-2
(Paradis and Ruvkun 1998), the DAF-18 PTEN phospha-
tase (Ogg and Ruvkun 1998), and the DAF-16 Fork head/
winged helix transcription factor family member (Lin et
al. 1997; Ogg et al. 1997). Reducing the activity of daf-2
or genes that are positively regulated by daf-2 such as
age-1, or akt-1 and akt-2, causes C. elegans to arrest at
the dauer stage constitutively (Morris et al. 1996;
Kimura et al. 1997; Paradis and Ruvkun 1998). Reduc-
tion-of-function mutations in genes that antagonize
daf-2 and/or age-1 signaling, such as the daf-18 PTEN
lipid phosphatase and the daf-16 transcription factor,
suppress the dauer constitutive phenotype of daf-2 and/
or age-1 mutants (Lin et al. 1997; Ogg et al. 1997; Ogg
and Ruvkun 1998). Whereas a severe reduction in insulin
receptor-like signaling induces arrest at the dauer stage,
daf-2 and age-1 mutants that have been supplied with
these gene activities until after the dauer arrest decision
point show an increased life span that is dependent on
daf-16 (Kenyon et al. 1993; Larsen et al. 1995; Morris et
al. 1996).

In mammalian insulin signaling, insulin receptor ac-
tivation leads to activation of PI3K and other signaling
molecules (Avruch 1998). Activated PI3K generates
3-phosphoinositides, such as phosphatidylinositol-3,4-
bisphosphate (PtdIns-3,4-P2), and phosphatidylinositol-
3,4,5-trisphosphate (PtdIns-3,4,5-P3), which are thought
to act as second messengers in signal transduction cas-
cades because their levels rise rapidly in response to
growth factor signaling (Toker and Cantley 1997).
PtdIns-3,4-P2 and/or PtdIns-3,4,5-P3 bind to the pleck-
strin homology domain of Akt/PKB and are required for
its activation (Franke et al. 1997; Frech et al. 1997; Klip-
pel et al. 1997). Phosphoinositide binding is thought to
cause Akt/PKB to undergo a conformational change that
makes two phosphorylation sites accessible to the perti-
nent kinases (Alessi et al. 1997b; Stokoe et al. 1997).
Activation of Akt/PKB has been implicated in a variety
of cellular responses to growth factor signaling, such as
protection from apoptosis, glucose transporter transloca-
tion, and glycogen synthesis (Cross et al. 1995; Kohn et
al. 1996; Dudek et al. 1997; Kauffmann-Zeh et al. 1997;
Kulik et al.1997).

One of the kinases that phosphorylates Akt/PKB and
is required for its activation is 3-phosphoinositide-de-
pendent kinase-1 (PDK1) (Alessi et al. 1996; Alessi et al.
1997a,b). PDK1 phosphorylates the Thr-308 site on Akt/
PKB in a phosphoinositide dependent manner (Allesi et
al. 1997b). Although PDK1 binds PtdIns-3,4-P2 and
PtdIns-3,4,5-P3 in vitro (Stephens et al. 1998), it is cur-
rently unclear whether the phosphoinositide dependence
of Akt/PKB phosphorylation by PDK1 resides solely
with the substrate, with PDK1, or with both. Because
removal of the pleckstrin homology domain of Akt/PKB
relieves the phosphoinositide dependence of PDK1 phos-
phorylation and PDK1 activity is not increased by
growth factors that activate PI3K and Akt/PKB (Alessi et

al. 1997a), it is possible that PDK1 activity is not PtdIns-
3,4-P2 or PtdIns-3,4,5-P3 dependent. It has been sug-
gested, however that phosphoinositide binding to PDK1
localizes the kinase to the plasma membrane, thereby
co-localizing it with Akt/PKB (Andjelkovic et al. 1997)
and increasing Akt/PKB activation (Anderson et al.
1998). The identity of the kinase responsible for the Ser-
473 phosphorylation of Akt/PKB (so-called PDK2) is not
well established although it has been reported that PDK2
is integrin-linked kinase (ILK) (Delcommenne et al.
1998). C. elegans AKT-1 has both the Thr-308 and Ser-
473 equivalent phosphorylation sites whereas AKT-2 has
only the Thr-308 equivalent site, raising the possibility
that these proteins are differentially regulated (Paradis
and Ruvkun 1998). PDK1 has also been shown to phos-
phorylate p70 S6 kinase in a phosphoinositide indepen-
dent manner, thereby implicating PDK1 in translational
control (Alessi et al. 1998; Pullen et al. 1998). More
PDK1 substrates have been described recently, including
the PKC isotypes z and d (Chou et al. 1998; Le Good et al.
1998) and possibly PKA (Cheng et al. 1998).

Genetic screens for genes that control dauer develop-
ment have revealed many molecules involved in the
DAF-2 insulin receptor-like signal transduction cascade
(Riddle et al. 1981; Riddle 1988; Paradis and Ruvkun
1998; this report). Here we report the identification of
the C. elegans PDK1 homolog pdk-1. We establish the
action of pdk-1 in the C. elegans insulin receptor-like
signaling pathway by analysis of loss-of-function and
gain-of-function mutations in pdk-1. pdk-1 activity is
required for reproductive growth and metabolism and
normal life span; a loss-of-function mutation in the daf-
16 transcription factor bypasses this requirement. Acti-
vation of pdk-1 by substitution of a conserved residue in
the kinase domain relieves the requirement for upstream
AGE-1 PI3K signaling, but is dependent on akt-1 and
akt-2 gene activity. The ability of this amino acid sub-
stitution to activate PDK1 is conserved across species.
These studies of the first mutations in PDK1 in any ani-
mal show that C. elegans pdk-1 gene activity is both
necessary and sufficient to propagate AGE-1 PI3K signals
in the insulin receptor-like signaling pathway.

Results

Genetic identification of novel loss-of-function
and gain-of-function mutations in the C. elegans
DAF-2 insulin receptor-like signaling pathway

To identify new components regulating dauer formation,
we performed a genetic screen for mutants that arrest at
the dauer stage constitutively (Daf-c) at 27°C. Two alle-
les (sa680 and sa709) from this screen are recessive, map
to the left arm of the X chromosome, and fail to comple-
ment for the Daf-c phenotype at 27°C, suggesting that
they affect the same gene. Whereas both mutations
cause a high percentage of dauer arrest at 27°C, the sa680
mutation also causes a high percentage of dauer arrest at
25°C (Table 1). The Daf-c phenotype of sa680 can be
rescued maternally. An sa680/+ heterozygote produces
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no dauer progeny at 25°C, but ∼25% of its progeny (sa680
homozygotes) produce nearly all dauer progeny at 25°C.
sa680 mutant dauers fail to recover at 15°C in the pres-
ence of plentiful food, whereas sa709 dauers recover
readily. These phenotypes are similar to those of age-1
mutants. age-1 null mutants have a maternally rescued
Daf-c phenotype at all temperatures and are defective in
dauer recovery, whereas a weaker age-1 mutant has a
Daf-c phenotype at 27°C and fails to maternally comple-
ment age-1 null mutants (Gottlieb and Ruvkun 1994;
Malone et al. 1996; Morris et al. 1996).

In addition to the DAF-2 insulin receptor-like signal-
ing pathway, two other parallel pathways have been im-
plicated in control of dauer arrest (Thomas et al 1993;
Gottlieb and Ruvkun 1994). To determine in which of
the genetic pathways sa680 functions, double mutants of
sa680 with mutations that suppress the Daf-c phenotype
of mutants in each pathway were analyzed. Mutations in
osm-6 and daf-5 do not suppress the Daf-c phenotype of
sa680 but mutations in daf-16 and daf-12 completely
suppress the Daf-c phenotype (Table 1). The suppression
of sa680 by a daf-16 mutation is consistent with place-
ment of sa680 in the DAF-2 insulin receptor-like signal-
ing pathway. The suppression by a daf-12 mutation is
distinct from that observed for strong daf-2 alleles, but
has been observed for weak daf-2 alleles, suggesting that
sa680 only partially abolishes DAF-2 signaling (Gems et
al. 1998). In support of the placement of sa680 in the
insulin receptor-like signaling pathway, its Daf-c pheno-
type is partially suppressed by a gain-of-function muta-
tion in the gene akt-1 (Table 1) that also suppresses the
dauer arrest induced by loss of age-1 PI3K signaling
(Paradis and Ruvkun 1998).

Further genetic mapping of sa680 placed it on the X
chromosome to the right of unc-1. Also mapping to this
genetic region is mg142, a dominant mutation that was
isolated in a screen for suppression of the Daf-c pheno-
type of an age-1(mg44) null mutant. Reduction-of-func-
tion mutations in daf-16 and a dominant activating mu-

tation in akt-1 have also been isolated in this screen
(Paradis and Ruvkun 1998). The mg142 mutation sup-
presses the dauer constitutive phenotype of two non-
sense mutations and one missense mutation in age-1 and
is dominant (Table 2; data not shown). The mg142 domi-
nant mutation suppresses the age-1 Daf-c phenotype,
whereas the recessive sa680 and sa709 mutants pheno-
copy the age-1 Daf-c phenotype, suggesting that mg142
may activate the same gene that is inactivated by sa680
and sa709. The mg142 mutation does not have an obvi-
ous phenotype on its own (Table 2) and animals bearing
the mutation arrest as dauer larvae on starved plates.
The mg142 phenotypes are similar to that of the activat-
ing mutation in akt-1 (Paradis and Ruvkun 1998); both
mutations activate the insulin signaling pathway
enough to bypass the need for AGE-1 1PI3K signaling,
but do not activate the pathway to the point that normal
dauer arrest is affected strongly.

sa680, sa709, and mg142 are alleles of the C. elegans
PDK1 homolog

We inspected the C. elegans genomic sequence of the
region to which these alleles map for genes that have
been implicated in receptor tyrosine kinase signaling.
The C. elegans homolog of human PDK1 (Alessi et al.
1997a,b), which we named pdk-1, is located in this re-
gion and was an excellent candidate to be the gene de-
fined by these alleles. We determined the pdk-1 DNA
sequence in the sa680, sa709, and mg142 strains by PCR
amplification and direct sequencing. This revealed a
pdk-1 Gly-295–Arg substitution in the sa680 strain and a
pdk-1 Ala-303–Val substitution in the mg142 strain,
both conserved residues in the kinase domain (Fig. 1B).
We did not detect a mutation in the pdk-1 coding region
in the sa709 strain; this weak allele may have a mutation
in a regulatory region of the gene. The Daf-c phenotypes
of pdk-1(sa680) and pdk-1(sa709) were both efficiently
rescued by a pdk-1(+) transgene, confirming their assign-

Table 1. Effects of pdk-1(sa680) and pdk-1 (sa709) on dauer formation

Genotype

Phenotype at 25.4°C (%)

L4 larvae
and adult dauer dauer-like no.a

pdk-1(sa680) 0 87 13 316
osm-6(p811); pdk-1(sa680) 0 99 1 320
daf-5(e1385); pdk-1(sa680) 0 92 8 205
pdk-1(sa680) daf-12(m20) 100 0 0 232
daf-16(m27); pdk-1(sa680) 99 1b 0 275
akt-1(mg144); pdk-1(sa680) 63 37 1 572

Phenotype at 26.8°C (%)

Wild type 96 4 0 251
pdk-1(sa709) 3 97 0 116
daf-16(m27) 98 2b 0 258
daf-16(m27); pdk-1(sa709) 98 2b 0 260

See Materials and Methods for description of categories.
aTotal number of animals scored.
bPartial dauers as described in Vowels and Thomas (1992).
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ment as alleles of pdk-1 (data not shown; for description
of transgene, see Materials and Methods).

The C. elegans pdk-1 gene has the hallmarks of the
PDK1 family including an amino-terminal kinase do-
main and a carboxy-terminal pleckstrin homology do-
main (Alessi et al. 1997a) (Fig. 1A). In mammals, PDK1,
in conjunction with the phospholipid products of PI3K,
activates the Akt/PKB serine/threonine kinase via phos-
phorylation at the Thr-308 position in response to
growth factor signaling (Alessi et al. 1996, 1997a). In C.
elegans, akt-1 and akt-2, two homologs of Akt/PKB,
transduce signals from AGE-1 PI3K to the DAF-16 tran-
scription factor (Paradis and Ruvkun 1998). Simulta-
neous inactivation of akt-1 and akt-2 results in a Daf-c
phenotype (Table 3; Paradis and Ruvkun 1998) and an
activating mutation in akt-1 alleviates the need for
AGE-1 PI3K signaling in C. elegans (Paradis and Ruvkun
1998). Therefore, a loss-of-function mutation in pdk-1
would be predicted to be unable to activate Akt/PKB and
result in a Daf-c phenotype. An activating mutation in
pdk-1 would be predicted to lead to increased akt-1 and/
or akt-2 activity, thereby suppressing an age-1 null mu-
tation. These predictions are supported by the observed
phenotypes of the pdk-1 mutants.

To confirm that the pdk-1(mg142) mutation causes
the dominant suppression of the Daf-c phenotype of
age-1 loss-of-function mutants, we performed a rever-
sion experiment using RNA interference (RNAi) (Fire et
al. 1998) to decrease pdk-1 gene activity in the age-
1(mg44); pdk-1(mg142) strain. If a mutation in the pdk-1
locus is responsible for the suppression phenotype ob-
served in this strain, RNAi of pdk-1 in this strain should
revert the suppression phenotype and result in the age-1

Daf-c phenotype. Inhibition of pdk-1 activity by RNAi in
the age-1(mg44); pdk-1(mg142) strain reverts the pdk-1
suppression phenotype (Table 3). We conclude that
mg142 is a lesion in the pdk-1 locus. Reversion of the
pdk-1(mg142) suppression phenotype also supports the
conclusion that mg142 is a gain-of-function mutation in
pdk-1 rather than a loss-of-function mutation.

Interestingly, reducing pdk-1 function by RNAi in
wild-type animals (Table 3) does not cause a Daf-c phe-
notype similar to either pdk-1 loss of function allele.
One possible explanation for this result is that RNAi of
pdk-1 does not decrease pdk-1 gene activity sufficiently
to cause a Daf-c phenotype in a wild-type background.
However, RNAi of pdk-1(mg142) decreases gene activity
enough to revert the ability of this gain-of-function allele
to suppress the age-1 Daf-c phenotype (Table 3). There-
fore, the possibility existed that RNAi of pdk-1 actually
abolishes pdk-1 gene activity but pdk-1(sa680) was a
novel, recessive interfering mutation rather than a loss-
of-function mutation. If this were the case, inhibition of
pdk-1 gene activity by RNAi would be expected to revert
the Daf-c phenotype of pdk-1(sa680). We performed this
experiment and did not observe any reversion of the pdk-
1(sa680) Daf-c phenotype (data not shown). Therefore,
we conclude that pdk-1(sa680) is a loss-of-function mu-
tation and that RNAi of pdk-1 inhibits pdk-1 gene activ-
ity to a lesser extent than pdk-1(sa680). Inhibition of
pdk-1 gene activity by RNAi also fails to enhance the
pdk-1(sa680) Daf-c phenotype (data not shown). This im-
plies that pdk-1(sa680) is a strong and possibly null al-
lele, but because the sa680 mutation causes an amino
acid substitution, pdk-1(sa680) could retain some activ-
ity.

Table 2. Effects of pdk-1(mg142) on dauer formation

Genotype of parent

Phenotype of progeny at 25°C at 48 hr post-egglay (%)

L4 larvae
and adult dauer dauer-like dead eggs other no.a

Wild type 100 0 0 N.D. 0 471
pdk-1(mg142) 99.7 0 0 0 0.3 329
sqt-1(sc13) age-1(mg44)b 0 86.6 0 0.5 12.9c 187
sqt-1(sc13) age-1(mg44); pdk-1(mg142)d,e 92.6 0 0 0 7.4f 149
daf-16(m27); sqt-1(sc13) age-1(mg44)d,g 97.6 0 0 0 2.4 376
daf-2(e1370) 0 95.1 0 3.6 1.3 309
daf-2(e1370); pdk-1(mg142)h 0 0 94.6 4.6 0.8 240
daf-16(m27); daf-2(e1370)i 98.1 0 0 1.4 0.5 575

(N.D.) Not determined. See Materials and Methods for description of categories.
aTotal number of animals scored.
bThese animals are the homozygous progeny of age-1/balancer hermaphrodites.
cOf 12 animals scored, 10 were dauers and 2 remained arrested at a younger larval stage by 96 hr post-egglay.
dThese animals are the homozygous age-1 progeny of homozygous age-1 hermaphrodites.
eRescoring of entire assay at 96 hr post-egglay: 50.3% of animals were gravid adults, 44.8% were sterile adults, 0.7% were dauer, and
4.2% were other (N = 143); sqt-1(sc13) age-1(mg44) animals remained essentially unchanged.
fSix of seven animals scored were sterile adults and one of seven animals was a dauer by 96 hr post-egglay.
gRescoring of entire assay at 72 hr post-egglay: 97.1% of animals were gravid adults, 1.8% were sterile adults, and 1.1% were other (N
= 379).
hRescoring of entire assay at 96 hr post-egglay: 79.9% of animals were sterile adults, 10.0% were dauer-like, 6.5% were dauers, and
3.5% were other (N = 229); daf-2(e1370) animals remained essentially unchanged.
iRescoring of entire assay at 72 hr post-egglay: 97.4% of animals were gravid adults, 2.6% were other (N = 575).
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Increased gene dosage of pdk-1(+) has a similar genetic
activity to the pdk-1(mg142) mutation, suggesting that
the phenotype of pdk-1(mg142) is attributable to an in-
crease in gene activity. Increased gene dosage of pdk-1(+)
suppresses the Daf-c phenotype of age-1(mg44) (Table 4).
This suppression is dependent on a functional PDK1 ki-
nase domain because a transgene bearing a substitution
of a conserved lysine residue with asparagine (K98N in
PDK1a) that inactivates the kinase activity of PDK1 is
not able to suppress age-1(mg44) (Table 4). Similarly,
increased akt-1 gene dosage was also sufficient to sup-
press age-1(mg44) (Table 4). Our conclusion is that in-
creasing the gene dosage of pdk-1(+) is sufficient to com-
pensate for the loss of AGE-1 PI3K signaling, presumably
by increasing akt-1 and/or akt-2 activity. Importantly,
the above genetic analyses of pdk-1 loss-of-function and
gain-of-function mutations demonstrate that pdk-

1(mg142) is a dominant activating mutation, as opposed
to dominant negative or loss of function.

Activated pdk-1 requires akt-1 and akt-2 gene
activities

The biochemical studies of Akt/PKB activation by PDK1
(Alessi et al. 1997b; Stokoe et al. 1997) predict that pdk-
1(mg142) suppression of the Daf-c phenotype of age-1
mutants requires akt-1 and akt-2 gene activities. Reduc-
tion of akt-1 gene activity alone by RNAi was sufficient
to interfere with pdk-1(mg142) suppression of the age-1
Daf-c phenotype (Table 3). Reduction of only akt-2 gene
activity partially impaired the ability of pdk-1(mg142) to
suppress age-1(mg44) (Table 3). Simultaneous inactiva-
tion of akt-1 and akt-2 by RNAi causes a Daf-c pheno-
type (Table 3; Paradis and Ruvkun 1998) that is epistatic

Figure 1. pdk-1 encodes a serine/threonine kinase. (A, top) Genetic and physical map of the pdk-1 region. pdk-1 is contained on
fosmids H42K12 and H33H01. The starting methionine of PDK-1 is at 9848 bp on H42K12, the PDK-1 stop codon is at 3082 bp on
H33H01; the fosmids overlap for 1201 bp (from 12897 to end on fosmid H42K12). (Bottom) Exon/intron structure of pdk-1. Coding
regions are solid boxes; noncoding regions are open boxes; introns are lines. The kinase domain is indicated by hatched boxes (Hanks
and Hunter 1995); the pleckstrin homology domain is indicated by the shaded boxes (Alessi et al. 1997a). (B) PDK-1a (GenBank
accession no. AF130406); PDK1b (no. AF130407), DMSTPK61(EMBL Y07908), and human PDK1(GenBank accession no. AF017995)
were aligned using PILEUP (GCG) (accession numbers for the proteins used in the PILEUP are indicated in parentheses). Identical
residues are indicated by dots; gaps introduced to align the sequence are indicated by dashes. The kinase domain is indicated by the
amino-terminal shaded area and the pleckstrin homology domain is indicated by the carboxy-terminal shaded area. The sa680
Gly-295–Arg substitution is indicated by an R above the PDK1a sequence. The mg142 Ala-303–Val substitution is indicated by a V
above the PDK1a sequence.
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to the activating mutation pdk-1(mg142) (Table 3), sug-
gesting that akt-1 and akt-2 act downstream of pdk-1.
These results are consistent with the model that pdk-
1(mg142) activates akt-1 and akt-2 signaling in the ab-
sence of upstream AGE-1 PI3K inputs. These results

show that akt-1 and akt-2 are the major outputs of pdk-1
signaling.

Biochemical experiments have shown that PDK1
phosphorylation of Thr-308 on Akt/PKB is required for
Akt/PKB activity (Alessi et al. 1996, 1997b). We tested
whether the activating mutation in akt-1, akt-1(mg144),
relieves the requirement for the PDK1 phosphorylation
event. The akt-1(mg144) mutation is able to partially
suppress the dauer constitutive phenotype of the pdk-
1(sa680) loss-of-function mutation (Table 1), showing
that akt-1(mg144) activity does not require full pdk-1
activity. This experiment is consistent with the model
that akt-1 acts downstream of pdk-1. However, pdk-1
activity is necessary for activated akt-1 to signal in the
absence of AGE-1 generated phosphoinositide signaling.
Inactivation of pdk-1 by RNAi in an age-1 (mg44); akt-
1(mg144) strain abolishes the ability of akt-1(mg144) to
suppress the Daf-c phenotype of age-1(mg44) (Table 3).
This observation contrasts with the ability of activated
akt-1(mg144) to bypass the requirement for pdk-1 sig-
naling in a genetic background with normal AGE-1 phos-
phoinositide signaling (Table 1). One interpretation of
this result is that AKT-1 has both non-PDK-1 phosphoi-
nositide dependent and PDK-1 dependent inputs to its

Table 4. Effects of pdk-1 transgenes on dauer formation

Dauer
constitutive
mutation Transgene

Phenotype at 25°C (%)

L4
larvae
and

adult

dauer
and

dauer-
like other no.a

Wild type none 100 0 N.D. 218
Wild type pdk-1(+) 100 0 N.D. 451
Wild type pdk-1(KD)b 100 0 N.D. 539
age-1(mg44) none 0 91.7 8.3 108
age-1(mg44) pdk-1(+) 69.9 30.1 N.D. 322
age-1(mg44) pdk-1(KD)b 0 98.1 1.9 207

See Materials and methods for description of categories. All
age-1 strains also contained the linked sqt-1(sc13) mutation.
aTotal number of transgenic animals scored.
bpdk-1(KD) is a kinase dead mutation that changes a conserved
lysine to an asparagine (Chou et al. 1998).

Table 3. Effects of pdk-1(RNAi), akt-1(RNAi), and akt-2(RNAi) on dauer formation

Strain
dsRNA
injected

Phenotype of progeny at 20°C (%)

L4 larvae
and adult dauer dauer-like

dead
eggs other no.a

age-1(mg44) uninjected 0 88.8 0 3.8 7.4 598
age-1(mg44); pdk-1(mg142) uninjected 92.4 0 0 2.3 5.3 1325
age-1(mg44); pdk-1(mg142) pdk-1 9.8 85.1 2.3 1.2 1.6 686
age-1(mg44); pdk-1(mg142) akt-1 0 95.6 0 0.5 3.8 182
age-1(mg44); pdk-1(mg142)b akt-2 32.7 49.7 13.0 1.3 3.2 684
age-1(mg44); pdk-1(mg142) akt-1 + akt-2 0 96.1 0 1.1 2.8 280
age-1(mg44); akt-1(mg144) uninjected 97.2 0 0 0.5 2.3 1485
age-1(mg44); akt-1(mg144) akt-1 0 91.3 0 0.3 8.4 311
age-1(mg44); akt-1(mg144) akt-2 62.8 24.8 11.7 0.4 0.4 537
age-1(mg44); akt-1(mg144) pdk-1 5.7 92.8 0.2 1.0 0.2 873
Wild typec pdk-1 86.4 4.9 4.1 4.6 N.D. 368
Wild typed akt-1 98.9 0 0 1.1 N.D. 542
Wild typed akt-2 97.3 0 0 2.7 N.D. 598

Phenotype of progeny at 26°C (%)

Wild type uninjected 98.6 0 0 1.4 N.D. 497
Wild typee akt-1 + akt-2 22.9 64.8 8.1 0.5 3.6 580
pdk-1(mg142) uninjected 100 0 0 0 N.D. 576
pdk-1(mg142) akt-1 + akt-2 15.9 77.4 2.2 1.2 3.3. 674

(N.D.) Not determined. See Materials and Methods for description of categories. All age-1 strains also contained the linked sqt-1(sc13)
mutation.
aTotal number of animals scored.
bOverall, the dauer-inducing ability of this RNA in this strain background was variable between injected animals in a given trial and
between trials. Animals that looked like dauer or dauer-like at 48 hr frequently became sterile or gravid adults by 72 hr.
cThis assay was performed at 27°C, a condition that is more dauer-inducing than 20°C. Uninjected wild-type control made 0.2% dauer
at 27°C.
dData reproduced from Paradis and Ruvkun (1998) to facilitate comparison with new data. This assay was performed at 25°C, a
condition that is more dauer-inducing than 20°C.
eThese data differs slightly from results published previously (Paradis and Ruvkun 1998). We believe this is due to differences in strain
backgrounds and incubator temperatures (see Materials and Methods).
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normal activation and that the akt-1(mg144) mutation
relieves the requirement for PDK-1 inputs only if AGE-1
PI3K-generated phosphoinositides are present.

As would be expected for a mutation that is predicted
to increase akt-1 and possibly akt-2 activity, pdk-
1(mg142) behaves similarly to the activating mutation
in akt-1, akt-1(mg144) (Paradis and Ruvkun 1998). Like
akt-1(mg144), pdk-1(mg142) suppresses a null mutation
in age-1 more efficiently than it suppresses a loss-of-
function mutation in the DAF-2 insulin receptor-like
protein (Table 2). This result supports the idea that a
bifurcation in the signaling pathway occurs downstream
of the DAF-2 insulin receptor-like homolog, and that the
AGE-1 PI3K and its downstream signaling molecules
represent one branch of these parallel pathways. All sig-
naling from the DAF-2 insulin receptor-like homolog
must converge on daf-16, because daf-16(m27) com-
pletely suppresses the Daf-c phenotypes of both daf-2
and age-1 mutants (Table 2) (Vowels and Thomas 1992;
Gottlieb and Ruvkun 1994; Larsen et al. 1995).

A human PDK1 Ala-277–Val mutant that is
equivalent to pdk-1(mg142) activates PDK1 kinase
activity toward Akt/PKB

The genetic evidence that the pdk-1(mg142) mutation
activates PDK1 kinase activity toward Akt/PKB was bio-
chemically verified using the mammalian homologs of
these kinases. The Ala-303–Val substitution in pdk-
1(mg142) is in a region of the kinase domain that is con-
served in human PDK1 (hPDK1) (Fig. 1B). The equivalent
substitution mutation was constructed in hPDK1
(hPDK1.A277V) and its kinase activity on mammalian
Akt/PKB substrate was compared with wild-type
hPDK1. Human embryonic 293T kidney cells were
transfected transiently with wild-type hPDK1, a kinase
inactive mutant hPDK1.K110N (Chou et al. 1998) and
the hPDK1.A277V mutant, all tagged with a Myc epit-
ope. Transfected cells were lysed under native condi-
tions, and the hPDK1 proteins were immunoprecipitated
with a monoclonal anti-Myc antibody. The activity of
each hPDK1 protein derivative was determined in an in
vitro protein kinase assay using recombinant His-tagged
Akt/PKB substrate in the presence of PtdIns-3,4,5-P3, as
described previously (Chou et al. 1998) (Fig. 2A). The
hPDK1.A277V mutant has a significantly higher protein
kinase activity (2.9-fold) toward the Akt/PKB substrate
than wild-type hPDK1 (Fig. 2A). As expected, the kinase-
inactive mutant poorly phosphorylates the substrate
(Fig. 2A). This confirms biochemically the genetic evi-
dence that an Ala-to-Val substitution at this conserved
position increases PDK1 protein kinase activity. In addi-
tion, we noted that the hPDK1.A277V mutation induces
a gel-mobility shift reminiscent of the hyperphosphory-
lation found in other signaling protein kinases, such as
p70 S6 kinase (Romanelli et al. 1999; Fig. 2B). This pre-
sumed phosphorylation of hPDK1 may be indicative of
activation of the enzyme. It remains to be established,
however, whether this modification applies only to the

Ala-277–Val-activating mutation or is a more general
mechanism of hPDK1 activation by upstream signaling
proteins.

pdk-1(sa680) extends C. elegans life span

Mutations in age-1 increase C. elegans life span greater
than twofold (Klass 1983; Larsen et al. 1995; Morris et al.
1996). Mutations in daf-16 suppress this life span in-
crease (Kenyon et al. 1993; Larsen et al. 1995). A loss-of-
function mutation in pdk-1 increases C. elegans life span
almost twofold, similarly to a mutation in age-1 (Fig. 3).
daf-16(m27) suppresses the longevity phenotype of pdk-
1(sa680) (Fig. 3). These results show that longevity regu-
lation signals from the DAF-2 and AGE-1 signaling path-
way are propagated by PKD-1, presumably via AKT-1
and AKT-2, to the DAF-16 transcription factor. Interest-
ingly, both daf-16(m27); pdk-1(sa680) and the activating
mutation in pdk-1 on its own have a slightly shortened

Figure 2. Substitution of A277V in human PDK1 leads to ac-
tivation of the enzyme. Wild-type human PDK1 (hPDK1), ki-
nase inactive hPDK1 (hPDK1.K110N), and the activating
A277V mutation in hPDK1 (hPDK1.A277V) expression clones
were transfected transiently in duplicate into 293T cells and
after the transfection protocol, the protein kinase activity of
each mutant toward Akt/PKB was assayed in an in vitro protein
kinase assay (see Material and Methods). The data are represen-
tative of four independent experiments. (A) Relative amounts of
hPDK1 proteins (hPDK1, hPDK1.K110N, and hPDK1.A277V)
were normalized for hPDK1 protein concentration from B using
anti-Myc antibody and ECL detection (Amersham) on a Bio-Rad
Molecular Imager, and the adjusted amounts of lysate used for
immunoprecipitation with anti-Myc antibody. The immuno-
precipitates were washed and an in vitro kinase assay using
His–Akt as substrate was carried out. The phosphorylation of
Akt/PKB (His–Akt) was assessed by autoradiography and quan-
titated on a Bio-Rad Molecular Imager. The data are normalized
to wild-type hPDK1 activity (1) and represent the average of the
two lanes for each hPDK1 construct. In the hPDK1.A277V
lanes, only the lower species (comigrating with His–Akt in the
wild-type hPDK1 lanes) were used for quantitation as the iden-
tity of the higher migrating species is unclear. (B) Total cell
lysate was assayed for total protein content (Bio-Rad Protein
Assay) and equal amounts of protein loaded on a 7.5% SDS–
polyacrylamide gel, and resolved proteins transferred to nitro-
cellulose and immunoblotted with anti-Myc antibody. Addi-
tional anti-Myc immunoreactive bands are observed with the
A277V mutant when compared with either wild-type or kinase-
inactive proteins.
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life span relative to wild type (Fig. 3). This result agrees
with previously published results showing decreased
longevity in a daf-16(m26) mutant strain (Larsen et al.
1995). The significance of a slightly decreased life span of
a particular strain, however, is difficult to interpret be-
cause strain-to-strain variation has been observed even
between different wild-type isolates (Kenyon 1997).
Therefore, a more rigorous analysis would have to be
performed to conclude that the small decrease in life
span observed in these strains is caused by these particu-
lar mutations.

The activating mutation pdk-1(mg142) does not sup-
press the increased longevity phenotype of age-1 (data
not shown). The activating mutation in akt-1 also does
not suppress the life span increase of age-1 mutants
(Paradis and Ruvkun 1998). One possible interpretation
of this data is that the degree of pathway activation by
pdk-1(mg142) or akt-1(mg144) in the absence of normal
PtdIns-3,4-P2 and PtdIns-3,4,5-P3 signaling is enough to
bypass the need for AGE-1 PI3K signaling in reproduc-
tive development but not in life span. Animals carrying
only a maternal contribution of age-1 activity are long
lived but do not arrest at the dauer stage (Morris et al.
1996), which is consistent with the model that a wild-
type life span demands a higher level of pathway activa-
tion.

pdk-1 loss-of-function mutants have pleiotropic
phenotypes

pdk-1(sa680) and pdk-1(sa709) mutants have several
other pleiotropic phenotypes in addition to the Daf-c and
aging phenotypes (Table 5). pdk-1(sa680) mutant ani-
mals grown at 20°C are defective in egg-laying (Egl), have
a longer body than wild type (Lon), form clumps of ani-
mals rather than being dispersed on the bacterial lawn
(Cpy) (Thomas et al. 1993), and have low fertility. Like
the Daf-c phenotype, the Lon, Cpy, and fertility pheno-
types of pdk-1(sa680) are rescued maternally. The pdk-
1(sa680) Egl phenotype, however, does not show com-
plete maternal rescue. A mutation in daf-16 suppresses
all of the phenotypes and the akt-1(mg144) mutation
partially suppresses the Daf-c and fertility phenotypes,
but does not suppress the Egl, Lon, and Cpy phenotypes
(though partial suppression of these qualitative pheno-
types might be difficult to score accurately). Both the
weaker suppression of the Daf-c phenotype and the lack
of suppression of the Egl, Lon, and Cpy phenotypes by
the akt-1(mg144) activating mutation could reflect
weaker activation of the pathway by akt-1(mg144) than
by daf-16(m27). Alternatively, pdk-1(sa680) could have
outputs in parallel to AKT-1 that are not activated by
akt-1(mg144) but that converge on DAF-16.

Figure 3. Adult life span of pdk-1(sa680) mutants.
pdk-1(sa680) extends adult life span and a mutation
in daf-16 suppresses the life span increase at 25°C.
Mean life spans were 17 days for wild type (h, n = 50),
15 days for pdk-1(mg142) (*, n = 50), 15 days for daf-
16(m27); pdk-1(sa680) (d, n = 49), 27 days for pdk-
1(sa680) (L, n = 50), 27 days for sqt-1(sc13) age-
1(hx546) ( , n = 25). Mean life spans are signifi-
cantly different (P#2e−9; see Materials and Methods)
from each other except pdk-1(sa680) compared with
sqt-1(sc13) age-1(hx546), and daf-16(m27); pdk-
1(sa680) compared with pdk-1(mg142). Life spans
were determined in parallel for all strains; data is
from one representative experiment that has been
performed at least one other time.

Table 5. Summary of pdk-1 loss-of-function phenotypes

Genotype Daf-c Egl Lon Cpy
Brood size
at 20°Ca

Wild type + + + + 291 ± 69 (5)
pdk-1(sa709) +/−b +/−b − +/−b N.D.c

pdk-1(sa680) − − − − 24 ± 20 (4)
osm-6(p811); pdk-1(sa680) − − − − 38 ± 17 (5)
daf-5(e1385); pdk-1(sa680) − − − − 36 ± 23 (5)
pdk-1(sa680) daf-12(m20) + − − − 17 ± 16 (5)
daf-16(m27); pdk-1(sa680) + + + + 230 ± 43 (5)
akt-1(mg144); pdk-1(sa680) +/−d − − − 135 ± 61 (3)

aMean brood size ± S.D. with the number of animals assayed in parantheses.
bIndicates that pdk-1(sa709) has defective phenotypes that are weaker than those of pdk-1(sa680).
cNot determined. However, casual observation suggests that pdk-1(sa709) does not have an obvious fertility defect.
dPartial suppression of the Daf-c phenotype.
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PDK-1/GFP is widely expressed

The expression pattern of pdk-1 was examined in trans-
genic animals containing a translational fusion of the
genomic pdk-1 locus to green fluorescent protein (GFP)
(Chalfie et al. 1994). This construct contains the entire
genomic coding region from pdk-1, including 58 up-
stream regulatory sequences, fused in frame at the car-
boxyl terminus to GFP. The PDK-1/GFP fusion effi-
ciently rescues the Daf-c phenotype of pdk-1(sa680), in-
dicating that the fusion protein is functional (data not
shown). PDK-1/GFP expression is observed in late stage
embryos and throughout the life of the animal. In post-
embryonic animals, PDK-1/GFP expression is observed
in the cell bodies and processes of the majority of neu-
rons in the head and tail (Fig. 4A), in the motor neurons
of the ventral nerve cord (Fig. 4B) and neuronal processes
along the body of the animal, in the cells and neurons of
the pharynx (Fig. 4A), in intestinal cells (Fig. 4B), and in
hypodermal cells (Fig. 4A). In L4s and adults, PDK-1/
GFP is also expressed in the somatic gonad (data not
shown).

The PDK-1/GFP expression pattern is similar to the
expression patterns of AKT-1/GFP and AKT-2/GFP
(Paradis and Ruvkun 1998). This result is consistent
with a role for PDK-1 in activating AKT-1 and AKT-2.
The broad expression patterns of these genes are consis-
tent with a function in the sensory neurons that regulate
dauer formation (Bargmann and Horvitz 1991) or in the

target tissues that are remodeled during dauer develop-
ment, such as the pharynx, hypodermis, and intestine
(Riddle and Albert 1997).

Discussion

The C. elegans PDK1 homolog is required to prevent
developmental arrest at the dauer larval stage. Loss-of-
function mutations in pdk-1 cause a dauer constitutive
phenotype and life span increase that are suppressed by
loss-of-function mutations in the daf-16 transcription
factor. This confirms the placement of pdk-1 in the
DAF-2 insulin receptor-like signaling pathway and indi-
cates that the DAF-16 transcription factor is a major out-
put of PDK1 signaling in C. elegans. An activating mu-
tation in pdk-1 is sufficient to efficiently bypass the need
for AGE-1 PI3K signaling in reproductive development.
In agreement with the model that PDK1 activates Akt/
PKB signaling, the ability of the activating mutation in
pdk-1 to suppress the dauer constitutive phenotype of a
null age-1 PI3K mutant is dependent on akt-1 and par-
tially dependent on akt-2. This shows that pdk-1 func-
tions between AGE-1 PI3K and AKT-1/AKT-2 to trans-
duce insulin receptor-like signals and promote reproduc-
tive growth and metabolism. PDK-1 probably does not
directly phosphorylate DAF-16 because DAF-16 does not
have PDK1 consensus phosphorylation sites (TFCGT;
Chou et al. 1998). The direct PDK-1 targets are more
likely to be AKT-1 and AKT-2 that bear this consensus
phosphorylation site and act downstream of PDK-1.
DAF-16 does have Akt/PKB consensus phosphorylation
sites suggesting that it is directly regulated by Akt/PKB
phosphorylation (Paradis and Ruvkun 1998). In support
of this model, it was shown recently that Akt/PKB phos-
phorylation of a mammalian homolog of DAF-16 inhib-
its its nuclear localization and transcriptional activity
and promotes cell survival (Brunet et al. 1999).

PDK1 is required for Akt/PKB activation in other sys-
tems (Alessi et al. 1996, 1997b). It is known that simul-
taneous reduction of akt-1 and akt-2 gene activity causes
dauer arrest in C. elegans (Paradis and Ruvkun 1998).
Our genetic analyses also predict that the reduction of
function mutations in pdk-1 impair its ability to activate
akt-1 and akt-2, thereby resulting in a dauer constitutive
phenotype. Because reduction of akt-1 and akt-2 gene
activity is epistatic to the activating mutation in pdk-1,
it appears that akt-1 and akt-2 are the relevant outputs of
pdk-1 in regulating the growth arrest and metabolic shift
associated with dauer arrest. PDK1 also has other known
outputs in mammals, such as p70 S6 kinase (Alessi et al.
1998; Pullen et al. 1998) and PKC isotypes z and d (Chou
et al. 1998; Le Good et al. 1998). The suppression of the
activated pdk-1(mg142) phenotype by inhibition of akt-1
and akt-2 gene activities strongly argues that these other
possible PDK1 outputs are not relevant to the regulation
of dauer arrest by pdk-1. So far, none of these other mol-
ecules has been implicated by genetic analysis in the
DAF-2 insulin receptor-like signaling pathway.

The pdk-1 loss-of-function and gain-of-function muta-
tions that map to conserved residues in the kinase do-

Figure 4. PDK-1/GFP expression. (A) PDK-1/GFP expression
in an L1 animal. Expression in the procorpus and anterior bulb
of the pharynx (ant.ph.) is shown; expression in the entire phar-
ynx is also observed. PDK-1/GFP expression in the cell bodies of
many neurons in the head and tail is visible; occasional expres-
sion in neuronal nuclei is observed. Expression of PDK-1/GFP is
also observed in the hypodermal cells (hyp) of the tail. (B) PDK-
1/GFP expression in the intestine (int.) and ventral nerve cord
(VNC) of an L1 animal. Anterior is to the left, ventral is down;
the animal is slightly twisted because of co-injection with the
rol-6 marker. Cell bodies and axons of the VNC neurons (arrow-
heads) clearly express PDK-1/GFP as do the cell bodies of the
intestinal cells (arrows); VNC and intestinal nuclei do not ap-
pear to express PDK-1/GFP.
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main of the protein can be interpreted in light of the
known crystal structure of the homologous mammalian
PKA kinase (Zheng et al. 1993). The Gly-295 residue
changed to Arg in pdk-1(sa680) (Fig. 1B) is located in
subdomain IX (Hanks and Hunter 1995) of the kinase
domain and is conserved completely in all PDK1 family
members and well conserved in serine/threonine ki-
nases in general. This conserved glycine is located in
a-helix F buried deep within the kinase domain (Zheng
et al. 1993). Therefore a Gly-to-Arg substitution at this
position would be predicted to interfere with kinase do-
main tertiary structure and reduce kinase activity. Our
genetic analysis is consistent with sa680 being a severe
loss-of-function mutation in pdk-1.

The Ala-303 residue changed to Val in the dominant-
activating pdk-1(mg142) allele is also a conserved resi-
due in subdomain IX of the kinase domain of PDK-1 (Fig.
1B) predicted to lie in a-helix F only eight amino acids
away from Gly-295. The alanine residue is conserved in
all PDK1 family members but is not conserved in all
serine/threonine kinase domains. Other PKA and PKC
family members have a valine at that position, as do
other serine/threonine kinase family members, suggest-
ing that this mutation does not interfere with kinase
activity. In fact, the equivalent amino acid substitution
in human PDK1 (Ala-277–Val) increases human PDK1
kinase activity relative to hPDK1 wild-type kinase ac-
tivity. This result agrees with our genetic analysis,
which shows that pdk-1(mg142) is an activating muta-
tion and implies that the function of alanine at this po-
sition is conserved across species.

The fact that an Ala-to-Val substitution at this posi-
tion (C. elegans 303/human 277) results in an activated
kinase indicates that Ala-303/277 may normally limit
PDK1 activity. Ala-303/277 may function simply to re-
duce PDK1 activity at all times, or more interestingly,
it may down-regulate PDK1 activity only in the absence
of PtdIns-3,4-P2 and PtdIns-3,4,5-P3 signals. Isolation
of the activating Ala-303–Val substitution in C. ele-
gans PDK-1, and the demonstration that the equivalent
substitution activates human PDK1, shows that PDK1
can be activated above its basal level. So far, PDK1
had been refractive to additional activation on treat-
ment with stimuli that activate Akt/PKB (Alessi et al.
1997a).

Based on analogy to the known PKA kinase domain
crystal structure, Ala-303/277 is solvent exposed and on
the same face as the pseudosubstrate binding region of
PKA (1CMK; Zheng et al. 1993). There are two simple
models for how the Ala-303/277–Val substitution acti-
vates PDK1. One possibility is that Val-303/277, either
directly or indirectly perhaps via a-helix F movement,
increases recognition and/or phosphorylation of sub-
strates by PDK1. A related idea is that Val-303/277 in-
creases recognition of the phosphoinositides or other up-
stream regulatory molecules for PDK1 itself. Another
possibility is that Val-303/277 interferes with an inhibi-
tory interaction, for example with a pseudosubstrate,
that normally decreases PDK1 phosphorylation of sub-
strates. The mobility shift observed with hPDK1.A277V

that is suggestive of hyperphosphorylation of the protein
supports either model.

An activating mutation in pdk-1 or overexpressing
pdk-1(+) bypasses the need for AGE-1 PI3K signaling.
The current model for Akt/PKB activation is that PtdIns-
3,4-P2 and/or PtdIns-3,4,5-P3 bind to the pleckstrin ho-
mology domain of Akt/PKB, thereby making the Thr-
308 site accessible to phosphorylation by PDK1, and pos-
sibly also serving to localize the protein to the cell
membrane (Alessi et al. 1997b; Andjelkovic et al. 1997;
Stokoe et al. 1997; Anderson et al. 1998). Our results are
consistent with both possibilities. The role of the phos-
phoinositides in activating PDK1 has not been estab-
lished at present; our genetic analysis shows that pdk-1
is a downstream target of AGE-1 PI3K. Whereas the
pdk-1 gain-of-function mutation bypasses the require-
ment for AGE-1-mediated PtdIns-3,4-P2 and PtdIns-
3,4,5-P3 production, it is unlikely that AGE-1 PI3K is the
only source for PtdIns-3,4-P2 and PtdIns-3,4,5-P3 in the
cell. The fact that inactivation of the DAF-18 PTEN lipid
phosphatase can suppress null mutations in AGE-1 PI3K
(Ogg and Ruvkun 1998) suggests that there is another
source of PtdIns-3,4-P2 and PtdIns-3,4,5-P3 in the ab-
sence of age-1 activity. This indicates that the activating
mutations in akt-1 and pdk-1 do not necessarily activate
the proteins in the absence of the phosphoinositides; it is
possible that these mutations sensitize the proteins to
levels of phosphoinositides that are subthreshold for
wild-type AKT-1 and PDK1.

The increased life span observed in animals carrying a
loss-of-function pdk-1 mutation shows that pdk-1 func-
tions in a major C. elegans longevity regulating pathway
that includes the DAF-2 insulin receptor-like protein
and downstream AGE-1 PI3K (Klass 1983; Larsen et al.
1995; Morris et al. 1996). The dependence of the pdk-
1(sa680) life span increase on daf-16 also maps pdk-1 to
this pathway (Kenyon et al. 1993; Larsen et al. 1995).
One popular theory is that aging results from reactive
oxygen species inflicting damage on cellular proteins and
nucleic acids; therefore molecules that neutralize reac-
tive oxygen species would be protective against aging
(Sohal and Weindruch 1996). It is not clear how mis-
regulated daf-16 activity results in increased life span.
One possibility is that daf-16 activates transcription of
genes that promote longevity in the organism. In support
of this idea, age-1 mutant animals (which have mis-regu-
lated daf-16 activity similar to pdk-1(sa680) animals)
have increased activity of superoxide dismutase and
catalase (Larsen 1993), two proteins implicated in scav-
enging reactive oxygen species. daf-16 could promote
longevity by activating the transcription of superoxide
dismutase and catalase genes, thereby increasing the
ability of C. elegans to protect against oxidative damage.

The pleiotropy of the pdk-1 loss-of-function alleles in-
dicates that pdk-1 also regulates the signaling pathways
that control body size, egg laying, and social behavior. A
TGF-b related signaling pathway functions in parallel to
the DAF-2 insulin receptor-like signaling pathway to
regulate dauer formation (Thomas et al. 1993; Gottlieb
and Ruvkun 1994). Mutations in the TGF-b ligand, re-
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ceptor, and downstream effectors also result in Daf-c,
Egl, and Cpy phenotypes (Estevez et al. 1993; Thomas et
al. 1993; Ren et al. 1996). pdk-1 mutants are the first in
the DAF-2 insulin receptor-like signaling pathway to dis-
play the Egl and Cpy phenotypes (although age-1 mu-
tants also appear slightly Egl; data not shown). This sug-
gests that pdk-1 has outputs to the parallel TGF-b sig-
naling pathway or to targets in common with those
regulated by the TGF-b pathway. The fact that a muta-
tion in the daf-16 transcription factor suppresses all the
phenotypes of pdk-1(sa680), however, suggests that
these other outputs depend on daf-16. Furthermore, the
interaction between these pathways may be complex be-
cause daf-5(e1385) suppresses the pleiotropic pheno-
types of mutants in the TGF-b pathway (Thomas et al.
1993) but does not suppress pdk-1(sa680) pleiotropies,
whereas daf-16(m27) suppresses the pleiotropies of pdk-
1(sa680) but not those of TGF-b pathway mutants (M.
Ailion, T. Inoue, and J.H. Thomas, pers. comm.).

The role of pdk-1 in regulating akt-1 and akt-2 activity
in the DAF-2 insulin receptor-like signal transduction
cascade suggests the following model (Fig. 5). Under re-
productive growth conditions an insulin-like ligand
binds to and activates the DAF-2 insulin/IGF-I receptor.
Activation of DAF-2 recruits and activates the AGE-1
PI3K and other signaling pathways emanating from
DAF-2. Our genetic experiments place PDK1 down-
stream of and positively regulated by AGE-1 PI3K, and
upstream of and negatively regulating DAF-16. Although
it is a formal possibility that PDK-1 signals in parallel to
AKT-1/AKT-2 to antagonize DAF-16, our analysis sug-
gests that PDK-1 is dependent on AKT-1 and AKT-2 to
exert its function. Therefore, we favor the model that
PDK-1 antagonizes DAF-16 by activating AKT-1 and
AKT-2. The phosphoinositides generated by AGE-1 acti-
vate PDK1 and, in cooperation with phosphorylation by
PDK1 (and the as yet unidentified PDK2), activate
AKT-1 and AKT-2. AKT-1 and AKT-2, and presumably
inputs from other DAF-2 activated pathways, negatively
regulate the DAF-16 transcription factor, possibly via di-
rect phosphorylation of DAF-16. The nuclear localiza-
tion of the mammalian DAF-16 homolog FKHRL1 is an-

tagonized by Akt/PKB signaling (Brunet et al. 1999), con-
sistent with the genetic evidence that C. elegans DAF-16
is active when insulin receptor-like signaling is de-
creased. Unphosphorylated DAF-16 could function to ac-
tivate genes necessary for dauer arrest, metabolism, and
increased life span or could repress genes necessary for
reproductive growth.

Biochemical analysis of the insulin signaling pathway
suggests that PI3K, PDK1, and Akt/PKB act in the same
cell to transduce insulin signals (Kahn 1994; Alessi et al.
1997b; Avruch 1998). Our model is that the DAF-2 in-
sulin receptor-like protein, AGE-1 PI3K, PDK-1, AKT-1/
AKT-2, the DAF-18 PTEN phosphatase, and the DAF-16
transcription factor act in the same cell to transduce sig-
nals from an as yet unidentified insulin-like ligand to
transcriptional outputs regulated by DAF-16 in the
nucleus. It has not yet been determined if these genes in
fact act in the same cells to regulate dauer formation.
Interestingly, DAF-2 has been shown to function cell
nonautonomously to regulate dauer formation and lon-
gevity (Apfeld and Kenyon 1998). One possible interpre-
tation of this result is that the DAF-2 mediated signal
transduction cascade itself generates another signal that
controls reproductive growth, metabolism, and life span.
This result, however, does not clarify if AGE-1, PDK-1,
AKT-1/AKT-2, DAF-18, and DAF-16 function in the
same cells as DAF-2 and further functional analysis of
these genes is required to address that question. pdk-1,
akt-1, akt-2, and daf-16 are all broadly expressed (Ogg et
al. 1997; Paradis and Ruvkun 1998). It is still not under-
stood whether these molecules function in secretory
neurons to generate the dauer-inducing signal, or func-
tion in the target tissues that are remodeled during dauer
formation to receive and respond to the dauer-inducing
signal.

Mammalian homologs of many of the genes (daf-2,
age-1, akt-1, akt-2, pdk-1) that regulate C. elegans dauer
arrest had been shown biochemically to act in the insu-
lin signal transduction cascade (Avruch 1998). Our ge-
netic analysis of pdk-1 strongly endorses the placement
of pdk-1 in the insulin pathway and also reveals impor-
tant regulatory regions on the protein. Also, our molecu-

Figure 5. Model for regulation of reproductive
growth and metabolism by the DAF-2 insulin recep-
tor-like signaling pathway. On DAF-2 activation,
AGE-1 generates PtdIns-3,4-P2 and PtdIns-3,4,5-P3
that are required for PDK-1 and AKT-1/AKT-2 acti-
vation. Other parallel pathways from DAF-2 are also
activated and all signaling converges on DAF-16. See
text for details.
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lar and genetic analysis of dauer formation suggests that
much of the insulin signaling pathway was in place in
the common ancestor of nematodes and vertebrates. The
fact that the nematode and mammalian pathways share
so many conserved molecules suggests that, as in the
case of the DAF-16 transcription factor and DAF-18
phosphatase, a combination of C. elegans genetics and
the nearly complete genome sequence can reveal new
molecules involved in insulin signal transduction.

Materials and methods

Strains and transgenic lines

The following strains were used: Wild type: N2 Bristol, GR1318
pdk-1(mg142), JT9609 pdk-1(sa680), JT9604 osm-6(p811); pdk-
1(sa680), JT9606 daf-5(e1385); pdk-1(sa680), JT9605 pdk-
1(sa680) daf-12(m20), JT9607 daf-16(m27); pdk-1(sa680), JT10108
akt-1(mg144); pdk-1(sa680), JT709 pdk-1(sa709), JT6064 daf-
16(m27), JT9902 daf-16(m27); pdk-1(sa709), GR1188 sqt-
1(sc13) age-1(mg44)/mnC1, GR1316 sqt-1(sc13) age-1(mg44);
pdk-1(mg142), GR1196 daf-16(m27); sqt-1(sc13) age-1(mg44),
GR1306 sqt-1(sc13) age-1(mg44); akt-1(mg144), HT211 sqt-
1(sc13) age-1(hx546), GR1122 daf-2(e1370), SP122 daf-2(e1370);
pdk-1(mg142), GR1105 daf-16(m27); daf-2(e1370), GR1319
unc-4(e120) age-1(mg44)/mnC1.

The following transgenic lines were used: SGP300 mgEx464,
SGP301 mgEx465, SGP303 mgEx467, SGP304 mgEx468, SGP305
mgEx469, SGP320 sqt-1(sc13) age-1(mg44)/+; mgEx464, SGP319
sqt-1(sc13) age-1(mg44)/+; mgEx465, SGP317 sqt-1(sc13) age-
1(mg44); mgEx467, SGP316 sqt-1(sc13) age-1(mg44); mgEx468,
SGP318 sqt-1(sc13) age-1(mg44); mgEx469, SGP294 mgEx479,
SGP295 mgEx480, SGP296 mgEx481, SGP306 pdk-1(sa680);
mgEx470, SGP307 pdk-1(sa680); mgEx471, SGP308 pdk-1(sa709);
mgEx472, SGP312 pdk-1(sa709); mgEx476, SGP313 pdk-1(sa709);
mgEx477.

Isolation and mapping of pdk-1(sa680) and pdk-1(sa709)

pdk-1(sa680) and pdk-1(sa709) were isolated in a screen for
Daf-c mutants at 27°C. sa680 was outcrossed four times and
sa709 twice before characterizing the mutant phenotypes in
detail. At all temperatures, sa680 males all arrest as dauers or
die before the dauer stage. Therefore, mapping markers were
always crossed into the sa680 mutant, often using tra-2(q276)
to obtain XX males heterozygous for X chromosome markers.
Both sa680 and sa709 were mapped to the left arm of the X
chromosome between unc-1 and dpy-3. Pooling results from
both Unc non-Dpy and Dpy non-Unc recombinants picked from
either sa680/unc-1(e719) dpy-3(e27), or sa709/unc-1(e719) dpy-
3(e27), we get the following map data: unc-1 (13) sa680 (46)
dpy-3, and unc-1 (2) sa709 (8) dpy-3. This is very close to the
position of pdk-1 on the physical map.

pdk-1(mg142) isolation and mapping

pdk-1(mg142) was isolated as a suppressor of age-1(mg44) in a
screen described previously (Paradis and Ruvkun 1998). All
mapping experiments were done in a sqt-1(sc13) age-1(mg44)
mutant background. age-1(mg44) causes a Daf-c phenotype that
can be rescued maternally (Riddle 1988). Therefore, in each
mapping experiment, we first homozygosed sqt-1 age-1, then
genotyped the other loci by scoring phenotypes segregated in
the subsequent generation. For technical reasons, we did not
score the subsequent generation of animals that had homozy-
gosed a mapping marker in the same generation as sqt-1 age-1

(i.e., we did not score the broods of sqt-1 age-1; dpy-3, for ex-
ample). During backcrossing, we found pdk-1(mg142) to be X-
linked. Subsequent two-factor crosses showed that mg142 is
linked to dpy-3(e27) by roughly 11 m.u. Three-factor crosses
between mg142 and dpy-6(e14) unc-3(e151) suggested that
mg142 is to the left of dpy-6. Further, three-factor crosses be-
tween mg142 and unc-1(e719) dpy-7(e88) showed that mg142 is
either close to the right, or possibly to the left, of unc-1. These
results are as follows. First, we recovered 42 homozygous
mg142 animals and 19 heterozygous mg142/unc-1(e719) dpy-
7(e88) animals, representing the nonrecombinant classes. In the
recombinant classes, we found that 15 out of 15 Dpy non-Unc
recombinants carried mg142 (although we might have over-
looked recombinants that did not carry mg142 because it is
difficult to score Unc in Dpy dauers). This result places mg142
far from dpy-7. Only one out of 15 Unc non-Dpy recombinants
carried mg142. This result places mg142 right of and close to
unc-1, an interpretation that is consistent with the pdk-1 mo-
lecular cloning result. We also isolated two recombinants that
carried mg142 unc-1(e719) dpy-7(e88) chromosomes, however,
suggesting that mg142 is to the left of unc-1. We suspect this
class to be the result of double-recombination events. Extrapo-
lation of this data to account for all recombinant and nonre-
combinant classes gives a two factor map distance between
mg142 and unc-1 of 3.3 m.u. or a three-factor map distance for
mg142 of 1.7 m.u. right of unc-1.

Test for pdk-1(mg142) dominance

unc-4(e120) age-1(mg44)/+ males were crossed to sqt-1(sc13)
age-1(mg44); pdk-1(mg142) hermaphrodites. In the F1 we recov-
ered the following cross progeny: 249 wild-type nondauer males;
242 wild-type nondauer hermaphrodites; 10 wild-type dauers;
and 13 other (totals are from two trials). The broods of wild-type
nondauer hermaphrodites that segregated Sqt, Unc, and wild
type were scored for dauer versus non-dauer and gave the fol-
lowing results: 70.6% non-dauer and 29.4% dauer (n = 422, one
trial). We noticed that the dauers seemed to recover 24–48 hr
after scoring in contrast with age-1(mg44) dauers. We believe
that this is evidence for a maternal effect of pdk-1(mg142) sup-
pression of age-1.

pdk-1(sa680) and pdk-1(sa709) dauer formation assays

Table 1 combines the results from two independent experi-
ments, each with similar results. For pdk-1(sa680) dauer forma-
tion assays, in one experiment parents were allowed to lay eggs
at room temperature for 8 hr and plates were then shifted to
25.4°C. In the second, a 17-hr overnight egg lay was performed
at 25.4°C before parents were removed (in this assay, some
sa680 parents had ‘bagged’ from internal hatching of progeny).
In both cases, the plates were counted 48 hr post-egglay. Care
was taken to examine the sides of the plate, as sa680 dauers
have a high propensity to climb the walls of the plate. Tight
synchrony was not needed because of lack of recovery of sa680
dauers, and the assays were performed as described because
sa680 is defective in egg-laying. In addition to forming dauers,
sa680 mutants form a low percentage of ‘dauer-like’ animals
that arrest development following the L2 stage and have dark,
dauer-like intestines, but are not radially constricted like dauers
and do not cease movement or pumping. Dauer-like animals
such as these have also been seen in mutants of daf-2 (Gems et
al. 1998) and age-1 (Gottlieb and Ruvkun 1994). For pdk-
1(sa709) dauer formation assays, parents were allowed to lay
eggs at room temperature for 5.5 hr and plates were then shifted
to 26.8°C. Progeny were counted 41 hr post-egglay.
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pdk-1(mg142) dauer formation assays

Gravid adults were allowed to lay eggs at 25°C for 3 hr. Progeny
were scored for all classes at 48 hr post-egglay and some strains
were scored at 72 or 96 hr post-egglay. For all assays performed
in this study, numbers represent the summary of at least two
trials of each genotype in at least two experiments performed on
different days. In all assays, the following scoring categories
were used. Dauer-like refers to animals that were arrested and
had a dark intestine like age-1 or daf-2 dauers but were not as
fully constricted as these dauers, or that were arrested and con-
stricted like age-1 and daf-2 dauers but did not have as dark an
intestine as age-1 or daf-2 dauers. The dauer-like category is
equivalent to the partial dauer category in Paradis and Ruvkun
(1998). ‘Other’ refers to animals that could not be classified as
dauer because the animal was young, had a grossly aberrant
morphology, or was dead.

Allele sequencing

Genomic DNA from pdk-1(mg142), pdk-1(sa680), and pdk-
1(sa709) strains was PCR-amplified and directly sequenced. At
least two different outcrossed pdk-1(mg142) and pdk-1(sa680)
strains were sequenced.

cDNA characterization

pdk-1a gene structure was confirmed by sequencing of a cDNA
(yk216b6 provided by Y. Kohara, National Institute of Genetics,
Mishima, Japan). pdk-1b gene structure was confirmed by se-
quencing of cDNAs (yk478b12, yk499g8, yk551e8 provided by
Y. Kohara). The 58 end of the gene was determined by 58 RACE
(GIBCO) using a gene-specific primer to exon 4 and is assumed
to be the same for both pdk-1a and pdk-1b. The pdk-1 message
analyzed by 58 RACE was trans-spliced with a SL1 leader se-
quence 10 bp upstream of the first methionine.

RNAi

The pdk-1 coding region was amplified from yk478b12 (Y. Ko-
hara) and RNA prepared as described (Paradis and Ruvkun
1998). Preparation of akt-1 and akt-2 RNAs and injections were
performed as described (Paradis and Ruvkun 1998). After injec-
tion, the worms were allowed to recover at 20°C for 24 hr, then
were moved to fresh plates and allowed to lay eggs at the ap-
propriate temperature for 24 hr. Broods were scored for dead
eggs 24-hr post-egglay and for dauers or L4 larvae and adults 48
hr post-egglay. For assays performed at 20°C only, a second con-
secutive 24-hr egglay at 20°C was performed and scored. We
found slight differences between the dauer-inducing ability of
akt-1 + akt-2 RNAi in a fresh stock of N2 wild-type strain re-
ceived from the C. elegans Genetic Center and in N2 that had
been cultured in our lab [ccf. Table 3 of this report with Table 2
of Paradis and Ruvkun (1998)]. We performed the akt-1 + akt-2
RNAi assay at 26°C for greater consistency between assays in
the new N2 background. We suspect that either the presence of
modifier mutations or fluctuations of temperature within incu-
bators have affected penetrance of the Daf-c phenotype of akt-1
+ akt-2 RNAi.

Construction of pdk-1 transgenic lines and scoring
of transgene effects on dauer formation

A 9.2-kb PCR product of genomic DNA from the pdk-1(+) ge-
nomic region containing 2.7 kb of 58 upstream regulatory se-
quence, 6.1 kb of coding sequencing containing introns and ex-
ons, and 0.4 kb of pdk-1 38 UTR was purified using QIAquick

(Qiagen) and injected at 10 ng/µl with ttx-3::GFP at 50 ng/µl
(pPD95.75-C40H5-GFP O. Hobert, MGH and Harvard Medical
School) as a co-injection marker (Mello et al. 1991). pdk-1(KD)
was constructed and injected in the same manner except PCR
primers were used to introduce the K98N mutation. Once the
arrays were established in wild type, they were crossed into an
age-1(mg44) background. To score arrays in a wild-type back-
ground, gravid adults were allowed to lay eggs at 25°C for 3 hr.
All animals were scored 72 hr post-egglay. To score arrays in an
age-1 background, gravid adults were allowed to lay eggs at
25°C for 5 hr. All animals were scored 72 hr post-egglay. For a
description of the categories used in Table 4, see the ‘pdk-
1(mg142) dauer formation assays’ section of Materials and
Methods. The numbers in Table 4 represent the tally of two
independent transgenic lines of pdk-1(KD) (mgEx464 and
mgEx465) and three independent transgenic lines of pdk-1(+)
(mgEx467, mgEx468, and mgEx469) for each genotype. This
same pdk-1 construct was injected with ttx-3::GFP into sa680
and sa709 strains to assay for rescue of the Daf-c phenotype (1/2
lines rescued sa680 and 3/3 lines rescued sa709).

Life span assays

Animals were grown at 20°C until the L4 larval stage and then
transferred to plates (10 animals/plate) containing 400 µM fluo-
rodeoxyuridine (Sigma) at 25°C. Animals were scored every 1–3
days subsequently and moved periodically to keep growth con-
ditions mold free. Animals were scored as dead if they failed to
respond to a gentle tap on the head and tail with a platinum
wire. Life span is defined as the day animals were at the L4
larval stage (t = 0) to the day the animal was scored as dead. A
t-test was performed to compare mean life spans of each strain
pairwise.

PDK-1/GFP expression

The PDK-1/GFP translational fusion was constructed as fol-
lows. A 9-kb PCR product of genomic DNA from the pdk-1
genomic region comprising 2.9 kb of 58 upstream regulatory
region and 6.1 kb of coding region including exons and introns
was fused by PCR in-frame to a GFP with unc-54 38UTR PCR
product from pPD95.75 (A. Fire, Carnegie Institute of Washing-
ton, Baltimore, MD). PCR products were purified using QIA-
quick (Qiagen) and injected with rol-6 (pRF4, 100 ng/µl) as the
coinjection marker (Mello et al. 1991). For UV microscopy,
worms were anesthetized in 5 µM NaN3 M9 buffer and mounted
on a 2% agarose pad. Three independent transgenic lines
(mgEx479, mgEx480, and mgEx481) were scored to determine
the expression pattern of PDK-1/GFP.

PDK1 kinase activity assays

To generate the Ala-277–Val substitution in hPDK1, site-di-
rected mutagenesis (Quickchange, Stratagene) was performed
on the Myc.hPDK1 cDNA (Chou et al. 1998) using the following
primers: SP170 58-CCAGCTTGTGGTAGGACTCCCAC and
SP171 58-GTGGGAGTCCTACCACAAGCTGG. To deter-
mine the protein kinase activity of the hPDK1 proteins, the
cDNAs encoding Myc.hPDK1, Myc.hPDK1.K110N, and
Myc.hPDK1.A277V were transiently transfected into 293T cells
using the calcium phosphate method (Ausubel et al. 1998). Fol-
lowing the transfection protocol, cells were recovered for 48 hr
in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum at 37°C in a 5%
humidified CO2 atmosphere. Cell monolayers were washed
twice with ice-cold phosphate buffered saline, then lysed in a
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1% NP-40 lysis buffer as described previously (Chou et al. 1998).
HPDK1 was immunoprecipitated using the monoclonal anti-
Myc antibody and immunoprecipitates washed stringently as
described (Chou et al. 1998). The kinase assay was performed
using 2 mg of a recombinant His-tagged full-length Akt/PKB
purified to homogeneity from baculovirus-infected cells, in the
presence of 10 µM PtdIns-3,4,5-P3/100 µM phosphatidylserine
and 100 µM phosphatidylcholine (Chou et al. 1998). The kinase
assay was stopped by addition of SDS sample buffer, and pro-
teins resolved by SDS-polyacrylamide. Phosphorylated Akt/
PKB was detected by autoradiography and on a Bio-Rad Molecu-
lar Imager for quantitation. Expression of hPDK1 was detected
on a 7.5% SDS–polyacrylamide gel, transferred to nitro-cellu-
lose and visualized using the anti-Myc antibody and ECL (Am-
ersham). hPDK1 protein concentration was quantitated using a
Bio-Rad Molecular Imager, and equal amounts of wild-type
hPDK1, hPDK1. K11ON, and hPDK1. A277Val were used in the
in vitro kinase assay.
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