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Abstract A plant homologue of mammalian 3-phosphoinositide-
dependent protein kinase-1 (PDK1) has been identified in
Arabidopsis and rice which displays 40% overall identity with
human 3-phosphoinositide-dependent protein kinase-1. Like the
mammalian 3-phosphoinositide-dependent protein kinase-1, Ara-
bidopsis 3-phosphoinositide-dependent protein kinase-1 and rice
3-phosphoinositide-dependent protein kinase-1 possess a kinase
domain at N-termini and a pleckstrin homology domain at their
C-termini. Arabidopsis 3-phosphoinositide-dependent protein
kinase-1 can rescue lethality in Saccharomyces cerevisiae caused
by disruption of the genes encoding yeast 3-phosphoinositide-
dependent protein kinase-1 homologues. Arabidopsis 3-phospho-
inositide-dependent protein kinase-1 interacts via its pleckstrin
homology domain with phosphatidic acid, PtdIns3P,
PtdIns(3,4,5)P; and PtdIns(3,4)P, and to a lesser extent with
PtdIns(4,5)P, and PtdIns4P. Arabidopsis 3-phosphoinositide-
dependent protein kinase-1 is able to activate human protein
kinase Ba (PKB/AKT) in the presence of PtdIns(3,4,5)P;.
Arabidopsis 3-phosphoinositide-dependent protein kinase-1 is
only the second plant protein reported to possess a pleckstrin
homology domain and the first plant protein shown to bind
3-phosphoinositides.
© 1999 Federation of European Biochemical Societies.

1. Introduction

3-phosphoinositide-dependent protein kinase-1 (PDK1) was
originally identified in mammalian cells as an activator of
protein kinase B (PKB) [1], an enzyme that is thought to
mediate many of the intracellular actions of insulin and
growth factors (reviewed in [2,3]). PDK1 has subsequently
been shown to phosphorylate and activate several other pro-
tein kinases [4]. Insulin and other agonists that trigger the
activation of PKBa do so by switching on class I phospho-
inositide (PI) 3-kinases to generate the ‘second messenger’
PtdIns(3,4,5)P;, which binds to the pleckstrin homology
(PH) domain of PKB, altering the conformation of PKB in
such a way that it can be phosphorylated and activated by
PDK1 [2,3].

PDKI1 contains a PH domain that binds PtdIns(3,4,5)P;
and PtdIns(3,4)P, far more tightly than does the PH domain
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Abbreviations: 3-PI, 3-phosphoinositide; PKB, protein kinase B;
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of PKB [5,6]. Point mutations in the PH domain of PDKI1 (or
its deletion) that abolish interaction with inositol phospho-
lipids greatly decrease the rate at which it phosphorylates
and activates PKB in lipid vesicles containing PtdIns(3,4,5)P;
[6]. This indicates that interaction of the PH domain of PDK1
with PtdIns(3,4,5)P; or PtdIns(3,4)P, is important for its
association with PKB in lipid vesicles in vitro (and perhaps
at the plasma membrane, in vivo).

The genome of Saccharomyces cerevisiae encodes two pro-
teins, Pkhl and Pkh2, whose catalytic domains display 50%
amino acid sequence identity to human or Drosophila PDK1.
Disruption of both yeast genes results in a lethal phenotype,
but lethality can be rescued by expression of human PDKI1
[7]. This finding, together with the observation that Pkhl can
phosphorylate human PKB at the same residue as PDKI,
indicates functional similarity between mammalian PDKI1
and Pkhl of budding yeast [7]. However, unlike human
PDK1, neither Pkhl nor Pkh2 possess PH domains nor do
they interact with 3-phosphoinositides (3-PIs). This may re-
flect the absence in yeast of genes encoding class I PI 3-kinases
and the apparent absence of PtdIns(3,4,5)P; or PtdIns(3,4)P,
in this organism. If this hypothesis is correct, then one might
have predicted that PDK1 homologues in higher plants would
also lack a PH domain, because (to our knowledge) class I PI
3-kinases or PtdIns(3,4,5)P; have not yet been detected in
plants. Indeed, so far, there is only one plant protein that is
known to possess a PH domain [8]. In this paper, we identify
and characterise a plant PDK1 homologue that can activate
human PKB in vitro and which can rescue lethality in yeast
caused by disruption of the PDKI1 genes. Surprisingly, the
plant PDKI, like its human counterpart, does possess a PH
domain and does bind to 3-PI lipids.

2. Materials and methods

2.1. Cloning of Arabidopsis (At) PDKI and rice PDKI

An Arabidopsis EST clone (NCBI accession number N96553) en-
coding the C-terminal 280 residues of AtPDK1 was obtained from the
Arabidopsis Biological Resource Center (Ohio State University, Co-
lumbus, OH, USA). The 5'-end of the Arabidopsis cDNA was ob-
tained by carrying out a 5'-RACE PCR reaction using an Arabidopsis
AZAPII cDNA library (Stratagene, Cambridge, UK) as a template
and an oligonucleotide derived from AtPDKI1 (5'-GGAACATATG-
CAGCAGTCCCGACAA-3") and the M13 reverse primer. A 1 kb
PCR product was obtained and subcloned into pCR 2.1TOPO vector
(Invitrogen, Leek, Netherlands). Out of 10 individual clones se-
quenced, two encoded the 5’-end of the AtPDK1 ¢cDNA. This infor-
mation enabled the identification of another Arabidopsis EST (acces-
sion number Z35743) also encoding the 5-end of the AtPDK1 gene.
Its DNA sequence (corresponding to residues 140-400 of AtPDK1)
was identical to that obtained by PCR. A full length AtPDK1 cDNA
clone was isolated by PCR using the Arabidopsis AZAPII cDNA li-
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brary as a template and the oligonucleotide derived from the AtPDK1
(5'-CGGATCCATGTTGGCAATGGAGAAAGAATTTG-3" which
places a BamH]1 restriction site 5’ to the initiating ATG which is
underlined) and the T7 oligonucleotide. The resulting 2 kb PCR prod-
uct was cloned into pCR 2.1TOPO vector and its DNA sequence was
verified.

The rice PDK1 EST (accession number D40851) was obtained from
the MAFF DNA Bank (Tsukuba, Ibaraki, Japan)

2.2. Expression of GST-AtPDKI and GST-APH-AtPDKI in 293 cells

Buffer A: 50 mM Tris-HCI pH 7.5, 1 mM EGTA, | mM EDTA,
1% (by mass) Triton X-100, 1 mM sodium orthovanadate, 50 mM
sodium fluoride, 5 mM sodium pyrophosphate, 0.27 M sucrose, 1 uM
microcystin-LR, 0.1% (by volume) B-mercaptoethanol and ‘complete’
proteinase inhibitor cocktail (one tablet per 50 ml: Boehringer Mann-
heim, Lewes, UK). Buffer B: 50 mM Tris-HCI pH 7.5, 0.1 mM
EGTA, 10 mM B-mercaptoethanol and 0.27 M sucrose.

The AtPDKI1 encoding sequence was subcloned from the pCR
2.1TOPO vector as a BamHI-Kpnl fragment into the BamHI and
Kpnl sites of the eukaryotic expression vector pEBG-2T [9]. In order
to create AtPDKI1 lacking the PH domain (GST-APH-AtPDK1), a
stop codon was introduced after amino acid 390 using the Quick-
Change mutagenesis system (Stratagene). For the expression of GST
fusion proteins in 293 cells, 20 10 cm diameter dishes of 293 cells were
cultured and each dish transfected with 20 pug of pEBG2T DNA
encoding either GST-AtPDK1 or GST-APH-AtPDKI using a modi-
fied calcium phosphate method [10]. 36 h after transfection, the cells
were lysed in 1 ml of ice-cold buffer A without any serum starvation.
The lysates were pooled, centrifuged at 4°C for 10 min at 13000X g
and the supernatant incubated for 60 min on a rotating platform with
1 ml of glutathione-sepharose previously equilibrated in buffer A. The
suspension was centrifuged for 1 min at 3000 X g, the beads washed
three times with 10 ml buffer A containing 0.5 M NaCl and then, a
further 10 times with 10 ml buffer B. The protein was eluted from the
resin at an ambient temperature by incubation with 1.0 ml buffer B
containing 20 mM glutathione and the beads were removed by cen-
trifugation through a 0.44 micron filter. The eluate was divided into
aliquots, snap frozen in liquid nitrogen and stored at —80°C. 0.1 mg
GST-AtPDK1 and 0.8 mg GST-APH-AtPDK1 were obtained.

2.3. Strains and constructs used for complementation of yeast APkhl
APkh2 mutants

The strains used in this study were AYS927 and AC306 [7]. Yeast
cells were grown at 30°C on YPD medium, YPGal medium or SC
medium containing galactose or glucose as the carbon source, supple-
mented with nutrients appropriately to maintain selection for plas-
mids [11]. Yeast cells were transformed by the lithium acetate-
DMSO method [12]. All other yeast manipulations, sporulation and
tetrad analysis were carried out using standard procedures. Deletion
of the entire encoding region of the yeast genes PKHI and PKH?2 and
verification of the yeast cell genotypes by PCR were described previ-
ously [7]. Analysis of viable spores was carried out both by plating on
appropriate selective media and by PCR. The complete encoding re-
gion of the AtPDKI1 gene was cloned into pYES2 yeast expression
vector (Invitrogen) as a BamHI/BamHI insert downstream of the
GALI promoter to yield plasmid pYES2-AtPDKI1. The diploid het-
erozygous yeast (strain AC306) lacking a single copy of PKHI and
PKH?2 was described previously [7].

2.4. Protein lipid overlay

To assess the phospholipid binding properties of GST-AtPDKI1, a
protein lipid overlay was performed [8,13]. Synthetic PIs were from
Echelon (Salt Lake City, UT, USA), phosphatidic acid from Calbio-
chem (Nottingham, UK) and other phospholipids from Avanti Polar
Lipids (Alabaster, AL, USA). Briefly, 400 pmol (2 pl) of phospho-
lipids dissolved in a 1:2:0.8 (by volume) mixture chloroform:metha-
nol:water were spotted onto nitrocellulose HiBond-C extra (Amer-
sham) and allowed to dry at room temperature for 1 h. The
membrane was blocked in 3% (by mass) fatty acid free BSA in
TBST (10 mM Tris-HCI pH 8.0, 150 mM NaCl and 0.1% Tween-20
(by volume) for 1 h in a solution containing 0.5 pg/ml of the indicated
protein and incubated overnight at 4°C. The membrane was washed
three times for 10 min in TBST and then incubated for 1 h with a
1/2000 dilution of anti-GST monoclonal antibody (Sigma, clone
2 mouse IgG2b). The membrane was washed as before, then incu-
bated for 1 h with a 1/2000 dilution of anti-mouse-HRP conjugate
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(SAPU, Lanarkashire, UK). Finally, the membrane was washed as
above and the GST fusion protein bound to the membrane by virtue
of its interaction with phospholipid was detected by enhanced chem-
iluminescence (ECL, Amersham). GST-PDK1 was expressed in
293 cells as described [14].

2.5. Measurement of PKB activation by AtPDKI

This assay was carried out in two stages [1]. In the first step, GST-
PKBoa or GST-S473D-PKBo was incubated with GST-AtPDKI in
the presence of MgATP and phospholipid vesicles containing
0.1 mM phosphatidylserine, 0.1 mM phosphatidylcholine with or
without 10 uM sn-1-stearoyl, 2-arachidonoyl p-PtdIns(3,4,5,)P;. In
the second stage, Mg[y->>P]JATP was added and the reaction initiated
with the specific PKBao peptide substrate RPRAATF.

3. Results

3.1. Cloning of a plant PDKI homologue

Interrogation of the NCBI EST database with the DNA
sequence encoding the kinase domain of human PDKI1 re-
vealed one plant EST from Arabidopsis (accession number
NO96553) encoding part of a protein kinase most homologous
to the kinase domain of human PDKI1. A full length clone
was then isolated from an Arabidopsis cDNA library (see
Section 2). The open reading frame encoded a protein of
491 amino acids with a molecular mass of 54.7 kDa. A stop
codon immediately 5’ to the predicted initiating ATG codon
indicated that the protein was indeed full length (Fig. 1).
AtPDKI1 possessed 40% overall identity with human PDK1
(Fig. 2A). A BLAST search of the NCBI database revealed
that human PDK1 and PDK1 homologues in different species
are the closest relatives of AtPDKI1. Like the mammalian
PDK1, AtPDKI1 possessed a kinase domain at its N-terminus,
displaying 49% identity with mammalian PDK1, 45% with
Drosophila PDK1 [14], 40% with both the S. cerevisiae
PDK1 homologues termed Pkhl and Pkh2 [7] and 44% with
the Schizosaccharomyces pombe PDKI1 homologue termed
Ksgl [15].

We also identified an EST that encodes the partial sequence
of the rice homologue of PDK1 (accession number D40851).
This cDNA encoded most of the kinase domain and the entire
C-terminal domain of this protein (Fig. 2A). The rice PDK1
homologue was 80% identical to AtPDKI1, indicating a high
conservation of the PDK1 gene between monocotyledons and
dicotyledons (Fig. 2A).

Both of the plant PDKls also possessed a PH domain at
their C-terminus, in which the most conserved residues of the
PH domains were present, including the invariant tryptophan,
Trp-481 (Fig. 2B).

3.2. AtPDKI is a functional homologue of S. cerevisiae
Pkhl|Pkh2

We have shown previously that S. cerevisiae possesses two
PDKI1 homologues, termed PKHI and PKH2, which share a
function essential for cell viability. Thus, haploid yeast cells in
which the genes corresponding to both PKHI and PKH? are
deleted are inviable, but overexpression of human PDKI in
these cells restores viability [7]. In order to determine whether
the AtPDKI1 can function as a homologue of PKHI and
PKH?2, we tested if it was able to rescue lethality caused by
the double deletion of PKHI and PKH? in haploid yeast cells.
Diploid heterozygous yeast cells possessing a single deletion of
both the PKHI and PKH? genes (strain AC306) in which the
PKHI gene was replaced with a HIS3 marker and the PKH?2
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1 GAATTCGGCACGAGCAAAAACAAAAACTCTACCAAGTGAAGAAGAAAGAGAAGTGTCACATCTCTCTCTCTATCTCTTTGATCCAAACAAATTCCCTCATATATCTCTGCTCTCTCTTCC
121

CAATATTCTTCCTTTTTCTTCAATCGAGATTTTATCGCTTTTTGATTCGAGAATTTCGAAATCGGAACCCACCACCACCACCCTCCATCGTCGCCAACAGATCCAACGGTTCTCTGATTA

241 TTTTTATTTGAAAATTGTCTTCTTTGTTCTCCCTCTCGCTGGGTTTGATTCTGAGATTGATTAATCTAAATGGGTCGCATCGAGATTTAGAAGAAAAGGGAAATGTTGGCAATGGAGAAA

361

M L A M E K

GAATTTGATTCAAAGC TTGTTC TTCAAGGGAACTCATCCAACGGTGCTAATGTTTC TAGAAGCAAAAGCTTCTCCTTTAAAGCTCCTCAAGAAAATTTCACCAGCCATGATTTCGAATTT
E F D 8 KL VL QOGNS S8 NG ANV SRS K S8 F 8 F KAP G QENTFT S HDTFEF

481 GGCAAGATCTATGGTGTTGGTTCTTACTCTAAGGTTGTTAGGGCAAAGAAGAAGGAAACTGGAACTGTGTATGCTTTAAAGATTATGGACAAAAAGTTTATCACCAAGGAGAATAAAACT

6 K I Y G V 6 8 Y 8 KV V RAKT KT KTETGTV YA ALIZKTIMDTEKTE KT FTITIZ KTENTI KT

601 GCTTATGTGAAATTGGAAAGGATTGTTCTTGATCAACTTGAACATCCTGGGATCATTAAACTTTACTTCACGTTTCAAGACACATCCTCACTATATATGGCACTTGAATCTTGTGAGGGT

87

A Y V KL ERI VL DOQTLEHZ PG GTITIIXKTLTYT FTV FAOQDTS S8S8L YMATLESCEG

721 GGCGAGCTTTTCGACCAAATAACCAGAAAAGGTCGGCTATCGGAGGATGAAGCTCGGTTCTACACTGCAGAAGTTGTGGATGCTCTTGAGTATATACATAGTATGGGACTGATTCATCGA

127

G E L F PDQ I T RIKGU RTLGSEUDTE ARTFYTA AEVVYV DALETYTIHSMGTLTIHR

841 GATATTAAGCCGGAGAATCTGTTGCTGACTTCAGATGGACACATTAAGATTGCGGATTTTGGAAGTGTAAAGCCGATGCAGGATAGCCAGATCACAGTTCTACCTAATGCAGCTTCTGAC

167

P I K P ENLULTULT S8 DGHTI K IADTFGS YV KUPMAQD S QTITJVILUPNAASD

961 GATAAGGCGTGCACTTTTGTCGGGACTGCTGCATATGTTCCTCCAGAAGTTCTCAACTCCTCTCCCGCAACTTTCGGGAATGATCTTTGGGCTCTCGGCTGCACTCTCTATCAGATGCTT

207

D K A CTU P V GTAAYJV PP EUVIL NS S8 PATVFGNDILUWATLGT CTTULYQMIL

1081 TCGGGGACTTCCCCATTTAAAGATGCAAGTGAATGGCTGATTTTCCAAAGAATTATAGCCAGAGATATAAAGTTCCCAAATCATTTTTCAGAAGCAGCAAGAGACCTCATCGACCGGTTG

247

8 G T 8 P F K DA S E W UL I F QR I I ARDTIIZ KT FUPNUHTFS8EA AARUDILELTIDTRILEL

1201 CTGGATACCGAGCCAAGCAGAAGGCCAGGTGCTGGCTCAGAAGGTTATGTTGCTCTTAAGAGACATCCTTTCTTTAATGGAGTTGACTGGAAGAATC TAAGGTCCCAGACTCCTCCAAAA

287 L D T E P S RRPGAG S8 E G Y V ALK

R H P F F NGV DWI KN NULURSO QTP P K

1321 CTAGCTCCAGATCCTGCGTCTCAGACAGCATCTCCCGAGAGGGATGACACACATGGTTCTCCATGGAACCTGACACATATTGGAGATTCTTTAGCCACACAGAACGAGGGGCACAGTGCT
327 L AP D P A S8 QT AZSUPEZRUDUDTHGS S P WNILTMHTIUGD SULATUGQNTETGHS A

1441 CCTCCTACATCTTCTGAATCATCGGGTTCCATAACTCGACTTGCTTCAATAGACTCTTTTGATTCAAGATGGCAACAGTTTTTAGAGCCAGGAGAATCGGTTCTGATGATATCAGCGGTG

37 P P T 8 8 E 8 8 G 8 I T R L A 8 I D 8 F D 8 R W Q

AV

1561 AAGAAGCTTCAGAAAATAACGAGCAAGAAGGTGCAGCTAATACTCACCAACAAACCCAAGCTGATATATGTCGACCCGTCAAAACTAGTTGTGAAAGGAAACATTATATGGTCTGATAAC

407 K K L Q XK I T 8 K K V Q L I

L T N K P KL I ¥V DUP S8 KL VV KGNTITIUWSDN

1681 TCGAATGACCTCAACGTTGTAGTCACTAGCCCTTCACATTTCAAGATTTGCACGCCAAAGAAGGTTTTATCATTTGAAGACGCAAAACAGAGAGCTTCAGTGTGGAAAAAGGCAATCGAG
447 8 N D L N V V V T 8 P 8 H F K I C T P K K V L 8 F EDAZKU QR ASZS VYV W KIKATIE

1801 ACTCTTCAGAACCGCTGAGACAAACTCCACTGAAGAATGGTTCTGTTAATTTCCTCGTTGGTGTTTTGTCTTTCCTTCAAGATTTTAAACTGACCAAACTCCATTCTTCATATGTTTTTT

487 T L Q N R *

sssssssasssessesnunnsuns

1921 CTATTTCACGCATCCTTGNAAAAGACCAGTTGGACACAAAACTGAAAAACTGCTTTTTGAATCCTTTGTATAAGTCAAACAAATGTTTACAAGGTTAAAGTTACATGAGATACTGAATTC

2041 AAGCAAAAAA

Fig. 1. Nucleotide and deduced amino acid sequence of AtPDKI. The underlined residues correspond to the kinase domain and the broken
line the PH domain. The stop codon is denoted with an asterisk. The NCBI accession number for AtPDK1 is AF132742.

gene was replaced with a TRPI marker were transformed with
an AtPDKI1 expression construct in the pYES2 vector or an
empty YES vector as a control and the sporulation was in-
duced. This vector expresses AtPDK1 under a galactose in-
ducible promoter and also contains a URA3 marker that re-
sults in the vector being lost from cells grown on medium
containing 5-fluoro-orotic acid (5-FOA) [16]. These yeasts
were germinated on medium containing galactose, where all
spores dissected were able to grow. Genotypes of the resultant
haploid strains were analysed both by plating on appropriate
selective media and by PCR. Several sets of representative
spores, containing all four possible genotypes (wild-type,
PKHI pkh2A, pkhlA PKH2 and pkhliA Pkh2A) were plated
on medium containing either glucose, galactose or galactose
and 5-FOA. On glucose medium (where AtPDKI1 is not ex-
pressed), all the tetrads selected yielded three viable and one
non-viable spore (Fig. 3A). None of the viable haploid cells
were Trp' and His™ and none was deleted in both the Pkhl
and Pkh2 genes. By contrast, when cells were grown on gal-
actose containing medium which induces the expression of
AtPDKI, all four spores were viable, including cells that
were Trp' and His* (Fig. 3B). PCR analysis confirmed that
both the PKHI and PKH2? genes were deleted in these cells
(data not shown). However, if the spores were grown on me-
dium containing galactose and 5-FOA which induces the loss
of the pYES2-AtPDK1 expression vector, only three viable
spores were obtained, none of which was deleted in both the

PKHI and PKH?2 genes (Fig. 3C). In the control experiments
in which the AC306 yeast strain was transformed with the
empty pYES2 vector, no viable haploid cells lacking
bothPKHI and PKH2 were isolated following sporulation
(data not shown). These results demonstrate that AtPDKI1
is able to phosphorylate the same essential substrates in yeast
cells as PKHI and PKH?2.

3.3. AtPDKI interacts with 3-Pls

AtPDK1 was expressed in human 293 cells as a fusion to
glutathione S-transferase (GST). After purification from cell
lysates by affinity chromatography on glutathione-sepharose,
a single Coomassie blue staining band was observed on SDS-
PAGE that migrated with the expected molecular mass (78
kDa). An AtPDK1 mutant containing only the first 390 ami-
no acids which lacks the PH domain (GST-APH-AtPDK1)
was also expressed.

We studied the interaction between AtPDK1 and PI lipids
using ‘protein lipid overlay’[8,13]. Phospholipids and PIs were
spotted on to a nitrocellulose membrane and incubated with
GST-AtPDK1, GST-APH-AtPDK1 and human GST-PDKI.
The membrane was then washed and immunoblotted using a
GST antibody to detect the GST PDKI1 fusion proteins
bound to the membrane by virtue of their interaction with
lipid. As observed previously, using a different type of assay,
human GST-PDKI1 binds strongly to both PtdIns(3,4,5)P;
and PtdIns(3,4)P,, but not to other lipids tested. In contrast,
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Fig. 2. Alignment of the amino acid sequences of human, Arabidopsis and rice PDK1. (A) The alignment was carried out using the Clustal W
program [25]. Identities are shaded in black and homologies in grey. The NCBI accession numbers for human PDKI1 is AF017995, for
AtPDK1 is AF132742 and for the partial rice PDK1 sequence is AF132743. The underlined residues correspond to the kinase domains and the
broken line to the PH domain. (B) Evidence that plant PDKI1 possesses a PH domain. Sequence alignment of the C-terminal region of
AtPDK1 with the PH domains of PDK1 from human, Drosophila (NCBI accession number Y07908), C. elegans (EMBL accession number
H33HO1) and S. pombe (NCBI, accession number X99280). The alignment was carried out using the Clustal W program [25]. Identities are
shaded in black and similar residues in grey. The regions of the PH domain predicted to form B-strands are indicated with dotted lines and
that predicted to form an o-helix by a solid line. Residues conserved in all PH domain family members are indicated with an X. The conserved
tryptophan residue (equivalent to Trp-535 in human PDKI1) found in all PH domains is marked with an asterisk. The four key residues, re-
quired for a high affinity interaction with PtdIns(3,4,5)P5 [21] are indicated, the first and third are missing in plant PDK1. Numbering is based
on the sequences in the data base. No numbering is used for the rice and C. elegans PDKI1 in which the full length protein sequence is cur-
rently not known.
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+5- FOA

Fig. 3. AtPDKI1 rescues lethality caused by loss of the PDK1 genes in S. cerevisiae. The strain AC306 (MATa/MATo. PKHIIpkhlA::HIS3
PKH2[pkh2A::TRPI) that was transformed with plasmid pYES2-AtPDK1 (which is marked with URA3) was induced to sporulate and the re-
sultant haploid cells were analysed by growth on medium containing glucose, which represses AtPDK1 expression (A), or medium containing
galactose, which induces the expression of AtPDK1 (B), or on medium containing 5-FOA which selects for loss of the plasmid (C). The pheno-
type of each spore is indicated and was determined by growth on appropriate medium lacking histidine and/or tryptophan and by PCR analy-

sis.

GST-AtPDK1 was much more promiscuous in its lipid bind-
ing properties and interacted with phosphatidic acid and
PtdIns3P as well as PtdIns(3,4,5)P; and PtdIns(3,4)P, and
also to a lesser extent with PtdIns(4,5)P, and PtdIns4P (Fig.
4). However, GST-AtPDK1 did not bind to other acidic phos-
pholipids, such as phosphatidylserine, phosphatidylglycerol,
PtdIns5P, PtdIns(3,5)P, or the zwitterionic phospholipids
phosphatidylcholine and phosphatidylethanolamine. The in-
teraction of AtPDKI1 with lipids was mediated by the PH
domain because the GST-APH-AtPDKI1 mutant did not in-
teract with any lipid tested (Fig. 4).

3.4. AtPDKI can activate PKBo

AtPDKI1 activity was measured by its ability to activate
wild-type GST-PKBo or a mutant of PKBa in which Ser-
473 is changed to an Asp (GST-S473D-PKBa). As expected,
this activation of the PKB forms required the presence of lipid
vesicles containing PtdIns(3,4,5)P; that binds to PKBo and
permits it to become phosphorylated and activated by PDK1

A

o
[ ]

7-8 9 16 11 13

B 1225 4.5 &

78 9 10 11 12

(Fig. 5). These findings demonstrate that AtPDK1 is capable
of inducing the phosphorylation of human PKBo at Thr-308.
Addition of PtdIns3-P and/or phosphatidic acid to lipid
vesicles containing PtdIns(3,4,5)P; did not lead to an increase
in the rate at which AtPDK1 phosphorylated and activated
GST-473D-PKBa. (data not shown). AtPDK1 was over 100-
fold less effective than mammalian PDK1 in phosphorylating
GST-473D-PKBa or GST-PKBo.

4. Discussion

Mammalian PDK1 phosphorylates and activates a group of
the AGC subfamily of protein kinases including PKB iso-
forms, p70 S6K, PKC isoforms and SGK [4]. We have iden-
tified in Arabidopsis a protein kinase which is more highly
related in sequence to PDK1 than to any other known protein
kinase. Like the PDK1 homologues found in mammals, Dro-
sophila and S. cerevisiae, plant PDK1 possesses a PH domain
at its C-terminus and phosphorylates and activates PKBa in
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Fig. 4. The phospholipid binding properties of the Arabidopsis PDK1 and human PDKI1. The ability of the Arabidopsis and human PDKI1
GST fusion proteins to bind a variety of phospholipids (see below) was analysed using a protein lipid overlay. The indicated phospholipids
were spotted onto a nitrocellulose membrane which was then incubated with human GST-PDK1 (A), human GST-APH-PDK1 (B), GST-
AtPDK1 (C), GST-APH-ATPDKI1 (D). The membranes were washed and the GST fusion proteins detected using a GST antibody. A represen-
tative experiment of three is shown. Lipid 1, phosphatidylcholine; Lipid 2, phosphatidylethanolamine; Lipid 3, phosphatidic acid; Lipid 4,
phosphatidylserine; Lipid 5, phosphatidylinositol; Lipid 6, PtdIns3P, Lipid 7, PtdIns4P, Lipid 8, PtdIns5P; Lipid 9, PtdIns(3,4)P,, Lipid 10,

PtdIns(3,5)P2, Lipid 11, PtdIns(4,5)P; and Lipid 12, PtdIns(3,4,5)P;.
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Fig. 5. Arabidopsis PDK1 activates human PKBo as a substrate.
GST-PKBo, GST-473D-PKBo. was incubated for 30 min at 30°C
with either AtPDKI1, or in buffer and 100 uM ATP as a control, in
the presence or absence of phospholipid vesicles containing 100 uM
phosphatidylcholine, 100 uM phosphatidylserine and 10 pM sn-1-
stearoyl-2-arachidonyl-p-PtdIns(3,4,5)P;. Reactions were terminated
by adjusting the mixtures to a final concentration of 1% (by vol-
ume) Triton X-100 to dissolve the lipid vesicles and the resulting in-
crease in the specific activity (U/mg) of GST-PKBo was then deter-
mined in the presence of [y-*>P]ATP, as described previously [1].

the presence of PtdIns(3,4,5)P;. However, the rate at which
AtPDKI1 phosphorylates PKBa is much lower than that ob-
served with human PDKI1 and this may reflect a significant
difference in substrate specificity between the plant and hu-
man PDKI1 isoforms. The most convincing functional evi-
dence that AtPDK1 is a homologue of mammalian PDKI is
that it is able to rescue the lethal phenotype in S. cerevisiae
caused by deletion of the PKHI and PKH?2 genes. This indi-
cates that AtPDK1, like human PDK1, must be able to phos-
phorylate one or more protein substrates in S. cerevisiae
thought to comprise Ypkl, Ykr2, Pkcl and Sch9 [7] whose
phosphorylation by Pkh1 and Pkh2 is essential for cell viabil-
ity.

Two related proteins in Arabidopsis termed AtS6kl [17]
(also termed Atpkl [18] and cATPKI19 [19]) and AtS6k2
[17] (also termed atpk2 [18] and cATPK®6 [19]) have been
identified that are highly homologous to the mammalian
p70 S6 kinase, but no other members of the AGC subfamily
of protein kinases (including PKA, PKB and PKC isoforms)
have been identified so far in plants. When expressed in plant
cells, AtS6k2 can phosphorylate the S6 ribosomal protein in
vitro and there is limited evidence that AtS6k1l and AtS6k2
may also phosphorylate the S6 protein in vivo [17]. Both the
AtS6k1 and AtS6k2 proteins possess a good consensus se-
quence for phosphorylation by PDKI1 [4] in the T-loop of
the kinase domain (Ser-290-AtS6kl1, Ser-296-AtS6k2). It
seems that AtS6kl and AtS6k2 will prove to be substrates
for AtPDK1 in vivo. The signals that activate AtS6kl and
AtS6k2 in plants are unknown, though it has been reported
that the phytohormone cytokinin increases S6 phosphoryla-
tion in detached pumpkin cotyledons [20]. Therefore, it is
possible that plant hormones can activate a signalling path-
way that can induce AtPDK1 to phosphorylate and activate
AtS6k1 and AtS6k2.

We have shown that the PH domain of AtPDKI1 interacts
rather promiscuously with PtdIns 3P, PtdIns (4,5)P,, PtdIns
4P, PtdIns(3,4)P, and phosphatidic acid. Our studies indicate
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that the interaction of AtPDKI1 with PtdIns(3,4,5)P; was
markedly weaker than that of the human PDKI1 with this
phospholipid as measured by surface plasmon resonance
(data not shown). This observation is likely to be explained
by recent work [21] that has identified four key conserved
amino acid residues lying at the N-terminal region of
the PH domain required for high affinity binding of
PtdIns(3.4,5)P; lying in a motif K-Xj;_14-R/K-X-R-Hyd,
where X is any amino acid and Hyd is a hydrophobic amino
acid (see Fig. 2B). All proteins that bind with a high affinity to
PtdIns(3,4,5)P3 such as PKB, human PDK1, GRPI and Bru-
ton tyrosine kinase possess this motif and mutation of the
conserved residues abolishes the interaction of these proteins
with PtdIns(3,4,5)P;. The key residues of this PtdIns(3.4,5)Ps
binding motif are conserved in the human PDK1, Drosophila
PDKI1 and C. elegans PDK1 homologues, but two out of the
four residues are not conserved in the plant PDK1 and one of
the residues is not conserved in S. pombe PDK1 (Fig. 2). This
is consistent with the presence of class I PI 3-kinases and a
role for PtdIns(3,4,5)P; binding to the PH domain of PDKI1
in mammals, Drosophila and C. elegans, but not in plants or
S. pombe which do not appear to possess class I PI 3-kinases.
In plants and S. pombe, it is likely that other PI(s) interact(s)
with the PH domain of PDKI, perhaps localising it to a
particular site in the cell or enabling it to phosphorylate
downstream of kinase substrates in response to extracellular
signals.

Thus far, no homologues of the class I PI 3-kinase have
been found in plants and no PtdIns(3,4,5)P; has been detected
in any plant tissue [22]. Plant cells do possess high levels of
PtdIns3P, PtdIns(4,5)P,, PtdIns4P, as well as PtdIns(3,4)P,,
PtdIns(3,5)P, and phosphatidic acid, but the roles that these
lipids play in signalling pathways are unknown [22]. No ago-
nist has thus far been demonstrated to increase the levels of 3-
PIs in plant cells, although the rate at which PtdIns3P and
PtdIns(3,4)P; turn over in plant cells is relatively high, sug-
gesting that these lipids may have a signalling role [22].
PtdIns(3,4)P, could be synthesised by the phosphorylation
of PtdIns4P at the 3-position of the inositol ring by a
PtdIns4P-3 kinase as occurs in activated platelets [23] or via
a 4-kinase acting directly on PtdIns3P. Phosphatidic acid is
produced in plants as in mammalian cells through the phos-
pholipase D-catalysed hydrolysis of phospholipids. In plants,
phosphatidic acid has been implicated in many processes in-
cluding senescence, aging, stress responses and pathogenic at-
tack [22,24]. Future studies will be required to establish
whether the interaction of AtPDKI1 with phosphatidic acid
is of physiological importance.

Apart from plant PDK1, only one other plant protein, a PI-
4 kinase, has been found to contain a PH domain. The plant
PI 4-kinase PH domain interacts with PtdIns(4,5)P,, PtdIns4P
and phosphatidic acid, but not with 3-Pls [8]. S. cerevisiae
does not possess homologues of class I PI 3-kinases and,
consistent with this, the Pkh1l and Pkh2 proteins do not pos-
sess a PH domain and do not interact with 3-Pls [7]. While
this work was in progress, a PDK1 homologue which is es-
sential for cell viability, termed ksgl, was identified in S.
pombe [15], which like the plant PDK1 homologue possesses
a PH domain. No class I PI 3-kinase and neither
PtdIns(3,4)P; or PtdIns(3,4,5); have been detected in this or-
ganism. It thus appears in both plants and S. pombe phos-
pholipds other than PtdIns(3,4)P, or Ptd(3.4,5); are likely to



226

play key roles in regulating the activity and/or cellular loca-
tion of PDKI.

Acknowledgements: We would like to thank Philip Cohen for discus-
sions and careful reading of the manuscript. We would like to thank
Ferenc Nagy (Szeged, Hungary) for gifts of reagents. We also thank
the Arabidopsis Biological Resource Center (Ohio State University,
Columbus, OH, USA) and the MAFF DNA Bank (Tsukuba, Ibaraki,
Japan) for providing us with cDNA clones. This work was supported
by the MRC (CPD and DRA), BBSRC (CPD) and the TMR Pro-
gramme of the European Commission (to A.C.).

References

[1] Alessi, D.R., James, S.R., Downes, C.P., Holmes, A.B., Gaffney,
P.R.J., Reese, C.B. and Cohen, P. (1997) Curr. Biol. 7, 261-
269.

[2] Alessi, D.R. and Cohen, P. (1998) Curr. Opin. Genet. Dev 8, 55—
62.

[3] Shepherd, P.R., Withers, D.J. and Siddle, K. (1998) Biochem. J.
333, 471-490.

[4] Belham, C., Wu, S. and Avruch, J. (1999) Curr. Biol., pp. R93-
R96.

[5] Stephens, L., Anderson, K., Stokoe, D., Erdjument-Bromage, H.,
Painter, G.F., Holmes, A.B., Gaffney, P.R.J., Reese, C.B., Mc-
Cormick, F., Tempst, P., Coadwell, J. and Hawkins, P.T. (1998)
Science 279, 710-714.

[6] Walker, K.S., Deak, M., Paterson, A., Hudson, K., Cohen, P.
and Alessi, D.R. (1998) Biochem. J. 331, 299-308.

[7] Casamayor, A., Torrance, P.D., Kobayashi, T., Thorner, J. and
Alessi, D.R. (1999) Curr. Biol. 9, 186-197.

[8] Stevenson, J.M., Perera, I.Y. and Boss, W.F. (1998) J. Biol.
Chem. 273, 22761-22767.

[9] Sanchez, 1., Hughes, R.T., Mayer, B.J., Yee, K., Woodgett, J.R.,
Avruch, J., Kyriakis, J.M. and Zon, L.1. (1994) Nature 372, 794—
798.

[10] Alessi, D.R., Andjelkovic, M., Caudwell, F.B., Cron, P., Mor-

M. Deak et al.IFEBS Letters 451 (1999) 220-226

rice, N., Cohen, P. and Hemmings, B. (1996) EMBO 1J. 15, 6541—
6551.

[11] Sherman, F., Fink, G.R., Hicks, J.B. (1986) Methods in Yeast
Genetics: a Laboratory Manual. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, USA.

[12] Gietz, R.D., St. Jean, A. and Woods, R.A. (1992) Nucleic Acid
Res. 20, 1425-1430.

[13] Kavran, J.M., Klein, D.E., Lee, A., Falasca, M., Isakoff, S.J.,
Skolnik, E.Y. and Lemmon, M.A. (1998) J. Biol. Chem. 273,
30497-30508.

[14] Alessi, D.R., Deak, M., Casamayor, A., Caudwell, F.B., Mor-
rice, N., Norman, D.G., Gaffney, P., Reese, C.B., MacDougall,
C.N., Harbison, D., Ashworth, A. and Bownes, M. (1997) Curr.
Biol. 7, 776-789.

[15] Niederberger, C. and Schweingruber, M.E. (1999) Mol. Gen.
Genet. 261, 177-183.

[16] Boeke, J.D., LaCroute, F. and Fink, G.R. (1986) Mol. Gen.
Genet. 197, 345-346.

[17] Turck, F., Kozma, S.C., Thomas, G. and Nagy, F. (1998) Mol.
Cell. Biol. 18, 2038-2044.

[18] Zhang, S.H., Lawton, M.A., Hunter, T. and Lamb, C.J. (1994)
J. Biol. Chem. 269, 17586-17592.

[19] Mizoguchi, T., Hayashida, M.T., Yamaguchi-Shinozaki, K.,
Kamada, H. and Shinozaki, K. (1995) FEBS Lett. 358, 199—
204.

[20] Yakovleva, L.A. and Kulaeva, O.N. (1987) Biochem. Physiol.
Pflanz. 182, 359-365.

[21] Isakoff, S.J., Cardozo, T., Andreev, J., Li, Z., Ferguson, K.M.,
Abagyan, R., Lemmon, M.A., Aronheim, A. and Skolnik, E.Y.
(1998) EMBO J. 17, 5374-5387.

[22] Munnik, T., Irvine, R.F. and Musgrave, A. (1998) Biochem.
Biophys. Acta 1389, 222-272.

[23] Banfic, H., Downes, C.P. and Rittenhouse, S.E. (1998) J. Biol.
Chem. 273, 11630-11637.

[24] Munnik, T., Van Himbergen, J.A.J., Ter Riet, B., Braun, F.J.,
Irvine, R.F., Vandenende, H. and Musgrave, A.R. (1998) Planta
207, 133-145.

[25] Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) Nucleic
Acid Res. 22, 4673-4680.



