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In yeast, sphingoid base synthesis is required for the
internalization step of endocytosis and organization of
the actin cytoskeleton. We show that overexpression
of either one of the two kinases Pkhlp or Pkh2p, that
are homologous to mammalian 3-phosphoinositide-
dependent kinase-1 (PDK1), can specifically suppress
the sphingoid base synthesis requirement for endocy-
tosis. Pkhlp and Pkh2p have an overlapping function
because only a mutant with impaired function of both
kinases is defective for endocytosis. Pkh1/2p kinases
are activated in vitro by nanomolar concentrations of
sphingoid base. These results suggest that Pkhl/2p
kinases are part of a sphingoid base-mediated signal-
ing pathway that is required for the internalization
step of endocytosis. The Pkclp kinase that is phos-
phorylated by Pkh1/2p kinases and plays a role in
endocytosis was identified as one of the downstream
effectors of this signaling cascade.

Keywords: endocytosis/PKH, PKC1 and PDK1 kinases/
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Introduction

Endocytosis is the process whereby eukaryotic cells
internalize extracellular material and part of their own
plasma membrane. This pathway is used commonly for
uptake of nutrients, down-regulation of receptors and
removal of other proteins from the cell surface. The
development of several reporter systems to study en-
docytosis, as well as the use of genetic studies in the yeast
Saccharomyces cerevisiae, has permitted the identification
of many components required for this pathway. The
internalization step of endocytosis requires actin, proteins
that mediate actin cytoskeleton organization, such as
fimbrin, calmodulin, type I myosin, the amphiphysin
homologs Rvs161p and Rvs167p and clathrin, and a large
set of proteins associated with these components (Geli and
Riezman, 1998; D’Hondt et al., 2000; Lombardi et al.,
2001).

Recently, not only proteins but also lipids have been
implicated in several stages of membrane trafficking, but
the role of lipids in vesicle budding and fusion in living
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cells is poorly understood. It is known that the sphingo-
lipid synthesis pathway is necessary for trafficking of
glycosylphosphatidylinositol ~ (GPI)-anchored proteins
from the endoplasmic reticulum to the Golgi apparatus
(Horvath et al., 1994; Siitterlin et al., 1997). Phospho-
lipids, in particular phosphorylated derivatives of phos-
phatidylinositol (PI), also appear to play a critical role in
regulating transport events (De Camilli et al., 1996).
Sterols have been implicated in control of the internaliz-
ation step of endocytosis in both yeast and mammalian
cells (Munn et al., 1999; Rodal et al., 1999; Subtil et al.,
1999). Sphingoid bases have also been shown to play a
role in regulation of cell surface expression of amino acid
permeases (Skrzypek et al., 1998).

Using the S.cerevisiae Icb1-100 mutant, a requirement
for sphingoid base synthesis for the internalization step of
endocytosis and for actin cytoskeleton organization was
revealed (Zanolari et al., 2000). The LCB1 gene encodes a
subunit of serine palmitoyltransferase that catalyzes the
first step in sphingolipid synthesis, the condensation of
serine and palmitoyl-CoA to yield the 3-ketosphinganine
(Nagiec et al., 1994). The sphingoid base requirement for
endocytosis can be suppressed by loss of protein
phosphatase 2A activity or by overexpression of two
kinases, Pkclp or Yck2p, suggesting a signaling function
for sphingosine in activation of a protein kinase and a
protein phosphatase acting sequentially in endocytosis
(Friant et al., 2000).

These results imply that the function of sphingoid bases
in endocytosis is to control protein phosphorylation. In
mammalian cells, sphingosine induces in vitro phos-
phorylation of endogenous proteins through the activation
of protein kinases (Pushkareva er al., 1992), and two
unidentified sphingosine-activated protein kinases were
characterized by their substrate specificity and their
sphingosine requirement (Pushkareva et al., 1993).
Sphingosine also acts by inhibiting some kinases such as
protein kinase C (PKC) (Hannun et al., 1986) or by
activating others, such as the casein kinase II (McDonald
et al., 1991), the atypical PKC isoform { (Muller et al.,
1995), the p21-activated kinase-1 (PAK1) (Bokoch et al.,
1998) and the 3-phosphoinositide-dependent kinase-1
(PDK1) (King et al., 2000). Thus sphingoid bases play a
dual role in the regulation of protein phosphorylation.

It was shown recently that sphingosine stimulates PDK1
kinase autophosphorylation and increases the phosphoryl-
ation of known PDKI1 substrates such as PAK1, Akt and
PKC B kinases in vitro, suggesting that sphingosine is a
novel activator of PDK1 (King et al., 2000). PDKI1
phosphorylates several protein kinases in vitro and is
responsible for activating these enzymes in vivo (Alessi
et al., 1998; Le Good et al., 1998; Pullen et al., 1998).
Saccharomyces cerevisiae has two PDKI1 homologs
encoded by the PKHI and PKH2 genes. Similarly, Pkh1/
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Table I. Plasmids

Plasmid Yeast Ori  Insert Source

YEpl195-PKH1 = 2u PKHI Inagaki et al. (1999)
YEpl195-PKH2 2u PKH? Inagaki et al. (1999)
PSEY18-SKM1 2u SKM1 T.Beck

YEp-CKA2 2u CKA2 C.Schaerer-Brodbeck
YEp-CKB1 2u CKBI C.Schaerer-Brodbeck
YEp-CKB2 2u CKB2 C. Schaerer-Brodbeck
pTS80 2u PKHI-HA; Schmelzle and Hall
pTS81 21 PKH2-HA; Schmelzle and Hall
pSH24 2u PKCI Helliwell et al. (1998)
pTS101 21 PKCI-HA; Schmelzle and Hall
pL2.3 2u YCK2 Robinson et al. (1992)
pKT10 21 GAL-HA,-pkh2- Inagaki et al. (1999)

K208R

2p kinases were shown to phosphorylate and activate
several protein kinases including Ypk1/2p and Pkclp both
in vitro and in vivo (Casamayor et al., 1999; Inagaki et al.,
1999). Pkh1p and Pkh2p kinases share an essential role for
cell growth since the double knockout pkhlA pkh2A yeast
strain is not viable. Synthetic lethality of the pkhi A pkh2A
double mutations is complemented by full-length human
PDK1, or human PDK1 lacking the C-terminal pleckstrin
homology (PH) domain that binds phosphoinositides
(Casamayor et al., 1999). In contrast to human and
Drosophila PDKI1, neither Pkhlp nor Pkh2p kinase
contain an obvious PH domain, suggesting that in yeast
the activation of the Pkhl/2p kinases may not be
dependent on phosphoinositides.

A recent study revealed that yeast cells overproducing
PKHI] display an increase in resistance to treatment with
myriocin, a serine palmitoyl transferase (Lcb1p) inhibitor
(Sun et al., 2000). Pkh2p was shown to phosphorylate
Pkclp kinase in vitro and the temperature sensitivity of a
pkh-ts (pkhl-ts pkh2A) mutant is partially suppressed by a
PKCI-R398P dominant mutation (Inagaki et al., 1999). In
a previous study, we showed that PKCI overexpression or
PKCI1-R398P expression can suppress the sphingoid base
requirement for endocytosis, suggesting a link between
sphingoid base synthesis and Pkclp activation (Friant
et al., 2000). These results suggest that the Pkhl1/2p
kinases may be activated by sphingoid bases and play a
role in endocytosis via Pkclp activation. To test this
hypothesis, an involvement of the Pkh1/2p kinases in
endocytosis was examined.

Here, we show that overexpression of either one of the
two protein kinases Pkhlp or Pkh2p can abrogate the
sphingoid base synthesis requirement for endocytosis and
restore organization of the actin cytoskeleton in Icb1-100
mutant cells. The two kinases have an overlapping
function in endocytosis because only a mutant with
impaired function of both kinases is defective in the
internalization step of endocytosis. Phosphorylation of
Pkclp by Pkhlp or Pkh2p kinase is increased in the
presence of nanomolar concentrations of sphingoid base.
These results suggest that the function of sphingoid base
in endocytosis is to activate a signaling pathway contain-
ing the Pkhl1/2p kinases and its downstream effector
Pkclp.
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Fig. 1. Overexpression of PKHI and PKH2 specifically suppresses the
lcb1-100 endocytic defect. (A) Strain RH3809 (lcbh1) was transformed
with high copy plasmids carrying PKHI, PKH2, SKM1, PKCI or
YCK?2 kinases genes (Table I), and the corresponding transformants
were assayed for o-factor internalization at 37°C and compared with
leb1-100 cells. (B) The sla2-41 (end4-1) and rvs161 (end6-1)
temperature-sensitive mutants (RH1597 and RH2082) were transformed
by a high-copy number plasmid bearing PKHI or PKH2 and assayed
for o-factor uptake at 37°C.

Results

Overexpression of Pkh1/2p kinases restores
endocytosis in the Icb1-100 mutant

To test if the yeast PDK1 homologs Pkhlp and Pkh2p
could be part of the sphingoid base requirement for
endocytosis, we analyzed if PKHI or PKH?2 overexpres-
sion could suppress the endocytic defect of the IcbI-100
mutant. The IchI-100 strain was transformed with high
copy (2u) plasmids bearing the PKHI or PKH2 gene
(Table I). Neither of the two protein kinases tested was
able to suppress the temperature-sensitive growth pheno-
type displayed by the IchI-100 mutant (data not shown).
The strains overexpressing the Pkhlp or Pkh2p kinases
were tested for internalization of [3S]o-factor at 37°C.
Overexpression of PKH?2 and, to a lesser extent, PKH1
restored the defect in a-factor internalization of the Ichi-
100 mutant cells at 37°C (Figure 1A). To compare the
suppressor effect of the Pkhl/2p kinases, we tested in
parallel three other kinases, Skmlp, Yck2p and Pkclp
(Table I). Skmlp is a yeast protein kinase that shares
homology (40% identity and 57% similarity) with the
mammalian PAK1, a kinase reported to be activated by
sphingosine (Bokoch et al., 1998). Yck2p and Pkclp
kinases were already shown to suppress the IcbI-100
defect in endocytosis (Friant et al., 2000). SKMI
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Fig. 2. PKH1/2 overexpression suppresses the fluid-phase endocytic
defect of the lcbh1-100 mutant. Wild-type cells (wt, RH448) and Icb1-
100 (Icb1, RH3809) cells carrying a PKHI, PKH2 or CKB2 high-copy
number plasmid (Icb1+PKH]I, lcb1+PKH?2 or lch1+CKB2) were
assayed for lucifer yellow (LY) accumulation in the vacuole at 37°C.
The same field of cells viewed by fluorescence (left panel) and by
Nomarski optics (right panel) is shown.

overexpression did not restore the internalization defect
observed in the Icb1-100 mutant cells. The o-factor uptake

Sphingoid base signaling is required for endocytosis

rate displayed by the Icbh1-100 cells overexpressing PKH?2
is similar to that of cells overexpressing YCK2, whereas
the PKHI suppressor effect is more similar to that of
PKCI (Figure 1A).

To determine if other endocytosis mutants could also be
suppressed by PKH1 or PKH?2 overexpression, the sla2-41
(end4-1) and rvs161 (end6-1) strains were transformed by
the 21 plasmid bearing the PKH1/2 genes and assayed for
a-factor uptake at 37°C (Figure 1B). These two mutants
are defective for o-factor internalization at 37°C (Raths
et al., 1993; Munn et al., 1995). The overexpression of
PKH1 or PKH? did not restore endocytosis in these strains
(Figure 1B), suggesting that Pkh1/2p overexpression
specifically suppresses the lcbI-100 endocytic defect.

The ability of overexpressed PKHI or PKH? to restore
fluid-phase endocytosis in IcbI-100 cells at 37°C was
tested and compared with wild-type, Icb1-100 and Icbl-
100 cells transformed by episomal plasmids bearing
different subunits of the yeast casein kinase II (CKA2,
CKBI and CKB2) (Table I and Figure 2). Yeast casein
kinase II overexpression was used as a control, because
sphingosine was shown to be a potent activator of
mammalian casein kinase II (McDonald ef al., 1991).
The Icb1-100 cells and the Icbhl-100 mutants overexpres-
sing CKA2, CKB1 or CKB2 were defective for uptake and
accumulation of the fluorescent dye lucifer yellow (LY) in
the vacuole at 37°C (Figure 2 and data not shown).
Consistent with the o-factor uptake results, overexpression
of PKHI or PKH2 allowed the Icbl-100 mutant to
accumulate LY in the vacuole (Figure 2).

Taken together, the above results show that over-
expression of Pkh1/2p kinases specifically suppresses both
receptor-mediated and fluid-phase endocytosis defects of
the Icb1-100 mutant. These results suggest that sphingoid
base may activate a protein phosphorylation pathway that
is required for the internalization step of endocytosis. The
Pkh1/2p kinases may be part of this cascade.

Pkh1/2p kinases are required for endocytosis
To determine whether Pkh1/2p kinase activity is required
for the internalization step of endocytosis, o-factor uptake
and LY accumulation of pkhlA, pkh2A and pkh-ts strains
were assayed (Figures 3 and 4). PKHI and PKH?2 have
overlapping function for cell growth (Casamayor et al.,
1999; Inagaki et al., 1999). The pkh-ts strain harbors a
chromosomal deletion of the PKH2 gene (pkh2::LEU2)
and a temperature-sensitive pkhl-ts mutant allele,
pkhIP39G (Inagaki et al., 1999). The single disruptants
and temperature-sensitive mutant strains were assayed for
o-factor uptake and compared with wild-type cells (Figure
3A and B). The single mutant cells pkhlA and pkh2A
internalized a-factor at the same rate as wild-type cells at
37°C (Figure 3A). At 24°C, the pkh-ts strain showed a
partial o-factor internalization defect when compared with
wild-type cells, and at 37°C the mutant strain was unable
to internalize o-factor (Figure 3B). We conclude that
Pkh1p and Pkh2p kinases have an overlapping function for
endocytosis and that the loss of Pkh1/2p kinase activity
affects the internalization step of receptor-mediated
endocytosis.

As the pkh-ts mutant is defective for receptor-mediated
internalization at 37°C, it was important to examine
whether this mutant is also defective for fluid-phase
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Fig. 3. (A) Pkhlp and Pkh2p have redundant function in endocytosis.
The single mutant pkhl1A (RH5413) and pkh2A (RH5388) cells were
assayed for a-factor uptake at 37°C and compared with the wild-type
cells (wt, RH2964). (B) Pkh1/2p kinases are required for endocytosis.
Radiolabeled o-factor uptake assays were performed at 24°C (open
symbols) or 37°C (closed symbols) on wild-type (RH5411) and pkh-ts
(RH5412) strains.

endocytosis. LY accumulation in the wild-type and pkh-ts
mutant cells was assayed at 37°C (Figure 4). The pkh-ts
cells were completely defective in LY accumulation at
37°C (Figure 4). These results show that Pkh1p and Pkh2p
have an overlapping function in endocytosis, because only
the cells with impaired activity for both kinases are
defective for the internalization step of endocytosis.

Overexpression of Pkh1/2p specifically corrects the
actin defect of the Icb1-100 mutant

The Icb1-100 mutant is defective in the organization of the
actin cytoskeleton at 37°C. This defect, like the endocytic
defect, can be suppressed by addition of phytosphingosine
(PHS) or overexpression of the kinases Yck2p or Pkclp
(Friant et al., 2000; Zanolari et al., 2000). Therefore, it is
conceivable that overexpression of the Pkh1/2p kinases,
which restored endocytosis in the /cb-100 mutant, may
also correct the actin organization defect of this mutant. To
test this, we examined whether Pkhlp or Pkh2p over-
expression in the IchI-100 mutant could restore the
polarized distribution of actin at 37°C. Wild-type, Icbl-
100 and Icbh1-100 cells overexpressing PKHI or PKH?2
were grown at 24°C, shifted to 37°C for 2 h and the cells
were fixed and stained with tetramethylrhodamine isothio-
cyanate (TRITC)—phalloidin to visualize F-actin (Figure
5). A shift from 24 to 37°C causes a heat-induced
depolarization of the actin cytoskeleton in wild-type
cells. Normal polarized actin localization is restored
after 1.5-2 h at 37°C in wild-type cells (Figure 5, panel
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Fig. 4. Pkh1/2p kinases are required for fluid-phase endocytosis. Wild-
type (wt, RH5411) and pkh-ts (RH5412) cells were incubated with LY
for 1 h at 37°C. To visualize LY uptake, cells were viewed by FITC
fluorescence optics (left panel). The same fields of cells were viewed
by Nomarski optics (right panel) to visualize the vacuoles.

wt). In contrast, this perturbation was irreversible in the
lcb1-100 mutant cells, as seen by the accumulation of actin
patches in the mother cell of the budded cells (Figure 5,
panel Icbl) (Zanolari et al., 2000). However, lcb1-100
mutant cells overexpressing either Pkh1p or Pkh2p kinases
displayed polarized distribution of actin that was more
similar to wild-type cells (Figure 5, panels Icb1+PKH1 and
Icb1+PKH2).

The Pkh1/2p kinases have been shown to be required for
actin cytoskeleton organization in yeast (Inagaki et al.,
1999). To determine if the suppression by PKHI/2 was
specific for the Ich1-100 mutant cells, two other endocytic
mutants that display actin cytoskeleton defects, sla2-41
(end4-1) and rvsi6l (end6-1), were tested (Figure 5,
panels sla2 and rvs161) (Raths et al., 1993; Munn et al.,
1995). The sla2-41 and rvs161 mutants were transformed
by high copy number plasmids bearing the PKH1 or PKH2
gene and assayed for actin localization at 37°C (Figure 5,
panels sla2+PKHI1, sla2+PKH2, rvs161+PKH1 and
rvs161+PKH2). Proper actin localization was not restored
by either PKHI or PKH?2 overexpression in these mutants,
showing that suppression is specific for the IcbI-100
mutant. The above results suggest that one target of the
sphingoid base synthesis requirement is likely to be the
actin cytoskeleton because overexpression of the Pkh1/2p
kinases corrected the actin defect specifically in the Ichl-
100 mutant.

Sphingoid base activates Pkh1p and Pkh2p kinases
activity in vitro

The above results suggest that, like their mammalian
homolog PDKI1, Pkhlp and Pkh2p could be activated
directly by sphingoid base as part of a signaling cascade
required for the internalization step of endocytosis. To test
this hypothesis, we developed an in vitro phosphorylation
assay by using immunoprecipitated Pkhlp or Pkh2p
incubated in the presence of increasing concentration of
PHS. Wild-type cells were transformed by plasmids
bearing the PKHI and PKH2 genes tagged at their C-
terminus with a triple hemagglutinin (HA) epitope or the
pkh2-KR kinase-dead mutant tagged at the N-terminus
with a double HA (Table I). The Pkh1-HA; and Pkh2-HA5
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Fig. 5. Pkh1/2p kinase overexpression specifically suppresses the lch1-100 actin organization defect. Logarithmic cultures of wild-type cells
(wt, RH448), lcb1-100, sla2-41 (end4-1) and rvsi61 (end6-1) mutant cells (RH3802, RH1597 and RH2082), with or without the PKHI and
PKH? plasmids, were grown at 24°C, shifted to 37°C for 2 h, fixed, stained with TRITC—phalloidin and observed by fluorescence (actin) and

Nomarski microscopy.

constructs are functional because they can suppress the
temperature-sensitive growth phenotype displayed by the
pkh-ts strain (data not shown). It was shown recently that
Pkh1/2p kinases directly phosphorylate and activate Pkclp
(Inagaki et al., 1999). Therefore, we used immunopreci-
pitated Pkclp as the natural substrate for the Pkhlp and
Pkh2p kinases in our in vitro assay. A wild-type strain was
transformed with a multicopy plasmid encoding Pkclp
triple HA tagged at its C-terminus (pTS94). This construct
is functional since a pkcl-2-ts strain transformed by this
plasmid shows no growth defect at 37°C. Pkhl-HAj,

Pkh2-HAj;, pkh2-KR-HA, or Pkcl-HA; were immuno-
precipitated with an anti-HA antibody. Immuno-
precipitated Pkcl-HAj; was folded properly because the
immunoprecipitated Pkcl-HAj3 phosphorylated its sub-
strate (myelin basic protein) correctly (Antonsson et al.,
1994; data not shown). Immunoprecipitated Pkh1-HA; or
Pkh2-HAj; was incubated in the presence of its substrate
Pkc1-HAj;, and aliquots of this kinase—substrate mix were
incubated with [y-32P]ATP in the presence of increasing
concentrations of PHS from 0.5 up to 500 nM (Figure 6). A
control without Pkh1/2p kinase shows no Pkcl-HA;
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Fig. 6. Phytosphingosine activates the Pkh1/2p kinases. (A)
Immunoprecipitated Pkh1-HA; was incubated with its substrate Pkcl-
HAj; in the presence of [y-32P]ATP and increasing amounts of PHS.
Phosphorylated Pkc1-HAj3 was revealed by a Cyclone Storage
Phosphor Imager (Packard) after separation on a 7.5%
SDS—polyacrylamide gel. (B) The amount of radiolabeled [?2P]Pkc1-
HA; was quantified in each lane and basal phosphorylation of Pkclp
by Pkhlp without PHS was set as 1. (C and D) The same assay was
done using Pkh2-HAj; as the kinase.

autophosphorylation, meaning that Pkc1p phosphorylation
requires addition of the Pkhlp or Pkh2p immunoprecipi-
tate. Phosphorylated [3?P]Pkc1-HA; was revealed by using
a Cyclone Storage Phosphor Imager (Packard) after
electrophoresis on a 7.5% SDS-polyacrylamide gel
(Figures 6A and C, and 7A and C) and the amount of
radiolabeled Pkc1-HA3 was quantified (Figures 6B and D,
and 7B). All phosphorylation assays were performed at
least twice; the results shown are from one of the
independent experiments that gave nearly identical results.
PHS was found to be an activator of both Pkh1p and Pkh2p
kinases, since at concentrations as low as 0.5 nM there is
an increase in Pkc1-HAj; phosphorylation (Figure 6A and
C), and therefore an activation of the kinase activity. A 3-
fold activation of both Pkh1p and Pkh2p is observed in the
presence of 2.5-25 nM PHS (Figure 6B and D). At higher
concentrations, however, PHS became less effective and at
500 nM PHS, it inhibited both Pkhlp and Pkh2p
phosphorylation of Pkclp (Figure 6). PHS has a bifunc-
tional effect on Pkh1/2p activity in vitro, stimulating the
enzyme activity at low concentrations and inhibiting it at
high concentrations.
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Fig. 7. Pkh2p kinase specifically phosphorylates Pkclp and is not
activated by C6-ceramide. (A) Immunoprecipitated Pkh2-HA; was
incubated with Pkc1-HAj; in the presence of [y-?P]ATP and increasing
amounts of C6-ceramide. Phosphorylated Pkc1-HAj; was revealed by a
Cyclone Storage Phosphor Imager (Packard) after separation on a 7.5%
SDS—polyacrylamide gel. (B) The amount of radiolabeled [**P]Pkc1-
HA; was quantified in each lane and basal phosphorylation of Pkclp
by Pkh2p without C6-ceramide was set to 1. (C) Immunoprecipitated
Pkh2-HAj; or the kinase-dead mutant pkh2-KR-HA, was incubated
with Pkc1-HAj in the presence of [y-32P]JATP and increasing amounts
of PHS. Phosphorylated Pkc1-HA; was revealed by a Cyclone Storage
Phosphor Imager (Packard) after separation on a 7.5% SDS—
polyacrylamide gel.

To test if this activator effect is specific for sphingoid
bases, the same assay was done in the presence of
increasing concentrations of C6-ceramide (Figure 7A and
B). C6-ceramide is a soluble sphingolipid containing a
short fatty acid chain (C6) bound to the sphingoid base
moiety. C6-ceramide can be used as a negative control in
our phosphorylation assay, because addition of C6-
ceramide is not able to suppress the internalization defect
observed in the [ch1-100 mutant cells, in contrast to PHS or
dihydrosphingosine addition (B.Zanolari and H.Riezman,
unpublished data) (Zanolari et al., 2000). Addition of C6-
ceramide to Pkh2p kinase did not result in a change in the
basal level of Pkclp phosphorylation (Figure 7A and B),
meaning that Cé6-ceramide has no effect on Pkh2p
kinase activity at either low (2.5 nM) or high (I uM)
concentrations.

To rule out the possibility that Pkclp phosphorylation
could be due to another kinase co-immunoprecipitated
with Pkh1p or Pkh2p kinases, we also tested an HA-tagged
kinase-dead mutant (pkh2-KR-HA,) bearing a lysine to
arginine change in the kinase domain (Inagaki et al.,
1999). The in vitro phosphorylation experiments were
done under the same conditions as for the wild-type Pkh2-
HA; kinase. There was no Pkclp phosphorylation
observed in the presence of the pkh2-KR-HA, kinase-
dead mutant, even in the presence of PHS concentrations



that were shown to activate Pkh2p activity (Figure 7C).
This result shows that Pkc1p is phosphorylated specifically
by Pkh2p kinase in our in vitro assay. The above results
show that Pkh1/2p kinases are activated specifically by
PHS in vitro and identify them as yeast sphingoid base-
activated kinases.

Discussion

The major finding of this study is that Pkh1/2p kinases are
part of a sphingoid base-mediated signaling pathway that
is required for the internalization step of endocytosis and
for actin cytoskeleton organization in yeast. As shown
previously, the actin cytoskeleton plays an essential role in
the internalization step of endocytosis in yeast; yeast
mutants altered in actin and actin-binding proteins are
defective in endocytosis (Kiibler and Riezman, 1993;
Munn et al., 1995; Riezman et al., 1996). Here we showed
that overexpression of PKH1/2 suppresses the endocytic
and actin cytoskeleton organization defect of the IcbI-100
mutant. It is noteworthy that overexpression of neither
PKHI nor PKH?2 suppressed the endocytic or actin defect
of other mutants that are defective in the internalization
step of endocytosis and in actin cytoskeleton organization,
suggesting that this suppressor effect is specific for the
lcb1-100 mutation. The Pkhlp and Pkh2p kinases are
functionally redundant for both fluid-phase and receptor-
mediated endocytosis. A previous study has shown that
these two kinases are also required for actin cytoskeleton
organization, since the pkh-ts strain displays a defect in
actin polarization upon shift to 37°C (Inagaki et al., 1999).
These results suggest that Pkh1/2p kinases play a direct
role in endocytosis perhaps by regulating the endocytic
machinery and/or the actin cytoskeleton. Here, we showed
that sphingoid base activates both Pkhlp and Pkh2p
protein kinases in vitro. All these results together suggest
that there is a sphingoid base-mediated signaling pathway
required for endocytosis and that Pkh1/2p kinase is the
sphingoid base-activated kinase that probably initiates this
cascade.

Pkhlp and Pkh2p are yeast homologs of mammalian
PDK1 kinase. Human, Drosophila and Caenorhabditis
elegans PDK1 kinases contain a PH which binds
PI(3,4,5)P5 and PI(3,4)P, (Stephens et al., 1998; Currie
etal., 1999; Fruman et al., 1999). In contrast, the two yeast
members of this kinase family, Pkh1p and Pkh2p, lack the
PH domain (Casamayor et al., 1999). It was shown
previously that mammalian PDK1 lacking the PH domain
is sufficient to rescue pkhlA pkh2A mutant cells from
lethality (Casamayor et al., 1999). Furthermore, while
S.cerevisiae contain PI(3)P, they do not have PI(3,4)P, nor
PI(3,4,5)P; (Hawkins et al., 1993; De Camilli ez al., 1996).
All these results suggest that Pkh1/2p kinases are not
regulated by phosphoinositides like their mammalian
counterpart. The best candidate for regulating Pkh1/2p
kinases activity is the sphingoid bases, because a previous
study showed that mammalian PDK1 kinase is activated
in vitro in the presence of sphingosine and that an elevated
intracellular sphingosine level increases PDKI1 activity
in vivo (King et al., 2000). Here, we showed that
overexpression of PKHI or PKH2 suppresses the en-
docytic defect of the IcbI-100 mutant strain that is
impaired in sphingoid base synthesis. This suppression is
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specific for Pkh1/2p because overexpression of other
protein kinases such as Skm1p or subunits of casein kinase
IT are not able to restore endocytosis of the IcbI-100
mutant cells. Skmlp is a yeast homolog of mammalian
PAKI1. PAK1 and mammalian casein kinase II were shown
to be activated by sphingosine (McDonald et al., 1991;
Bokoch et al., 1998). This result further demonstrates the
specificity of Pkh1/2p in this signaling cascade, because
overexpression of other protein kinases which have been
reported to be activated by sphingosine bases had no
suppressor effect on /cbl-100 mutant cells. Moreover, by
using an in vitro kinase assay, we could show that both
Pkhlp and Pkh2p are activated by nanomolar concentra-
tions of PHS. There is a 3-fold increase in Pkh1/2p kinase
activity in the presence of very low PHS concentration
(0.5-2.5 nM). This concentration mimics the cellular
concentrations of sphingoid bases (sphinganine and PHS)
that are expected in exponential phase yeast cells (Wu
et al., 1995). Using the same in vitro kinase assay, we also
tested the ability of C6-ceramide, a sphingolipid that
is unable to suppress the IchI-100 endocytic defect
(B.Zanolari and H.Riezman, unpublished data), to activate
Pkh2p kinase. We did not observe any activation or
inhibition of Pkh2p in the presence of C6-ceramide,
meaning that activation of Pkh2p by PHS is specific. All
these results together suggest that both PDK1 and its yeast
counterparts Pkh1/2p kinases are sphingoid base-activated
kinases. The results obtained here and previous results
showing that neither phosphorylated sphingoid bases nor
ceramides or sphingolipids are required for endocytosis
(Zanolari et al., 2000) suggest that sphingoid bases (DHS
and/or PHS) are required for Pkh1/2p kinase activation.
However, we cannot rule out the possibility that another as
yet unidentified derivative of PHS/DHS could be the true
Pkh1/2p kinase activator, but this derivative cannot be a
phosphorylated sphingoid base because yeast incapable of
generating phosphorylated sphingoid bases are capable of
endocytosis (Zanolari et al., 2000).

Pkclp and Ypkl1/2p kinases were identified as down-
stream effectors of the Pkhl/2p protein kinase cascade.
These two kinases are phosphorylated directly by Pkh
kinase in vitro (Casamayor et al., 1999; Inagaki et al.,
1999). Reduced Pkclp activity was observed in a pkh-ts
mutant strain, indicating that Pkh1/2p kinases are required
for Pkclp function in vivo (Inagaki et al., 1999). In a
previous study, we could show that an increased gene
dosage of PKCI or expression of a dominant, activated
allele of PKC1 suppresses the endocytic defect of the Ich1-
100 mutant (Friant et al., 2000). The above results show
that in vitro Pkclp phosphorylation by Pkh1/2p kinases is
activated by sphingoid base. These results suggest that
Pkclp may be activated by Pkh1/2p kinases in response to
sphingoid base and that this signaling cascade is required
for the internalization step of endocytosis. The essential
role for Pkhl/2p kinases in endocytosis is confirmed
further by the strong endocytic defect that is observed in a
pkh-ts mutant strain. The Icb1-100 mutant strain blocked
in sphingoid base synthesis shows a similar endocytosis
defect (Zanolari et al., 2000), whereas the pkcl-ts mutant
cells showed wild-type endocytosis (Friant et al., 2000).
Therefore, the Pkclp kinase is one of the downstream
effectors of the Pkhl/2p signaling cascade, but it is
not the only one required for the internalization step of
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endocytosis. Yck2p kinase could be another downstream
effector, because its overexpression also suppresses the
lcb1-100 endocytosis defect and only the double mutant
pkcl-ts yck-ts strain is completely defective for endocy-
tosis (Friant et al., 2000). We did not find a consensus
PDK1/2-Pkh1/2 phosphorylation site in the Yck2p kinase,
whereas both Pkclp and Ypk1/2p kinases have these sites
(Casamayor et al., 1999), meaning that Yck2p is probably
not activated directly by Pkh1/2p. There could be another
kinase upstream of Yck2p in the signaling cascade. The
Ypk1/2p kinases would be good candidates.

The Ypklp kinase recently was identified as a multi-
copy suppressor gene that restores growth in the presence
of a serine palmitoyl transferase (Lcblp) inhibitor.
Furthermore, phosphorylation of the Ypklp kinase is
increased in the presence of PHS (Sun et al., 2000). This
phosphorylation could be due to activation of Pkh1/2p
kinases by PHS, because Ypklp is phosphorylated directly
by Pkh2p in vitro (Casamayor et al., 1999). In agreement
with this hypothesis, it was shown that Pkh kinase activity
was required for maximal Ypklp phosphorylation in vivo
(Casamayor et al., 1999). This suggests that Pkh1/2p
kinases are tightly regulated by sphingoid bases, not only
for their function in endocytosis, but also for their overall
function in regulating several yeast processes, such as cell
growth, control of the mitogen-activated protein kinases
and organization of the actin cytoskeleton.

In a previous study, we could show that YPKI or YPK2
overexpression did not suppress the Icb1-100 endocytosis
defect (Friant er al., 2000), suggesting that these kinases
are not part of the signaling cascade required for the
internalization step of endocytosis. However, we cannot
exclude that YPK1/2 overexpression would be insufficient
to mimic the Pkh1/2p activation effect on these kinases,
because they may not be active in their dephosphorylated
state, even if overexpressed.

In summary, our results are the first example of a
sphingoid base-activated signaling pathway being used to
regulate a step of membrane trafficking. Many details
remain to be discovered, including the identification of the
downstream effectors of the Pkhl/2p sphingoid base-
activated protein kinase and the mechanism whereby
sphingoid base controls the relative activities of protein
kinases. The ultimate target of the sphingoid base-
mediated signaling pathway may be the endocytic
machinery and/or the actin cytoskeleton via the Pkclp
kinase. The ease of genetic and molecular studies in yeast
should help to unravel the mechanism.

Materials and methods

Plasmids, strains, media and genetic manipulations

Plasmids and yeast strains used in this study are listed in Tables I and II,
respectively. Disruption mutants were created by integrative transform-
ation using standard techniques. Yeast cell cultures and genetic
manipulations were carried out essentially as described by Sherman
et al. (1983). Yeast cells were transformed by the LiAc method using
single-stranded carrier DNA and dimethylsulfoxide (DMSO) (Schiestl
and Gietz, 1989; Hill et al., 1991). Rich YPUAD medium and synthetic
minimal media (SD) complemented with the appropriate nutrients for
plasmid maintenance were prepared as described (Munn et al., 1995).

Endocytosis assays

Lucifer yellow-carbohydrazide (LY) (Fluka, Buchs, Switzerland) assays
were performed as described (Dulic et al., 1991; Munn and Riezman,
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Table II. Yeast strains used in this study

Strains  Genotype Source

RH448  leu2 ura3 his4 lys2 barl

RH1597 leu2 ura3 his4 barl sla2-41

RH2082  leu2 ura3 his4 barl rvs161

RH2964  leu2 ura3 his3 ade?2 trpl lys2 barl

RH3802 leu2 ura3 his4 his3 ade2 lys2 barl
leb1-100

RH3809 leu2 ura3 his4 barl Icbi1-100

laboratory strain
Raths er al. (1993)
Munn et al. (1995)
laboratory strain
Friant et al. (2000)

Friant er al. (2000)

RHS388  leu2 ura3 ade2 trpl barl::URA3 this study
pkh2::LEU2
RH5411  leu2 ura3 his2 adel trpl barl::URA3  this study

RHS5412  leu2 ura3 his2 adel trpl barl::URA3  this study
pkhi-ts pkh2::LEU2

RH5413  leu2 ura3 his3 ade2 trpl lys2 barl
pkhl::TRP1

this study

All strains listed in this table are MATa.

1994). Yeast pre-cultures were grown at 24°C in YPUAD or in SD
selective media in order to maintain the plasmids. Cells taken from the
pre-culture were then grown at 24°C in YPUAD to mid-log phase, shifted
to 37°C for 15 min and incubated for 1 h at 37°C with LY. [33S]o-factor
uptake assays were performed on mid-log phase cells using the
continuous presence protocol as described (Dulic et al., 1991). Pre-
cultures were grown at 24°C in YPUAD or in SD selective media in order
to maintain the plasmids. Cells taken from the pre-culture were then
grown at 24°C in YPUAD medium; all o-factor uptake assays were
carried out at 24 or 37°C after 15 min pre-incubation at the respective
temperature. All uptake assays were performed at least twice; the results
shown are from one of the independent experiments, which gave nearly
identical results.

Rhodamine-phalloidin staining of actin

Yeast cell pre-cultures were grown at 24°C in SD selective media in order
to maintain the plasmids. Cells taken from the pre-culture were grown at
24°C in YPUAD medium to early log phase. Cells (at 1 X 107 cells/ml)
were then incubated for 2 h at 37°C, fixed in formaldehyde and stained
with TRITC-phalloidin (Sigma, St Louis, MO) to visualize F-actin
essentially as described previously (Bénédetti er al., 1994).

In vitro phosphorylation assay

Wild-type yeast cells (RH448) transformed by plasmids bearing PKCI-
HAj;, PKHI-HA;, PKH2-HAj; or pkh2-KR-HA, were grown at 24°C in SD
selective media in order to maintain the plasmids. Cells (at ~1.5 X 107
cells/ml) were harvested and total yeast proteins were extracted by glass
bead lysis in a buffer containing, 50 mM HEPES pH 7.5, 150 mM KCl,
1 mM EDTA, 1 mM EGTA, 10% glycerol and 1 pg/ml each of the
protease inhibitors aprotinin, leupeptin, pepstatin A, chymostatin and
antipain. The protein concentration of the lysates was measured using the
Bio-Rad protein assay. Equal amounts of total protein for the different
kinases were taken and triple HA-tagged kinases were immunoprecipi-
tated overnight at 4°C from these extracts using 5 ul of anti-HA rat
monoclonal antibody (Clone 3F10, Roche Molecular Biochemicals), 50 pl
of 30% protein G—Sepharose beads (v/v) in a final volume of 750 ul of
immunoprecipitation buffer (50 mM Tris—=HCI pH 7.5, 150 mM NacCl,
1 mM EDTA, 1 mM EGTA, 1% NP-40 and 1 pg/ml each of the protease
inhibitors aprotinin, leupeptin, pepstatin A, chymostatin and antipain).
Beads were then washed three times in immunoprecipitation buffer and
twice in 40 mM MOPS pH 7.5 buffer and resuspended in phosphorylation
buffer [40 mM MOPS pH 7.5, 1 mM dithiothreitol (DTT) and 10 mM
MgCl,]. In order to control that there is a comparable level of protein
expression and immunoprecipitation, the total lysate and the immune
complexes were subjected to western blot analysis using a mouse anti-HA
antibody. Equal amounts of kinase beads (Pkh1p or Pkh2p beads) were
mixed with Pkclp beads (substrate). In order to determine the amount of
autophosphorylation, a control containing the same amount of Pkclp
beads mixed with phosphorylation buffer was treated in parallel. The
kinase—substrate mix was aliquoted and 1 ul of D-erythro-phyto-
sphingosine (PHS) or C6-ceramide at the proper dilution in ethanol was
added to the mix in order to give a final concentration of 0.5, 2.5, 25, 100,
200, 500 or 1000 nM of PHS or C6-ceramide in each reaction assay. The
control reaction without lipid was done by adding 1 pl of ethanol to the



reaction. After 10 min of pre-incubation at room temperature, 2 pl of
[**PJATP mix (1 mM ATP and 4 uCi of [y->P]ATP) was added and the
phosphorylation reaction was run for 30 min at room temperature. The
reaction was stopped by addition of cold ATP at a final concentration of
50 mM and Laemmli protein sample buffer. Samples were boiled for
5 min and the total reaction was loaded on a 7.5% SDS—polyacrylamide
gel. After electrophoresis, the gel was washed once in trichloroacetic acid
(TCA) (12.5%) and twice in Coomassie blue destaining solution.
Phosphorylated Pkcl-HA; was revealed and quantified by using a
Cyclone Storage Phosphor Imager (Packard). All phosphorylation assays
were performed at least twice. The results shown are from one of the
independent experiments, which gave nearly identical results.
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