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Three groups of phosphatidylinositol (PI) kinases convert PI into PI(3)phosphate, PI(4)phosphate, PI(4,5)
bisphosphate, and PI(3,4,5)trisphosphate. These phosphoinositides have been shown to function in vesiclemediated protein sorting, and they serve as second-messenger signaling molecules for regulating cell growth.
To further elucidate the mechanism of regulation and function of phosphoinositides, we cloned genes encoding
five putative PI kinases from Dictyostelium discoideum. Database analysis indicates that D. discoideum PIK1
(DdPIK1), -2, and -3 are most closely related to the mammalian p110 PI 3-kinase, DdPIK5 is closest to the
yeast Vps34p PI 3-kinase, and DdPIK4 is most homologous to PI 4-kinases. Together with other known PI
kinases, a superfamily of PI kinase genes has been defined, with all of the encoded proteins sharing a common
highly conserved catalytic core domain. DdPIK1, -2, and -3 may have redundant functions because disruption
of any single gene had no effect on D. discoideum growth or development. However, strains in which both of the
two most highly related genes, DdPIK1 and DdPIK2, were disrupted showed both growth and developmental
defects, while double knockouts of DdPIK1 and DdPIK3 and DdPIK2 and DdPIK3 appear to be lethal. The
DDdpik1 DDdpik2 null cells were smaller than wild-type cells and grew slowly both in association with bacteria
and in axenic medium when attached to petri plates but were unable to grow in suspension in axenic medium.
When DDdpik1 DDdpik2 null cells were plated for multicellular development, they formed aggregates having
multiple tips and produced abnormal fruiting bodies. Antisense expression of DdPIK5 (a putative homolog of
the Saccharomyces cerevisiae VPS34) led to a defect in the growth of D. discoideum cells on bacterial lawns and
abnormal development. DdPIK5 complemented the temperature-sensitive growth defect of a Schizosaccharomyces pombe DSvps34 mutant strain, suggesting DdPIK5 encodes a functional homolog of yeast Vps34p. These
observations indicate that in D. discoideum, different PI kinases regulate distinct cellular processes, including
cell growth, development, and protein trafficking.
Phosphoinositides represent important regulatory molecules
in eukaryotes and are involved in regulating cellular responses
as diverse as vacuolar protein sorting, cytoskeletal organization, cell growth, and development (see below). Phosphatidylinositol (4,5)bisphosphate [PI(4,5)P2] acts both as an activator
of protein kinases (3, 5, 11, 12, 38, 40) and as a substrate for
phospholipase C, producing the two second messengers, inositol-1,4,5 triphosphate and 1,2-diacylglycerol (7, 10). Phosphatidylinositol (3,4,5)trisphosphate [PI(3,4,5)P3], the product of
phosphorylation of PI(4,5)P2, is an activator of protein kinase
Cz (47) and may be involved in regulating other, as yet unidentified downstream pathways. Phosphatidylinositol(3)phosphate [PI(3)P], the product of phosphorylation of phosphatidylinositol (PI) by the PI 3-kinase encoded by VPS34, is
important in vacuolar/lysosomal protein sorting in Saccharomyces cerevisiae (53, 56, 57).
Three groups of PI kinases convert PI into PI(3)P, PI(4)P,
PI(4,5)P2, PI(3,4)P2, and PI(3,4,5)P3. PI is phosphorylated by

PI 3-kinase to form PI(3)P (10, 59, 70) and by PI 4-kinase to
form PI(4)P (25). Vps34p from S. cerevisiae (ScVps34p) catalyzes the conversion of PI to PI(3)P (56), while the mammalian
p110 PI 3-kinase is also capable of phosphorylating PI(4)P and
PI(4,5)P2 (7, 10). Two PI 4-kinase genes have been cloned
from S. cerevisiae (23, 73), and one has been cloned from
mammals (71). PI(4)P is converted to PI(4,5)P2 by PI(4)P
5-kinases (4, 16, 42, 46, 52, 62). Several PI 3-kinase activities
convert PI(4,5)P2 into PI(3,4,5)P3 and include p110-related
isoforms activated by tyrosine kinases (2, 10, 13, 21, 54) or by
bg subunits of heterotrimeric G proteins (60, 67, 75). There
are also reports of increased PI 4-kinase and PI(4)P 5-kinase
activity following receptor stimulation (20, 50, 65, 68).
While much knowledge on the structure of p110 PI 3-kinase,
its activation by tyrosine kinases in mammalian cells, and its
potential role cell proliferation in mammals has been accumulated, little is known about its downstream effectors or the
possible roles of PI 3-kinases other than Vps34p homologs in
other cellular functions (e.g., differentiation). The mammalian
p110 PI 3-kinases, in contrast to the ScVps34p, can use PI(4)P
and PI(4,5)P2 as well as PI as substrates (58). There is evidence
suggesting a correlation between PI 3-kinase activity and receptor internalization (35, 37). PI 3-kinase activity also correlates with modulation of cytoskeletal (actin) structure (17, 48,
72, 74).
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MATERIALS AND METHODS
Construction of plasmids for gene disruption. DdPIK1-12 is the longest partial cDNA of the D. discoideum (DdPIK1) gene and contains the 3.6-kb 39
portion of DdPIK1. A HincII-HincII fragment containing the THY1 gene (18, 26)
was inserted into HincII-digested PIK1X1 to give K1T-3. For the DdPIK1 disruption, K1T-3 was digested with EcoRV and EcoRI (located in polylinker at the
39 end of the gene).
The partial DdPIK2 cDNA P3 contains 2.2 kb of the 39 portion of the DdPIK2
gene. The 5.1-kb genomic DNA clone 8-2 of DdPIK2 overlaps with the 59 portion
of cDNA P3. A 4.6-kb NdeI fragment from DdPIK2 genomic clone 8-2 was
inserted into the cDNA P3 at the NdeI site in the correct orientation to give
plasmid PIK2N, which contains the whole open reading frame (ORF) of DdPIK2
and 0.5 kb of the 59 untranslated regions. The PstI-to-XbaI region in the
polylinker of PIK2N was deleted to give PIK2PX. A 2,757-bp region (BglII at
2520 to BamHI site at 5277) in PIK2PX was replaced with a 2.2 kb Neor cassette
that confers G418 resistance to give PIK2NEO-15. For the DdPIK2 gene knockout, PIK2NEO-15 was digested with SnaBI and HindIII.
For disruption of DdPIK2 with the THY1 marker, K2D was constructed. K2D
is a simple insertion of a 3.2-kb THY1-HincII-HincII fragment into the SnaBI site
of cDNA PIK2-7, the longest cDNA in both orientations, to give K2D-1 and
K2D-2. The vectors were digested with HindIII before transformation with the
D. discoideum thy1 null strain JH10. The whole mixture was transformed into
JH10. Both vectors gave gene knockouts when transformed into D. discoideum
cells.
To disrupt DdPIK3, a BstBI restriction site in a partial cDNA of 2.9 kb of the
39 portion of DdPIK3 was converted to a BamHI site. Then the cDNA was cloned
into the EcoRI and XhoI sites in pSP72 (Promega) to give plasmid SPN6. The
337-bp BamHI fragment in SPN6 was replaced with the BamHI fragment containing the THY1 gene to give plasmid K3D. For the gene knockout of DdPIK3,
K3D was digested with EcoRI and BglII.
DdVPS34 gene disruption plasmid K5D was constructed by digesting a fulllength DdVPS34 cDNA with HincII and BglII. A HincII-BamHI fragment containing the THY1 gene was then cloned into these sites. In this knockout, 802 bp
of the DdVPS34 cDNA was replaced with the THY1 gene. The resulting plasmid,
K5D, was digested with AlwN1 and ApaI before transformation into D. discoideum JH10 cells.
Antisense plasmid construction. A 1.8-kb BglII-EcoRI fragment from PIK5-9
was inserted into vector EXP4(1) (18) digested with BglII and EcoRI to give
plasmid pAT5.
Gene disruption. The disruption plasmids were linearized with appropriate
restriction enzymes as described above before transformation into D. discoideum
cells. Transformation of JH10 selecting for THY1 insertions has been described
elsewhere (18, 26, 44). For cells transformed for selection with G418, G418 was
added to about 5 mg/ml. Transformants were analyzed for their genomic structures by Southern DNA blot analysis.
PCR. Three PCR primers, SEM1 (59-GTTTGGATCC[G/A][C/T]NAC[A/G]
CA[A/G]TANCCNGC[A/G]CA-39), SEM2 (59-GTTTCTGCAGGNGA[T/C]
GA[T/C][T/C]N[A/C]GNCA[A/G]GA-39), and SEM3 (59-GTTTGGATCC[T/
A][A/G]NCC[A/G]AA[A/G]TCN[A/G][T/C][A/G]TG-39) were designed for cloning PI kinase homologs in D. discoideum. SEM2 is the sense strand coding for
GDDLRQ[D/E], while SEM1 and SEM3 are antisense primers coding for CAG
YCAV[A/I] and H[I/A]DFG[HYF], respectively. D. discoideum genomic DNA
was amplified for 40 cycles, using 378C as the annealing temperature. (Note that

D. discoideum genes have relatively few introns and are short [100 to 150 sets].)
Agarose gel analysis of the products identified several bands clustered around
400 6 50 bp, the expected size. The products were cloned into pSP72 (Promega)
and sequenced.
Sequence analyses. Most sequence analyses were done with the DNA system,
which contains the Genetics Computer Group package, the NewAT87 program,
and other utility programs assembled by Doug Smith at the University of California, San Diego. Sequences were aligned with either the Pileup or NewAT87
program in the case of multiple sequence alignment. Bestfit was used for pairwise
sequence alignment.
Transformation, growth, and development of D. discoideum. See references 18,
26, and 44 for details of the techniques.
Reverse transcription-coupled PCR (RT-PCR). Standard PCR was performed
with primers from the N-terminal nonconserved regions. Reaction conditions
consisted of 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 3 mM
MgCl2, 200 mM each deoxynucleoside triphosphate (dNTP), 500 nM each
primer, 0.5 mg of KAx-3 genomic DNA, and 0.5 U of Taq DNA polymerase
(Perkin-Elmer Cetus). Following an initial denaturation step for 60 s at 948C, 30
cycles were performed, using the following parameters: 948C, 30 s; 458C, 30 s; and
728C, 30 s.
RT-PCR was performed with a GeneAmp RNA PCR kit (Perkin-Elmer Cetus). Briefly, 1 mg of total RNA was incubated with 1 U of RNase-free DNase I
(Promega) in 13 RT-PCR buffer (50 mM KCl, 5 mM MgCl2, 1 mM each dNTP,
10 mM Tris-HCl [pH 8.3]) for 30 min at 378C. The DNase I was inactivated by
boiling for 10 min. The tubes were then placed on ice, and the following reagents
were added: 1 U of RNase inhibitor, 2.5 U of Moloney murine leukemia virus
reverse transcriptase, a DdPIK1- or DdPIK2-specific primer (CGAGTTGCAA
CGTATTC; 0.75 mM, final concentration), and H2O to 20 ml. For first-strand
synthesis, the samples were incubated at 428C for 15 min, 998C for 5 min, and 58C
for 5 min. For PCR amplication, the following reagents were added: 8 ml of 25
mM MgCl2, 8 ml of 103 RT-PCR buffer, sense primer (0.15 mM, final concentration), and 0.5 U of AmpliTaq DNA polymerase. The volume was adjusted to
100 ml with H2O, and 30 cycles of PCR were performed, using the following
parameters: 948C, 60 s; 508C, 60 s; and 728C, 30 s. An aliquot of each reaction was
analyzed on a 1.2% agarose gel. Gels were run in duplicate, blotted, and then
separately probed with DdPIK1- and DdPIK2-specific probes covering the PCR
regions. Neither probe showed detectable hybridization to the other DNA.
Nucleotide sequence accession numbers. The accession numbers for the five
D. discoideum PIK genes are as follows: DdPIK1, U23476; DdPIK2, U23477;
DdPIK3, U23478; DdPIK4, U23479; and DdPIK5, U23480.

RESULTS
Cloning of genes encoding PI kinases. The observed sequence conservation between the ScVPS34 gene product (28)
and a mammalian catalytic subunit of PI 3-kinase (29) permitted a molecular genetic approach to examine PI 3-kinases in D.
discoideum. Three PCR primers (SEM1, SEM2, and SEM3),
based on sequence identities between the bovine p110 PI 3-kinase catalytic subunit and Vps34p, were designed and used to
amplify D. discoideum genomic DNA (see Materials and Methods for details). Fragments were cloned and sequenced. Fragments from five distinct genes with homology to the region
between the primers in p110 and Vps34p were identified.
These were named DdPIKs because of the strong sequence
identity of their products to known PI kinases (see below) and
numbered sequentially according to the order of discovery
(DdPIK1, DdPIK2, DdPIK3, DdPIK4, and DdPIK5).
The cloned PCR fragments were used to identify cDNA
clones. cDNA clones for DdPIK1, DdPIK2, DdPIK3, and
DdPIK4 were found in cDNA libraries made from RNA isolated from vegetatively growing cells and from cells at 12 to 16
h of development, whereas DdPIK5 clones were found exclusively in vegetative cDNA libraries. The longest DdPIK4 and
DdPIK5 cDNAs contained the complete ORFs. The DdPIK1,
-2, and -3 cDNAs were incomplete. To obtain more of the
ORFs encoded by DdPIK1, -2, and -3, genomic libraries were
screened. Several independent clones were obtained for each
gene. Overlapping clones contained the entire ORFs of
DdPIK1 and DdPIK2; the DdPIK3 genomic DNAs were incomplete and lacked a portion of the 59 coding region.
Sequence analyses. Nucleotide sequences of five DdPIK
genes were determined, and the ORFs were deduced. DdPIK1,
DdPIK2, DdPIK4, and DdPIK5 were predicted to encode pro-
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Dictyostelium discoideum grows vegetatively as single cells
which, upon starvation, initiate multicellular development leading to the production of a mature fruiting body. Except for a
previous report identifying a developmentally regulated PI
4-kinase activity (66), little is known about PI metabolism in
this organism and its relationship to growth and multicellular
development. In this paper, we report the cloning and molecular genetic analysis of genes encoding four putative PI 3-kinases and one PI 4-kinase. Sequence analysis of this superfamily in D. discoideum and family members from other eukaryotes
allowed us to establish an evolutionary relationship between
these genes. Three of the PI 3-kinase genes from D. discoideum
encode proteins most related to the mammalian p110 PI 3-kinase, while the fourth is most highly related to the ScVPS34
gene product. Disrupting the genes encoding any of the three
p110 homologs individually had no effect on growth or development; however, a knockout of two of the three caused defects in cell proliferation and multicellular development. This
represents the first comprehensive molecular genetic analysis
of homologs of the mammalian p110 family of PI 3-kinases in
a nonmammalian system.
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teins of 1,570, 1,858, 1,093, and 816 amino acids, respectively.
The ORF of the DdPIK3 gene was incomplete (no ATG was
seen at the N terminus of the ORF) and encoded a protein of
1,585 amino acids. All five ORFs showed significant sequence
identity to each other, with the highest identity in the C terminus of each of the predicted ORFs. A search of the nonredundant BLAST database (1) showed that all five ORFs had
significant sequence identity to known PI kinases, including the
PI 3-kinase Vps34p (28), ScPI 4-kinase (23), SpVPS34 (VPS34
from Schizosaccharomyces pombe) (63), VPS34 from Arabidopsis thaliana (69), bovine PI 3-kinase (catalytic subunit p110)
(29), and human PI 3-kinase (catalytic subunit p110) (34). In
addition, weaker sequence identity was found to TOR1/DRR1

(TOR1) and TOR2/DRR2 (TOR2) gene products (6, 27) from
S. cerevisiae. Some sequence identity was also found to known
protein kinases (see below). This finding is consistent with the
observation that mammalian PI 3-kinase has been shown to
have endogenous protein kinase activity (9, 15). The ORFs
from the five D. discoideum genes and known PI kinases from
other organisms may be members of a PI kinase superfamily
(see below). The derived amino acid sequence of the conserved
putative catalytic domain and the comparison with other PI
kinases are shown in Fig. 1. Diagrams of the various domains
are given in Fig. 2.
D. discoideum DdPIK1, -2, and -3 are most highly related to
the mammalian p110 PI 3-kinase catalytic subunit, DdPIK4 is
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FIG. 1. Amino acid sequence comparisons of the highly conserved PI kinase catalytic domains. A progressive sequence alignment program (22) was used. The
references for the sequences are given in parentheses: human p110 (HsP110; 34); bovine p110 (BtP110; 29); SpVps34p (63); A. thaliana VSP34 homolog (AtPI3K; 69);
ScVps34, ScPI 4-kinase (28); (ScPI4K; 23); human PI 4-kinase (HsPI4K; 71); and ScSTT4 (73). Breaks have been inserted between families and subfamilies.
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most highly related to the yeast and mammalian PI 4-kinases,
and DdPIK5 is most highly related to the S. cerevisiae, S.
pombe, and Arabidopsis Vps34 proteins.
Although we have determined the presence of PI 3-kinase
and PI 4-kinase enzymatic activity in crude extracts from D.
discoideum cells, we have not determined through expression
studies and enzymatic assays that any of the five DdPIK genes
encode PI kinases. However, the very high amino acid sequence identity in the putative catalytic domain (see below)
strongly suggests that they do encode PI kinases. We henceforth refer to them as putative PI kinases.
Known PI kinases and the putative D. discoideum PI kinases
contain a highly conserved core domain. Known PI kinases and
the putative D. discoideum PI kinases have a common C-terminal domain, which we have designated the PI kinase core
domain. We used the New AT87 program (obtained from
Doug Smith, University of California, San Diego) (22) to align
sequences of this domain from all known PI kinases and the
DdPIKs (Fig. 1) and to derive an evolutionary tree (Fig. 3A).
The length of the PI kinase core domains was well conserved
(average of 265 amino acids, range from 259 to 278). Most
of the PI kinase genes terminated shortly after the PI kinase
core domain. The gene encoding a putative DdPI 3-kinase
(DdPIK3) was an exception, having a C-terminal, very hydrophilic extension of 102 residues containing five imperfect repeats of five amino acids (QSKLD-LSRSD-LSRSD-SSRLDLSRSD) and seven repeats of two amino acids (EK). Overall,
the region was very rich in serine, asparagine, and basic and
acidic amino acids.
When sequences from the PI kinase core domains were used

to search protein sequence databases, only known PI kinase
gene homologs showed extensive identity. However, significant
sequence identities were also obtained with TOR family members (see above) and known protein kinases. Protein kinases
with the strongest similarity to the PI kinase core domain were
the serine/threonine protein kinases cdc2 (30) and ribosomal
S6 protein kinase (36). The N-terminal half of the PI kinase
core domain of DdPIK1 had 23% sequence identity to cdc2
protein kinase over a region of 144 amino acids. An additional
38% of the residues are similar. The C-terminal half of the PI
kinase core domain from DdPIK4 showed 25% sequence identity over a 125-amino-acid region to that of cdc2. An additional
40% of the sequence showed sequence similarity. Five residues
are conserved in all members of both the protein kinase and
the PI kinase superfamily: DX4NX12DFG for PI kinase and
DX4NX13DFG for protein kinases. Two aspartate residues
(conserved in protein kinases) essential for protein kinase catalysis at positions 127 and 146 of cdc2 were also conserved in
DdPIK1. All PI kinase genes had a histidine in the position
corresponding to Lys-129 of cdc2, a residue that is conserved in
all protein kinases.
The PI kinase superfamily consists of four subfamilies. The
PI kinase superfamily consists of two families, PI 3-kinases and
PI 4-kinases (Fig. 3). Each family consists of two subfamilies (I
and II). The structure of the evolutionary tree suggests that the
four subfamilies had existed before the eukaryotic organisms
diverged from each other because members within each subfamily are more conserved across species than are different
subfamily members of the same species. An interesting exception is the PI 3-kinase II subfamily, which contains the mam-
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FIG. 2. Schematic of the domain structure of the PI kinase gene superfamily. The individual domains are defined in the text. Note that in the PI 3-kinase II family
members (DdVPS34 and yeast VPS34), domain III is split. The D. discoideum and yeast PIK4 genes shown have a separate domain that is conserved between the two
proteins (shown as dotted region). In addition, there is a region of ;40% conservation (shown as a dotted box) lying immediately N terminal to the core domain. There
is also a domain (labeled a) that shows conservation to the middle of the PI 3-kinase domain III. The conservation between the two genes and to domain III is 27%.
There is a region of the DdPIK3 that has not been cloned and is shown as a dashed line. The lengths of the N-terminal hydrophilic domain are 670 and 515 residues,
respectively, for DdPIK1 and DdPIK2. Because the sequence for DdPIK3 gene is incomplete at the N-terminal end, the exact size of this domain is uncertain, but it
contains at least 442 residues. Two of the PI 4-kinases (ScSTT4 and human PI 4-kinase [Hs PI4K]) share a region of homology N terminal to the core domain that
is 39% identical. The identity is weaker toward the N terminus of the barred region. The entire barred region also shares weak homology (;20% identity) to domain
III of the PI 3-kinases. Sc PI4K, ScPI 4-kinase.
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malian p110 and the DdPIK1, -2, and -3 genes. This subfamily
was split during evolution and has not been identified in either
S. cerevisiae or S. pombe, suggesting that it either evolved after
yeasts or was lost. Members within the PI 3-kinase I subfamily
are from 15 to 22 units away from the PI 3-kinase I ancestor.
The DdPIK5 gene (hereafter called DdVPS34; see below) had
the shortest evolutionary distance, 15 units from the common
PI 3-kinase I ancestor.
The PI 3-kinase II subfamily consists of two groups of genes
from mammals and D. discoideum. In contrast to the PI 3-kinase I subfamily, in which only a single gene has been identified in each species, the PI 3-kinase II subfamily has multiple
members. DdPIK1 and DdPIK2 are closely related, whereas

DdPIK3 is less related. Multiple members in this subfamily
were more conserved within species.
Three regions in PI kinase core domains are highly conserved. The KDRQQ region is located in the N-terminal quarter of PI kinase core domain and characterized by five invariant
residues (consensus, KX3DXRQX5Q). This region also has
a highly conserved Gly residue that is 30 to 34 residues C
terminal to the last conserved Gln. The second domain is located near the center of PI kinase core domain and has 11
invariant residues (consensus, SXAX 12DRHX2NX6-7GX3
HXDFG). The third highly conserved region has invariant Phe
and Arg residues (FR region) that are separated by 11 residues.
Sequence relationships between putative PI 3-kinases. When
sequences N terminal to the PI kinase core domain were compared, substantial similarities were identified only among
members of the same family. The sequences of the PI 3-kinase
family members, lacking their PI kinase core domains, were
aligned by using the Genetics Computer Group Pileup program. Three domains outside the core domain were recognized
and are depicted in Fig. 2. The PI 3-kinase II subfamily has
three common domains outside the core domain, designated
domains I, II, and III. The PI 3-kinase I subfamily lacks domain I. Among members of the PI 3-kinase family, the degree
of sequence conservation is lowest in the N-terminal regions of
the protein. In all cases, the level of conservation is less than in
the core domain. The sequence identities of PI kinase core
domains are 48 to 60, 54 to 60, 40 to 45, and 36 to 88% within
subfamilies PI 3-kinase II, PI 3-kinase I, PI 4-kinase I, and PI
4-kinase II, respectively (Fig. 4). Between the PI 3-kinase I and
PI 3-kinase II subfamilies, the sequence identities are 30 to
41%. Sequence identities between the PI 3-kinase and PI 4-kinase families range from 24 to 31%. Within the PI 3-kinase I
subfamily, sequence identity ranges from 36 to 42%, compared
with 54 to 60% within the core domain. As can be seen from
this analysis of the core domain and domain III, the three
D. discoideum genes, DdPIK1, -2, and -3, are highly related to
the mammalian p110 PI 3-kinase genes (Fig. 4). Moreover, the
mammalian and bovine p110 PI 3-kinases show only slightly
more sequence identity to each other than they do to the
D. discoideum PI 3-kinase II members in these regions.
Domain I is unique to the PI 3-kinase II subfamily, and its
sequences are less conserved than domain II sequences (overall, 15% identity), with the ORFs of the bovine and human
genes showing only 27% sequence identity. DdPIK1 and -2
showed 20% sequence identity in domain I, while DdPIK1 and
the human PI 3-kinase II showed 14% identity. The N-terminal

FIG. 4. Percent identities in the PI kinase core domains. The genes are grouped in subfamilies as defined in the tree in Fig. 3. See the legend to Fig. 1 for gene
abbreviations and references. The sequences were progressively aligned as described by Feng and Doolittle (22).
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FIG. 3. Evolutionary tree analysis of the PI kinase family. (A) Tree analysis
of the core domain of all PI kinase family members; (B) tree analysis of domain
III of the PI 3-kinase subfamily. See text for details. At VPS34, A. thaliana
VPS34; Hs p110, human p110; Bt p110, bovine p110; Mm p110, mouse p110.
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FIG. 5. Growth analysis of DDdpik1 DDdpik2 double-knockout strains in
axenic suspension culture. Cells were grown on petri dishes attached to plastic in
HL5 axenic medium, harvested, and inoculated into suspension cultures in HL5
medium. Cells were counted at the times indicated after inoculation. Three
double-knockout clones are shown in addition to a Ddpik2 null single-knockout
clone that is isogenic except for the PIK1 locus. This strain has the THY1 gene
complemented but insertion of the Ddpik1 knockout vector into a different
chromosomal location as determined by Southern analysis (data not shown). The
Ddpik2 null single-knockout strain shows the same growth as wild-type cells.

by creating double knockouts. To create a DDdpik1 DDdpik2
double knockout, the two independent pNEO-Act15 knockouts of DdPIK2 in the thy1 null background (strains KZ48 and
KZ84, respectively) were transformed with the DdPIK1 construct pK1T-3, carrying the THY1 marker (19). Sixteen of
twenty-seven independent transformants of the Ddpik2 null
strain KZ84 had DdPIK1 disrupted without other detectable
alterations of the genome (data not shown). One of five clones
from the Ddpik2 null strain KZ48 had DdPIK1 disrupted (data
not shown).
All strains in which both genes were disrupted exhibited
abnormal phenotypes (see below), while all isolates that still
had the wild-type copy of the DdPIK1 gene showed wild-type
growth and developmental phenotypes. The double knockout
(DDdpik1 DDdpik2 null strains) affected several aspects of D.
discoideum growth and development. DDdpik1 DDdpik2 cells
did not grow in axenic medium in suspension cultures (Fig. 5)
but were able to grow slowly when grown in petri dishes in
axenic medium in which cells are able to attach to the plastic
(data not shown). The cells grown in axenic cultures were
significantly smaller than wild-type cells. D. discoideum cells
can also be grown on nutrient agar plates in association with
nonmucoid, gram-negative bacteria that are used as a food
source. When the cells were grown under these conditions in
association with Klebsiella aerogenes as the food source, the
cells grew, but the rate of growth was also reduced, as determined by the amount of time required to clear bacteria to form
a plaque of similar size. In addition, the double knockout
formed unusual plaques compared with wild-type cells (Fig. 6A
and B). The plaques increased in diameter without fully clearing the bacterial lawn in the center, suggesting that growth was
impaired on bacteria (see below).
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regions of the human and bovine proteins, which contain the
domain that interacts with the p85 regulatory subunit (15, 31),
have 37% identity. Of the three D. discoideum genes, the
DdPIK1 ORF is most closely related to the mammalian protein-encoding genes in this region. The N-terminal domains of
DdPIK1, -2, and -3 are very hydrophilic and contain tandem
repeats of single amino acids.
A putative PI 4-kinase. The PI kinase core domains of the PI
4-kinase family, including the putative PI 4-kinase, DdPIK4,
are less conserved than is seen in the PI 3-kinase family. The
two subfamilies, PI 4-kinase I and PI 4-kinase II, have very
little sequence conservation outside the PI kinase core domain.
A small region of 28 amino acids immediately N terminal to
the PI kinase core domain is strongly conserved (44% sequence identity) between ScPI 4-kinase and DdPIK4. The PI
4-kinase family members have little sequence identity with the
PI 3-kinases outside the PI kinase core domain. The first conserved sequence block (27% sequence identity) in the PI 4-kinase I subfamily has a similar degree of sequence identity to a
portion of domain III in the PI 3-kinase family.
Developmental regulation of PI kinase genes in D. discoideum. To gain insight into the potential role of the PI kinase
genes in regulating D. discoideum development, we examined
the expression patterns of DdPIK1 and DdPIK2. Northern (RNA)
analyses did not detect DdPIK1, DdPIK2, or DdPIK3 transcripts, suggesting that the expression level was extremely low.
RT-PCR was used to quantitate the expression of DdPIK1 and
DdPIK2, the two most related genes. Oligonucleotides for PCR
amplification were made to nonconserved regions of each gene
and used to amplify cDNAs made from RNA isolated at different times during D. discoideum development. The genespecific oligonucleotides were unable to amplify the other
gene. Both genes were expressed uniformly throughout development (data not shown). DdPIK3 and -4 are also probably
expressed throughout the majority of development, since
clones were identified in cDNA libraries made from RNA
isolated from vegetative cells and cells from 12 to 16 h of
development. DdVPS34 may be expressed predominantly in
vegetative cells, as cDNA clones were found in the vegetative
but not the lZAP cDNA library made from RNA isolated
from 10 to 16 h, which has .106 independent clones, for which
;5 3 105 plaques were screened.
Knockouts of individual PI 3-kinase II subfamily members
showed no observable effect on either growth or development.
To examine the possible effects of a loss of DdPIK1, -2, and -3
function, gene disruption constructs were made by using the
THY1 marker (Materials and Methods). In addition, a DdPIK2
disruption construct was made by using the pNEO-Act15 cassette, conferring G418 resistance. In each case, the constructs
were digested with the appropriate restriction enzyme(s) and
transformed into the thy1 null strain JH10 (26, 44). Of 27
independent pK1T-3 transformants (DdPIK1 construct), 21
were shown to have Ddpik1 null genotype as determined by
Southern blot analysis. Of 39 independent pK2NEO-Act15
(pNeo-Act15 construct of DdPIK2) transformants analyzed,
one had the DdPIK2 gene disrupted by a single copy of the
pNEO-Act15 vector (clone KZ48) and a second had the
DdPIK2 gene disrupted by two copies of the knockout vector
(clone KZ84). Genomic DNA was isolated from six K3D10transformants (THY1 construct of DdPIK3) and examined; the
DdPIK3 gene was disrupted in five of the six transformants.
When the individual disruptants of DdPIK1, -2, and -3 were
checked for growth and development, no defect was detected.
Double knockouts of DdPIK1 and DdPIK2 given growth and
developmental phenotypes. If members of the PI 3-kinase II
family are redundant, it might be possible to examine function
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FIG. 6. Photographs of DDdpik1 DDdpik2 phenotypes. (A and B) Photographs of plaques in a bacterial lawn of the double-knockout (A) and wild-type cells (B).
(C and D) Enlargements of a single developing aggregate (C) and multiple aggregates (D) after bacteria are cleared and cells start to develop. (E through H) Cells
were grown attached to petri dishes, washed, and plated for development on nonnutrient agar. (E and F) Cells at the time of tip formation (;12 to 14 h) showing
multiple aggregates (E) and a single aggregate (F). (G) Abnormal fruiting body that forms at low frequency. (H) Wild-type fruiting body as a comparison. Photographs
of fruiting bodies were taken at the same magnification.
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BglII-EcoRI fragment from the DdPIK5-9 cDNA was ligated
into EXP4(1) (18), which drives transcription of the inserted
DNA fragment from the ACT15 promoter in the antisense
direction. When the wild-type strain was transformed with
pAT5 and selected on nutrient agar plates containing G418 in
association with Escherichia coli B/r Neor cells, a large number
of isolates were obtained. Eleven isolates were randomly selected, and their total RNA was isolated for Northern analyses
using DdVPS34 as a probe. Three representative isolates are
shown in Fig. 7B. Two antisense transcripts were detected; one
was slightly shorter than the endogenous DdVPS34 mRNA.
[This was the only band that was detected in cells transformed
with vector EXP4(1) alone.] The other antisense RNA was
much shorter. Isolates 1 and 3 were more drug resistant than
isolate 2. Clone 2 grew at 10 mg of G418 per ml but not 40 mg/
ml like strains 1 and 3. The expression levels of the antisense
transcripts correlated with drug resistance. The endogenous
DdVPS34 mRNA was detectable in all three clones, but the
level was significantly lower in isolates 1 and 3 than in clone 2.
All isolates overexpressing DdVPS34 antisense RNA had
abnormal growth and developmental phenotypes. The colonies
of antisense isolates grown on bacterial pates (grown on E. coli
B/r, in the presence or absence of G418, or grown on K.
aerogenes without G418) were severalfold smaller than those of
strains transformed with vector alone for the same amount of
time, indicating that the antisense transformants grow more
slowly on bacteria (data not shown). D. discoideum cells initiate
development on bacterial plates when the bacteria in the immediate area of the D. discoideum cells are exhausted (see
above). When development was examined, the cells developed
abnormally, showing defects in stalk morphology. The phenotypes were more severe when cells were grown in the presence
of E. coli B/r and G418 selection (Fig. 7C). In contrast, isolates
grew normally in suspension culture in the presence of G418
and developed normally when plated on nonnutrient NaPO4KPO4 agar plates, suggesting that the cells were impaired in
the ability to grow on bacteria but not liquid medium.
Analysis of DdPIK4. We attempted but were unable to make
gene disruptions of DdPIK4, suggesting that it might be essential for growth.
DISCUSSION
We have reported the first molecular genetic analysis of
putative PI kinases from D. discoideum, three of which are
more closely related to mammalian p110 PI 3-kinase family
members than to any other protein in the databases. Although
we have not biochemically shown that the genes that we have
cloned encode bona fide PI kinases, the very high amino acid
sequence homology to known PI kinases within the expected
catalytic domain (see below) suggests that the D. discoideum
proteins have enzymatic activities similar to those of related
proteins found in yeasts and mammals. We further present,
using molecular genetic approaches, evidence for a role of
these D. discoideum genes in growth and developmental processes. Our sequence analysis suggests that DdPIK1, -2, and -3
are homologs of the mammalian PI 3-kinases, which include
p110 PI 3-kinases that can use PI(4)P, PI(4,5)P2, and PI as
substrates (58). This class of mammalian PI 3-kinases has been
shown to be activated through interactions with receptor tyrosine kinases and G proteins (see the introduction). At
present, there is no evidence for the presence or absence of a
p85 homolog (comparable to the p85-p110 complex in mammalian cells) or other interacting, regulatory protein in D.
discoideum. The only evidence that DdPIK1, -2, and -3 encode
PI 3-kinase II type PI 3-kinases is from sequence comparison.
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When wild-type D. discoideum cells are plated at low density
in association with bacteria on nutrient agar plates, the bacteria form a confluent lawn, and the D. discoideum cells will form
clonal plaques within this lawn as the bacteria are digested.
The D. discoideum cells then initiate multicellular development in the center of the enlarging plaque as they starve when
the bacteria are depleted. The DDdpik1 DDdpik2 null cells
took 1 to 2 days longer to initiate development once the bacteria were depleted, and only a small fraction of the D. discoideum cells within plaques aggregated. The aggregates formed
multiple tips that resolved into independent slugs that produced very abnormal fruiting bodies (Fig. 6C and D). The
spores were smaller than those of wild-type cells but were fully
detergent and heat resistant (data not shown). When cells
grown on petri plates in axenic growth medium were washed
free of the growth medium and plated on nonnutrient NaPO4KPO4 agar plates to initiate multicellular development, the
cells also formed mounds with multiple tips (Fig. 5E and F)
and similar abnormal fruiting bodies (Fig. 5G). When cells
were plated at a density of .1 3 106 to 2 3 106 cells per
cm2, most cells participated in aggregate formation; however,
when they were plated at lower densities, but under conditions
in which wild-type cells developed normally, many of the
DDdpik1 DDdpik2 null cells did not aggregate.
In addition, we attempted to make double-knockout strains
of DdPIK3 with either DdPIK1 or DdPIK2. The knockouts
were attempted in both directions, starting with a Ddpik3 null
strain or a Ddpik1 or Ddpik2 null strain. No double knockouts
were identified by Southern blot analysis of isolated clones.
The results suggest that the double knockouts are lethal.
Function of DdVPS34 in D. discoideum. The DdVPS34 protein is most closely related to the S. cerevisiae and S. pombe
Vps34 proteins (28, 63). To determine if the D. discoideum
gene encodes a functional Vps34p homolog, we cloned the
DdVPS34 ORF into the S. pombe expression vector pART1
(45) and transformed this construct into an S. pombe strain
carrying a deletion of the VPS34 gene, which results in a temperature-sensitive growth defect (inability to grow at 378C)
(63). The transformed strain grew at 378C whereas a control transformant did not (data not shown), indicating that
DdVPS34 can complement the SpVPS34 deficiency and that
DdVPS34 encodes a Vps34p homolog. The DdVPS34 gene did
not complement an S. cerevisiae Dvps34 mutant; however, we
could not confirm the expression of the D. discoideum gene
product (data not shown).
To examine the function of DdVPS34 in D. discoideum, we
attempted to create a gene knockout by homologous recombination. The disruption plasmid pK5D (63) was linearized
either with HindIII and EcoRI or with AlwNI and ApaI for
transformation of the D. discoideum JH10 (see above), and
thymidine auxotrophs were selected. Genomic DNA was isolated from 30 independent isolates and examined by Southern
blot analysis to identify potential DdVPS34 gene disruptants
(Fig. 7A). The analysis showed that the DdVPS34 gene and
surrounding genomic region is duplicated, as has been seen for
several D. discoideum genes. Fourteen single gene disruptants
were obtained, while no strains showed disruptions of both
copies. These strains showed no growth or developmental abnormalities compared with wild-type cells.
For several duplicated genes that have been examined, double knockouts have been obtained with a frequency that is
about equal to the frequency of obtaining single-gene knockouts (32, 41, 61), while in another case, only a single copy could
be disrupted. Further examination of this gene by antisense
analysis suggested that the gene was essential for growth (8).
To see if this was indeed the case for DdPIK5, the 1,825-bp
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FIG. 7. DdVPS34 knockout and antisense constructs. (A) Southern blot analysis showing the presence of two copies of the DdVPS34 gene. Randomly isolated
strains were digested with restriction enzymes that would allow the identification
of a gene disruption caused by homologous recombination. JH10 is the parental
thy1 null strain showing either one or two bands, depending on the enzymes used
and consistent with the known genomic map. Sizes of the bands are given in
kilobases. Strains 92, 94, and 95 show the wild-type DdVPS34 pattern, indicating
an insertion of the vector into a different chromosomal location. The other
strains show a new band that is consistent in size with the expected sizes in a
knockout without an apparent loss of the DdVPS34 band indicating at least two
copies of the gene. (B) Blot of RNA isolated from wild-type cells (lane WT) and
three antisense clones (1, 2, and 3). RNA was isolated from log-phase vegetative
cells growing in axenic medium. The blot was probed with a DdVPS34 cDNA.
The open arrow points to the endogenous transcript; closed arrows point to two
major antisense transcripts. (C) Terminal phenotype of DdVPS34 antisense constructs grown in association with K. aerogenes on nutrient plates.

However, homology between the D. discoideum and mammalian proteins extends significantly beyond the putative PI kinase core domain, which we expect is the catalytic domain,
since changes in this region of the ScVPS34 gene were shown
to decrease catalytic activity (53). Our sequence analysis also
suggests that DdPIK4 encodes a PI 4-kinase. DdVPS34 appears
to encode a Vps34 PI 3-kinase homolog, as determined by both
sequence comparison and the fact that it partially complements an S. pombe Dvsp34 mutant.
It is interesting that mammalian p110 PI 3-kinase homologs,
as determined by sequence comparison, are found in D. discoideum, but not in either S. pombe or S. cerevisiae, by either
biochemical or molecular analysis (53, 55, 64). D. discoideum
has a complex life cycle with independent vegetative growth
and multicellular developmental phases. Moreover, the development and growth of D. discoideum are regulated by complex
signaling pathways involving both G protein-coupled receptor
pathways and a growth response-activated tyrosine kinase that
may have functions similar to those of growth factor receptors
in mammalian cells (14, 33). It is possible that the p110 family

members are important for this increased complexity compared with S. pombe or S. cerevisiae proteins. Protein sequence
comparisons have suggested that D. discoideum is more closely
related to metazoans than is either S. pombe or S. cerevisiae
(43). It is probable that the p110 family may have evolved
before both Dictyostelium species and metazoans branched
from other organisms. Assuming that DdPIK1, -2, and -3 encode PI 3-kinases, one might expect that they could use PI,
PI(4)P, and PI(4,5)P2 as substrates, like mammalian p110 (7,
10, 58), although Vps34p uses only PI as substrate both in vitro
and in vivo (39, 53, 56). In D. discoideum extracts, no activity
against PI(4)P and PI(4,5)P2 was detected in crude extracts
(unpublished observation); however, DdPIK1, -2, and -3 are all
expressed at very low levels, as determined by the inability to
detect transcripts by using RNA blot hybridization, and therefore the biochemical activity may be difficult to assay in crude
extracts.
Cellular functions of PI 3-kinases in D. discoideum. We used
a combination of molecular genetic approaches to examine the
possible functions of PI kinase I family members during growth
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pathways requiring PI 3-kinase II activities that result in these
phenotypes are not known. It is interesting, however, that
cytoskeletal changes correlate with stimulation of PI 3-kinase
activity in neutrophils (48, 49) and that PI 3-kinase may be
involved in platelet-derived growth factor receptor internalization (35, 37) and antibody secretion in B cells (24). However,
direct genetic evidence for a role of PI 3-kinase activity in these
functions is lacking. Whether the morphological phenotypes in
D. discoideum are related to these functions is not known.
The presence of the growth and developmental phenotypes
should allow further functional analysis of the PI kinase family
members, including examination of redundancy through expression studies in the DDdpik1 DDdpik2 null background,
structure-function studies of the D. discoideum PI 3-kinase
family members, and examination of whether metazoan PI
3-kinase gene family members can complement the D. discoideum mutations. The cloned PI 3-kinase II family members
may be regulated through tyrosine kinases. Recently a Gbgactivated PI 3-kinase enzymatic activity also has been identified (60). Sequence comparison of this enzyme to the D. discoideum putative PI 3-kinase II genes will be of interest, as
G-protein-coupled receptor-mediated signaling pathways play
essential roles in regulating D. discoideum development (14,
26). Further analysis of the growth and developmental phenotypes of the PI 3-kinase II family members in D. discoideum
should identify the potential signaling pathways regulating
their activity. This determination may give further insight into
the overall functions of these enzymes in other eukaryotes.
ACKNOWLEDGMENTS
We thank A. Clark for technical assistance with some of the experiments, R. Doolittle and D. Smith for assistance with the analysis
programs, A. Cubitt for helpful discussions, and G. Scheel-Jimeniz and
S. Subramani for the pART1 vector.
This work was supported by USPHS grants to R.A.F. and S.D.E.
S.D.E. is supported as an investigator of the Howard Hughes Medical
Institute.
REFERENCES
1. Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
Basic local alignment search tool. J. Mol. Biol. 215:403–410.
2. Auger, K. R., C. L. Carpenter, S. E. Shoelson, H. Piwnica-Worms, and L. C.
Cantley. 1992. Polyoma virus middle T antigen-pp60c-src complex associates
with purified phosphatidylinositol 3-kinase in vitro. J. Biol. Chem. 267:5408–
5415.
3. Bazenet, C. E., J. L. Brockman, D. Lewis, C. Chan, and R. A. Anderson. 1990.
Erythroid membrane-bound protein kinase binds to a membrane component
and is regulated by phosphatidylinositol 4,5-bisphosphate. J. Biol. Chem.
265:7369–7376.
4. Bazenet, C. E., A. R. Ruano, J. L. Brockman, and R. A. Anderson. 1990. The
human erythrocyte contains two forms of phosphatidylinositol-4-phosphate
5-kinase which are differentially active toward membranes. J. Biol. Chem.
265:18012–18022.
5. Brockman, J. L., and R. A. Anderson. 1991. Casein kinase I is regulated by
phosphatidylinositol 4,5-bisphosphate in native membranes. J. Biol. Chem.
266:2508–2512.
6. Cafferkey, R., P. R. Young, M. M. McLaughlin, D. J. Bergsma, Y. Koltin,
G. M. Sathe, L. Faucette, W. K. Eng, R. K. Johnson, and G. P. Livi. 1993.
Dominant missense mutations in a novel yeast protein related to mammalian
phosphatidylinositol 3-kinase and VPS34 abrogate rapamycin cytotoxicity.
Mol. Cell. Biol. 13:6012–6023.
7. Cantley, L. C., K. R. Auger, C. Carpenter, B. Duckworth, A. Graziani, R.
Kapeller, and S. Soltoff. 1991. Oncogenes and signal transduction. Cell
64:281–302. (Erratum, 65:915.)
8. Cao, J.-G., and R. A. Firtel. 1995. Growth and developmental functions of a
human immunodeficiency virus Tat-binding protein/26S protease subunit
homolog from Dictyostelium discoideum. Mol. Cell. Biol. 15:1725–1736.
9. Carpenter, C. L., K. R. Auger, B. C. Duckworth, W. M. Hou, B. Schaffhausen, and L. C. Cantley. 1993. A tightly associated serine/threonine protein kinase regulates phosphoinositide 3-kinase activity. Mol. Cell. Biol.
13:1657–1665.
10. Carpenter, C. L., B. C. Duckworth, K. R. Auger, B. Cohen, B. S. Schaffhausen, and L. C. Cantley. 1990. Purification and characterization of phos-

Downloaded from http://mcb.asm.org/ on September 25, 2020 by guest

and development in D. discoideum. DdVPS34 is most closely
related to VPS34 genes in S. pombe and S. cerevisiae; the S.
cerevisiae gene is essential for protein sorting to the vacuole. It
is reasonable to expect that homologs function in protein targeting to lysosomes in other species (63). A complete DdVPS34
gene knockout was not possible in D. discoideum, but antisense
expression of DdVPS34 caused a growth defect in bacteria but
not in axenic medium. The growth defect on bacteria may
indicate the inability to properly metabolize bacteria as a food
source. Growth on axenic medium may be less affected if
partial activity is present, since the medium contains high concentrations of metabolites that would not require breakdown
in lysosomes. DdVPS34 may be responsible for sorting digestive enzymes into the D. discoideum lysosome. The remarkable
sequence conservation within the PI 3-kinase I subfamily,
which we expect has common enzymatic functions, also suggests that mechanisms of regulation of PI 3-kinase I may be
very well conserved. The abnormal developmental morphology
caused by antisense expression of DdVPS34 is specific to bacterially grown cells and thus may be a consequence of the
inability of such cells to effectively use bacteria as a food
source.
The ability to use knockout and antisense techniques in D.
discoideum also has given us some insight into the functions of
genes that encode proteins which are likely to have enzymatic
activities similar to those of mammalian p110 and PI 3-kinase
II family members. The analysis in mammalian cells has depended on examining the correlation of p110 activation with
cellular responses and examining cells unable to activate the
enzyme in response to growth factor/tyrosine kinase receptoractivated pathways by expressing excess p85 that does not
associate with p110 and therefore blocks PI 3-kinase activation
by receptor tyrosine kinases (15). Our analysis with D. discoideum tested the effect of loss of constitutive as well as possible
ligand-activated enzyme through the construction of null mutants. The analysis of the function of PI 3-kinase II family
members is more complex because of the multiple members
that have been identified in D. discoideum and metazoans. As
indicated above, the proteins encoded by the DdPIK1 and
DdPIK2 genes are more closely related to each other and to
the mammalian PI 3-kinase II family members than is the
protein encoded by the DdPIK3 gene. We also note that the
DdPIK3 ORF has an extension of the protein sequence C
terminal to the kinase domain, in contrast to other known PI
3-kinase genes. DdPIK1 and DdPIK2 may be functionally redundant, since a knockout of either gene has no detectable
phenotype, whereas a double knockout shows both growth and
developmental defects. The knockout of DdPIK3 had no phenotype. We tried without success to obtain DDdPIK1 DDdPIK3
and DDdPIK1 DDdPIK3 double knockouts by using several
selections (data not shown). It is possible DdPIK1/2 and
DdPIK3 encode different but overlapping functions and that a
loss of either DdPIK1 or DdPIK2 in the absence of DdPIK3 is
lethal.
The DDdpik1 DDdpik2 double-knockout cells showed an
unusual plaque morphology when grown on nutrient agar
plates in association with bacteria. They were unable to grow
axenically in suspension culture but could grow slowly when
cells were grown axenically attached to plastic petri plates,
although the cells were small. In addition, the cells had a
striking developmental phenotype, producing mounds with
multiple tips and abnormal fruiting-body morphology. We
have shown that mutations in a number of known genes result
in a multiple-tip phenotype. These mutations include a RasD
(G12T)-activating mutation (51) and overexpression of the
phosphotyrosine phosphatase PTP1 (32). The downstream

MOL. CELL. BIOL.

VOL. 15, 1995

PHOSPHATIDYLINOSITOL KINASES IN D. DISCOIDEUM

36. Jones, S. W., E. Erikson, J. Blenis, J. L. Maller, and R. L. Erikson. 1988. A
Xenopus ribosomal protein S6 kinase has two apparent kinase domains that
are each similar to distinct protein kinases. Proc. Natl. Acad. Sci. USA
85:3377–3381.
37. Kapeller, R., R. Chakrabarti, L. Cantley, F. Fay, and S. Corvera. 1993.
Internalization of activated platelet-derived growth factor receptor-phosphatidylinositol-39 kinase complexes: potential interactions with the microtubule
cytoskeleton. Mol. Cell. Biol. 13:6052–6063.
38. Kochs, G., R. Hummel, B. Fiebich, T. F. Sarre, D. Marme, and H. Hug. 1993.
Activation of purified human protein kinase C alpha and beta I isoenzymes
in vitro by Ca21, phosphatidylinositol and phosphatidylinositol 4,5-bisphosphate. Biochem. J. 291:627–633.
39. Kodaki, T., R. Woscholski, S. Emr, M. D. Waterfield, P. Nurse, and P. J.
Parker. 1994. Mammalian phosphatidylinositol 39-kinase induces a lethal
phenotype on expression in Schizosaccharomyces pombe: comparison with
the VPS34 gene product. Eur. J. Biochem. 219:775–780.
40. Lee, M. H., and R. M. Bell. 1991. Mechanism of protein kinase C activation
by phosphatidylinositol 4,5-bisphosphate. Biochemistry 30:1041–1049.
41. Lilly, P., L. Wu, D. L. Welker, and P. N. Devreotes. 1993. A G-protein
b-subunit is essential for Dictyostelium development. Genes Dev. 7:986–995.
42. Ling, L. E., J. T. Schulz, and L. C. Cantley. 1989. Characterization and
purification of membrane-associated phosphatidylinositol-4-phosphate kinase from human red blood cells. J. Biol. Chem. 264:5080–5088.
43. Loomis, W. F., and D. W. Smith. 1990. Molecular phylogeny of Dictyostelium
discoideum by protein sequence comparison. Proc. Natl. Acad. Sci. USA
87:9093–9097.
44. Mann, S. K. O., and R. A. Firtel. 1991. A developmentally regulated, putative
serine/threonine protein kinase is essential for development in Dictyostelium.
Mech. Dev. 35:89–102.
45. McLeod, M., M. Stein, and D. Beach. 1987. The product of the mei31 gene,
expressed under control of the mating-type locus, induces meiosis and sporulation in fission yeast. EMBO J. 6:729–736.
46. Moritz, A., J. Westerman, P. N. De Graan, B. Payrastre, W. H. Gispen, and
K. W. Wirtz. 1993. Characterization of phosphatidylinositol-4-phosphate
5-kinase activities from bovine brain membranes. Biochim. Biophys. Acta
1168:79–86.
47. Nakanishi, H., K. A. Brewer, and J. H. Exton. 1993. Activation of the zeta
isozyme of protein kinase C by phosphatidylinositol 3,4,5-trisphosphate. J.
Biol. Chem. 268:13–16.
48. Norgauer, J., M. Eberle, H. D. Lemke, and K. Aktories. 1992. Activation of
human neutrophils by mastoparan. Reorganization of the cytoskeleton, formation of phosphatidylinositol 3,4,5-trisphosphate, secretion up-regulation
of complement receptor type 3 and superoxide anion production are stimulated by mastoparan. Biochem. J. 282:393–397.
49. Okada, T., L. Sakuma, Y. Fukui, O. Hazeki, and M. Ui. 1994. Blockage of
chemotactic peptide-induced stimulation of neutrophils by wortmannin as a
result of selective inhibition of phosphatidylinositol 3-kinase. J. Biol. Chem.
269:3563–3567.
50. Pike, M. C., M. E. Bruck, C. Arndt, and C. S. Lee. 1990. Chemoattractants
stimulate phosphatidylinositol-4-phosphate kinase in human polymorphonuclear leukocytes. J. Biol. Chem. 265:1866–1873.
51. Reymond, C., R. Gomer, W. Nellen, A. Theibert, P. Devreotes, and R. Firtel.
1986. Phenotypic changes induced by a mutated ras gene during the development of Dictyostelium transformants. Nature (London) 323:340–343.
52. Schmidt, M., M. Varsanyi, R. Thieleczek, and L. Heilmeyer, Jr. 1993. Identification of a new 80 k isoform of phosphatidylinositol 4-phosphate 5-kinase
from bovine brain. FEBS Lett. 325:201–204.
53. Schu, P. V., K. Takegawa, M. J. Fry, J. H. Stack, M. D. Waterfield, and S. D.
Emr. 1993. Phosphatidylinositol 3-kinase encoded by yeast VPS34 gene
essential for protein sorting. Science 260:88–91.
54. Skolnik, E. Y., B. Margolis, M. Mohammadi, E. Lowenstein, R. Fischer, A.
Drepps, A. Ullrich, and J. Schlessinger. 1991. Cloning of PI3 kinase-associated p85 utilizing a novel method for expression/cloning of target proteins
for receptor tyrosine kinases. Cell 65:83–90.
55. Stack, J. H., D. B. DeWald, K. Takegawa, and S. D. Emr. 1995. Vesiclemediated protein transport: regulatory interactions between the Vps15 protein kinase and the Vps34 PtdIns 3-kinase essential for protein sorting to the
vacuole in yeast. J. Cell. Biol. 129:321–334.
56. Stack, J. H., and S. D. Emr. 1994. Vps34p required for yeast vacuolar protein
sorting is a multiple specificity kinase that exhibits both protein kinase and
phosphatidylinositol-specific PI 3-kinase activities. J. Biol. Chem. 269:31552–
31562.
57. Stack, J. H., P. K. Herman, P. V. Schu, and S. D. Emr. 1993. A membraneassociated complex containing the Vps15 protein kinase and the Vps34 PI
3-kinase is essential for protein sorting to the yeast lysosome-like vacuole.
EMBO J. 12:2195–2204.
58. Stephens, L., F. T. Cooke, R. Walters, T. Jackson, S. Volinia, I. Gout, M. D.
Waterfield, and P. T. Hawkins. 1994. Characterization of a phosphatidylinositol-specific phosphoinositide 3-kinase from mammalian cells. Curr. Biol.
4:203–214.
59. Stephens, L., P. T. Hawkins, and C. P. Downes. 1989. Metabolic and structural evidence for the existence of a third species of polyphosphoinositide in

Downloaded from http://mcb.asm.org/ on September 25, 2020 by guest

phoinositide 3-kinase from rat liver. J. Biol. Chem. 265:19704–19711.
11. Chauhan, A., V. P. Chauhan, and H. Brockerhoff. 1991. Activation of protein
kinase C by phosphatidylinositol 4,5-bisphosphate: possible involvement in
Na1/H1 antiport down-regulation and cell proliferation. Biochem. Biophys.
Res. Commun. 175:852–857.
12. Chauhan, V. P., S. S. Singh, A. Chauhan, and H. Brockerhoff. 1993. Magnesium protects phosphatidylinositol-4,5-bisphosphate-mediated inactivation of casein kinase I in erythrocyte membrane. Biochim. Biophys. Acta
1177:318–321.
13. Coughlin, S. R., J. A. Escobedo, and L. T. Williams. 1989. Role of phosphatidylinositol kinase in PDGF receptor signal transduction. Science 243:1191–
1193.
14. Devreotes, P. N. 1994. G protein-linked signaling pathways control the developmental program of Dictyostelium. Neuron 12:235–241.
15. Dhand, R., K. Hara, I. Hiles, B. Bax, I. Gout, G. Panayotou, M. J. Fry, K.
Yonezawa, M. Kasuga, and M. D. Waterfield. 1994. PI 3-kinase: structural
and functional analysis of intersubunit interactions. EMBO J. 13:511–521.
16. Divecha, N., C. E. Brooksbank, and R. F. Irvine. 1992. Purification and
characterization of phosphatidylinositol 4-phosphate 5-kinases. Biochem. J.
288:637–642.
17. Dobos, G. J., J. Norgauer, M. Eberle, P. J. Schollmeyer, and K. A. Traynor.
1992. C5a reduces formyl peptide-induced actin polymerization and phosphatidylinositol (3,4,5) trisphosphate formation, but not phosphatidylinositol
(4,5) bisphosphate hydrolysis and superoxide production, in human neutrophils. J. Immunol. 149:609–614.
18. Dynes, J. L., A. M. Clark, G. Shaulsky, A. Kuspa, W. F. Loomis, and R. A.
Firtel. 1994. LagC is required for cell-cell interactions that are essential for
cell-type differentiation in Dictyostelium. Genes Dev. 8:948–958.
19. Dynes, J. L., and R. A. Firtel. 1989. Molecular complementation of a genetic
marker in Dictyostelium using a genomic DNA library. Proc. Natl. Acad. Sci.
USA 86:7966–7970.
20. Eng, S. P., and C. S. Lo. 1990. Mastoparan increases membrane bound
phosphatidylinositol kinase and phosphatidylinositol 4-monophosphate kinase activities in Madin-Darby canine kidney cells. Life Sci. 46:273–279.
21. Escobedo, J. A., D. R. Kaplan, W. M. Kavanaugh, C. W. Turck, and L. T.
Williams. 1991. A phosphatidylinositol-3 kinase binds to platelet-derived
growth factor receptors through a specific receptor sequence containing
phosphotyrosine. Mol. Cell. Biol. 11:1125–1132.
22. Feng, D. F., and R. F. Doolittle. 1987. Progressive sequence alignment as a
prerequisite to correct phylogenetic trees. J. Mol. Evol. 25:351–360.
23. Flanagan, C. A., E. A. Schnieders, A. W. Emerick, R. Kunisawa, A. Admon,
and J. Thorner. 1993. Phosphatidylinositol 4-kinase: gene structure and
requirement for yeast cell viability. Science 262:1444–1448.
24. Gold, M. R., V. W. Chan, C. W. Turck, and A. L. DeFranco. 1992. Membrane
Ig cross-linking regulates phosphatidylinositol 3-kinase in B lymphocytes. J.
Immunol. 148:2012–2022.
25. Graziani, A., L. E. Ling, G. Endemann, C. L. Carpenter, and L. C. Cantley.
1992. Purification and characterization of human erythrocyte phosphatidylinositol 4-kinase. Phosphatidylinositol 4-kinase and phosphatidylinositol
3-monophosphate 4-kinase are distinct enzymes. Biochem. J. 284:39–45.
26. Hadwiger, J. A., and R. A. Firtel. 1992. Analysis of Ga4, a G-protein subunit
required for multicellular development in Dictyostelium. Genes Dev. 6:38–49.
27. Helliwell, S. B., P. Wagner, J. Kunz, M. Deuter-Reinhard, R. Henriquez, and
M. N. Hall. 1994. TOR1 and TOR2 are structurally and functionally similar
but not identical phosphatidylinositol kinase homologues in yeast. Mol. Biol.
Cell 5:105–118.
28. Herman, P. K., and S. D. Emr. 1990. Characterization of VPS34, a gene
required for vacuolar protein sorting and vacuole segregation in Saccharomyces cerevisiae. Mol. Cell. Biol. 10:6742–6754.
29. Hiles, I. D., M. Otsu, S. Volinia, M. J. Fry, I. Gout, R. Dhand, G. Panayotou,
F. Ruiz-Larrea, A. Thompson, N. F. Totty, J. J. Hsuan, S. A. Courtneidge,
P. J. Parker, and M. D. Waterfield. 1992. Phosphatidylinositol 3-kinase:
structure and expression of the 110 kD catalytic subunit. Cell 70:419–429.
30. Hirayama, T., Y. Imajuku, T. Anai, M. Matsui, and A. Oka. 1991. Identification of two cell-cycle-controlling cdc2 gene homologs in Arabidopsis thaliana. Gene 105:159–165.
31. Holt, K. H., L. Olson, W. S. Moye-Rowley, and J. E. Pessin. 1994. Phosphatidylinositol 3-kinase activation is mediated by high-affinity interactions between distinct domains within the p110 and p85 subunits. Mol. Cell. Biol.
14:42–49.
32. Howard, P., B. Sefton, and R. Firtel. 1992. Analysis of a spatially regulated
phosphotyrosine phosphatase identifies tyrosine phosphorylation as a key
regulatory pathway in Dictyostelium. Cell 71:637–647.
33. Howard, P. K., B. M. Sefton, and R. A. Firtel. 1993. Tyrosine phosphorylation of actin in Dictyostelium associated with cell-shape changes. Science
259:241–244.
34. Hu, P., A. Mondino, E. Y. Skolnik, and J. Schlessinger. 1993. Cloning of a
novel, ubiquitously expressed human phosphatidylinositol 3-kinase and identification of its binding site on p85. Mol. Cell. Biol. 13:7677–7688.
35. Joly, M., A. Kazlauskas, F. S. Fay, and S. Corvera. 1994. Disruption of
PDGF receptor trafficking by mutation of its PI-3 kinase binding sites.
Science 263:684–687.

5655

5656

ZHOU ET AL.

69.

70.

71.
72.

73.

74.

75.

inositol 4-kinase by cobra venom cardiotoxin. Biochim. Biophys. Acta 1055:
295–298.
Welters, P., K. Takegawa, S. D. Emr, and M. J. Chrispeels. 1994. AtVPS34,
a phosphatidylinositol 3-kinase of Arabidopsis thaliana, is an essential protein
with homology to a calcium-dependent lipid binding domain. Proc. Natl.
Acad. Sci. USA 91:11398–11402.
Whitman, M., C. P. Downes, M. Keeler, T. Keller, and L. Cantley. 1988. Type
I phosphatidylinositol kinase makes a novel inositol phospholipid, phosphatidylinositol-3-phosphate. Nature (London) 332:644–646.
Wong, K., and L. C. Cantley. 1994. Cloning and characterization of a human
phosphatidylinositol 4-kinase. J. Biol. Chem. 269:28878–28884.
Wymann, M., and A. Arcaro. 1994. Platelet-derived growth factor-induced
phosphatidylinositol 3-kinase activation mediates actin rearrangements in
fibroblasts. Biochem. J. 3:517–520.
Yoshida, S., Y. Ohya, M. Goebl, A. Nakano, and Y. Anraku. 1994. A novel
gene, STT4, encodes a phosphatidylinositol 4-kinase in the PKC1 protein
kinase pathway of Saccharomyces cerevisiae. J. Biol. Chem. 269:1166–1172.
Zhang, J., M. J. Fry, M. D. Waterfield, S. Jaken, L. Liao, J. E. Fox, and S. E.
Rittenhouse. 1992. Activated phosphoinositide 3-kinase associates with
membrane skeleton in thrombin-exposed platelets. J. Biol. Chem. 267:4686–
4692.
Zhang, J., W. G. King, S. Dillon, A. Hall, L. Feig, and S. E. Rittenhouse.
1993. Activation of platelet phosphatidylinositide 3-kinase requires the small
GTP-binding protein Rho. J. Biol. Chem. 268:22251–22254.

Downloaded from http://mcb.asm.org/ on September 25, 2020 by guest

cells: D-phosphatidyl-myo-inositol 3-phosphate. Biochem. J. 259:267–276.
60. Stephens, L., A. Smrcka, F. T. Cooke, T. R. Jackson, P. C. Sternweis, and
P. T. Hawkins. 1994. A novel phosphoinositide 3 kinase activity in myeloidderived cells is activated by G protein bg subunits. Cell 77:83–93.
61. Sun, T., and P. Devreotes. 1991. Gene targeting of the aggregation stage
cAMP receptor cAR1 in Dictyostelium. Genes Dev. 5:572–582.
62. Suzuki, T., Y. Banno, and Y. Nozawa. 1991. Partial purification and characterization of two forms of phosphatidylinositol 4-phosphate 5-kinase from
human platelet membrane. Thromb. Res. 64:45–56.
63. Takegawa, K., D. B. DeWald, and S. D. Emr. Phosphatidylinositol-specific
3-kinase phosphoinositide from Schizosaccharomyces pombe, SpVps34p, required for normal cell growth and vacuole function. J. Cell Sci., in press.
64. Takegawa, K., K. Zhou, R. A. Firtel, and S. D. Emr. Unpublished observations.
65. Urumow, T., and O. H. Wieland. 1990. Purification and partial characterization of phosphatidylinositol-4-phosphate kinase from rat liver plasma membranes. Further evidence for a stimulatory G-protein. Biochim. Biophys.
Acta 1052:152–158.
66. Varela, I., M. M. V. Campagne, J. F. Alvarez, and J. M. Mato. 1987. The
developmental regulation of phosphatidylinositol kinase in Dictyostelium
discoideum. FEBS Lett. 211:64–68.
67. Vlahos, C. J., and W. F. Matter. 1992. Signal transduction in neutrophil
activation. Phosphatidylinositol 3-kinase is stimulated without tyrosine phosphorylation. FEBS Lett. 309:242–248.
68. Walker, D. H., and L. J. Pike. 1990. Stimulation of purified phosphatidyl-

MOL. CELL. BIOL.

