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Polyphosphate kinase 1 (PPK1), the principal enzyme responsible
for reversible synthesis of polyphosphate (poly P) from the termi-
nal phosphate of ATP, is highly conserved in bacteria and archaea.
Dictyostelium discoideum, a social slime mold, is one of a few
eukaryotes known to possess a PPK1 homolog (DdPPK1). Com-
pared with PPK1 of Escherichia coli, DdPPK1 contains the conserved
residues for ATP binding and autophosphorylation, but has an
N-terminal extension of 370 aa, lacking homology with any known
protein. Polyphosphate or ATP promote oligomerization of the
enzyme in vitro. The DdPPK1 products are heterogeneous in chain
length and shorter than those of E. coli. The unique DdPPK1
N-terminal domain was shown to be necessary for its enzymatic
activity, cellular localization, and physiological functions. Mutants
of DdPPK1, as previously reported, are defective in development,
sporulation, and predation, and as shown here, in late stages of
cytokinesis and cell division.

inorganic polyphosphate � cell division � multinucleated cells

Inorganic polyphosphate (poly P), a linear chain of tens or
hundreds of orthophosphate (Pi) residues linked by high-

energy phosphoanhydride bonds, is ubiquitous in nature. It is a
dynamic molecule in all organisms (archaea, bacteria, fungi,
plants, insects, and mammals) and may attain a level of 20% of
the cell dry weight in Saccharomyces cerevisiae (1). Conserved
and versatile, poly P plays a variety of essential roles. Among
them are survival in the face of stress and stringencies (2, 3),
bacterial motility (4–6), biofilm formation and virulence (7),
predation, and the developmental stages of social bacteria and
slime molds (8, 9). Poly P is also involved in blood coagulation
(10) and mammary cancer cell proliferation (11). Poly P is a part
of a polyhydroxybutyrate–Ca2� complex responsible for the
uptake of DNA in Escherichia coli and ion transport in human
mitochondria (12, 13).

Among the growing list of enzymes that make and hydrolyze
poly P, polyphosphate kinase 1 (PPK1) is the most widely
conserved (14). PPK1 homologs have been found in �100
prokaryotic species, including 20 major pathogens, and to date,
only in a few eukaryotes, including the PPK1 homolog of the
social slime mold Dictyostelium discoideum (DdPPK1) (15, 16).
The deduced amino acid sequence of DdPPK1 shares 30%
identity and 51% similarity with E. coli PPK1 (EcPPK1). How-
ever, DdPPK1 contains 1,050 amino acid residues as compared
with only 688 residues in EcPPK1; the 370-aa N-terminal do-
main, occupying one-third of DdPPK1 in length, shows no
homology to EcPPK1 or any other protein in the GenBank
database.

The crystal structure of EcPPK1 (17) revealed an ATP-
binding pocket located in a highly conserved structural tunnel.
Among the 11 conserved residues essential for a presumed poly
P tunnel, 10 are present in DdPPK1; 14 of 16 residues in the ATP
binding pocket are also located in DdPPK1 [supporting infor-
mation (SI) Fig. 8]. Studies with EcPPK1 indicated that two
histidine residues, H435 and H454, are the probable autophos-
phorylation sites involved in poly P synthesis (18). However,

recent studies implicated only H435 (17). The two histidine
residues (H435, critical for autophosphorylation, and H592,
required as a general acid catalyst in EcPPK1) and four other
highly conserved residues (corresponding to D470, E623, S610,
and T458 in EcPPK1) are also present in DdPPK1. Thus,
DdPPK1 may share similar structural features with EcPPK1 in
the unique ATP binding pocket and poly P tunnel.

Mutants deficient in DdPPK1 (herein after referred to as
DdPPK1 mutant) have a reduced poly P level, and are defective
in fruiting body development, sporulation, and phagocytosis (8).
Here, we report the enzymatic features and the cellular local-
ization of the DdPPK1 and the essential feature of its unique
N-terminal domain in enzymatic activity, protein sorting, and
cellular functions. Moreover, we also observed the deficiency of
the mutant in cytokinesis, a fundamental process in cell division.

Results
DdPPK1 Activity. A PPK1 activity of �200 units per mg of protein
was detected in lysates of WT D. discoideum under standard
EcPPK1 reaction conditions. The effect of reaction temperature
on enzyme activity was tested between 15°C and 40°C, and the
maximum activity was observed at 37°C. The specific activity was
increased nearly 10-fold to the level of �2,000 units per mg of
protein by adding poly P (type 15 or 75, 0.5–5 mM in Pi residues)
and by optimizing salt concentration and pH (see Materials and
Methods). When grown in HL5 medium, the activity peaked in
log phase (1–2 � 106 cells per ml) and declined as cells entered
stationary phase (SI Fig. 9).

Expression and Purification of DdPPK1. Ddppk1 was cloned into a D.
discoideum expression vector pTX-GFP to yield pTX-Ddppk1
(8), in which Ddppk1 was overexpressed under the strong
promoter Pact15. WT cells containing pTX-Ddppk1 have
DdPPK1 activities of �10,000 units per mg of protein in crude
lysates, at least 5-fold higher than WT cells. DdPPK1 was
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purified from the overexpressing cells by sequential chromatog-
raphy on Heparin, DEAE, and Mono Q columns (Table 1).
DdPPK1 was purified �500-fold compared with the enzyme in
the WT; the specific activity of the purified protein was �5 � 105

units per mg of protein, a value near that of the recombinant
EcPPK1 (2 � 106 units per mg of protein). The purified DdPPK1
has an approximate molecular mass of 118 kDa on SDS/PAGE
(Fig. 1), indicating that DdPPK1 does not undergo major
processing in vivo. The purified preparation did not contain a
protein corresponding to DdPPK2 or a similar activity (19).

Oligomerization of DdPPK1. The molecular mass of native DdPPK1
was measured by size-exclusion chromatography on a HPLC
system. On the basis of the elution pattern of DdPPK1 with
Na2SO4 (150 mM, pH 7.4), the size of the protein was estimated
to be �720 kDa, presumably a hexamer of 118-kDa subunit (Fig.
2). In the presence of poly P (type 15, 10 mM in Pi residues) or
ATP (2 mM), DdPPK1 was eluted in the void volume (5.2 ml)
of the column, suggesting a molecular mass of �1,028 kDa under
these conditions. DdPPK1 may thus form higher oligomeric
structures in the presence of either poly P or ATP.

Products of DdPPK1. As with other PPK1s, the poly P synthesizing
activity of DdPPK1 was processive, but the products were more
heterogeneous and shorter in chain length (Fig. 3). Unlike
EcPPK1, which produced a monodisperse long-chain poly P of
700–800 residues, DdPPK1 produced poly P with broad-range
chain lengths of 50–300 Pi residues, among the shortest produced

by any known PPK1s so far. The poly P products were completely
hydrolyzed by an exopolyphosphatase (Fig. 3).

Other Characteristics of DdPPK1. Poly P is known to stimulate the
activities of Pseudomonas aeruginosa PPK2 (16) and Myxococcus
xanthus PPK1 (9). A nearly 10-fold stimulation was observed for
DdPPK1 in crude lysates, but stimulation was �2-fold with the
purified enzyme when poly P was added to the reaction mixture
(SI Fig. 10). In crude lysates, the added poly P may act to protect
the 32P-poly P product from degradation.

D. discoideum also has an actin-related poly P synthesizing
complex (DdPPK2) that is KCl dependent (19). In contrast, KCl
inhibited DdPPK1 activity (SI Fig. 11 A). At a concentration of
200 mM KCl, the inhibition was 80%, and at 500 mM, the
inhibition was almost complete.

Phalloidin, a heptapeptide toxin from the mushroom Amanita
phalloides, which binds tightly and specifically to polymerized
actin (20), inhibited poly P synthesis by DdPPK2 (19). Assuming
that DdPPK2 was a tetramer, complete inhibition was seen at a
molar ratio of phalloidin to the enzyme between 1:1 and 1:2.
However, DdPPK1 activity was inhibited only by 25% at 2 nM
phalloidin and �80% at 10 nM (SI Fig. 11B). The molar ratio of
phalloidin to DdPPK1 is 10:15 for complete inhibition of
DdPPK1 activity (SI Fig. 11C). Similar ratios of phalloidin and
PPK1 were observed for inhibition of PPK1 from E. coli, P.
aeruginosa, and Bacillus cereus (M.R.G.-G. and X.S., unpub-
lished data).

Table 1. Purification of DdPPK1

Sample
Specific activity,
Units/mg � 104

Total activity*,
units � 105

Purification,
fold

Recovery,
%

WT cell lysate 0.1
Overproducer 1.0 17.7 10
Heparin 15 6.7 150 38
FT of DEAE 17 5.4 170 30
Mono Q column 48 1.5 480 8.5

*One unit of enzyme is defined as the amount incorporating 1 pmol of phosphate into poly P per min at 37°C.

Fig. 1. SDS/PAGE (12%) analysis of purified DdPPK1. Samples were precip-
itated with 0.015% deoxycholate/5% trichloroacetic acid. Proteins were visu-
alized by Coomassie blue staining. Crude lysate (�50 �g) and purified fraction
(�3 �g) (Mono Q column) were applied as indicated. Mm, protein molecular
mass markers (Bio-Rad).

Fig. 2. Size-exclusion chromatography of DdPPK1. Lysates of D. discoideum
DdPPK1 overexpressing cells were prepared and incubated in elution buffer
only (A), elution buffer with 10 mM poly P (type 15) (B), or elution buffer with
2 mM ATP (C). After incubating at 0°C for 30 min, 200-ml lysates were applied
onto a Tosoh G3000SWXL HPLC column and eluted with the same incubation
buffer. Enzyme activity was measured in each fraction. Molecular mass stan-
dards were thyroglobulin (670 kDa), bovine gamma globulin (158 kDa), and
chicken ovalbumin (44 kDa).
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Localization of DdPPK1. The localization of DdPPK1 was detected
by using a GFP-DdPPK1 fusion protein and by immunofluores-
cence methods. A GFP-DdPPK1 fusion protein was both enzy-
matically and functionally active. The mutant carrying pTX-gfp-
Ddppk1 expressed PPK1 activity up to levels of �5,000 units/mg
in a crude lysate (Table 2) and was similar to WT in plaque-
forming activity on a Klebsiella aerogenes lawn (Fig. 4).

DdPPK1, which shows a significant homology to EcPPK1, is
recognized by the antibody raised against EcPPK1. As shown in
Fig. 5A, there is only one positive band at �118 kDa detected by
Western blot against WT extract, whereas no signal was detected
in the mutant extract. Immunofluorescent detection of the
enzyme in fixed WT cells indicated that DdPPK1 was dispersed
probably in membrane vesicles (Fig. 5B), the same as seen for
GFP-fusion protein. No immunofluorescent signal was detected
in the mutant cells (data not shown).

Functions of DdPPK1 N-terminal Domain. The unique N-terminal
extension of 370 aa was essential for DdPPK1 enzymatic activity,
cellular localization, and functions. The mutant overexpressing
full-length DdPPK1 (containing pTX-DdPPK1) had a very high
activity (�11,000 units/mg in crude lysate), but the N-terminal
truncated form (either pTX-372-Ddppk1 or pTX-gfp-373-
Ddppk1) showed very little activity in cell extracts (Table 2). The
truncated DdPPK1, unlike the full-length DdPPK1, was local-
ized in the cytosol on the basis of the GFP signals of the mutant
cells bearing the pTX-gfp-373-Ddppk1 (Fig. 6) rather than in the
membrane systems. The truncated DdPPK1 failed to comple-
ment the mutant for growth on a K. aerogenes lawn, whereas
full-length DdPPK1 complemented the mutant as measured by
plaque size (Fig. 4).

DdPPK1 Mutant Cells Failed to Complete Cytokinesis. In addition to
its functions in development and phagocytosis (8), DdPPK1
plays a role in the late stages of cytokinesis and cell division.
Unlike WT cells, which were almost all mononucleated, �30%

Fig. 3. Poly P products of DdPPK1. Poly P synthesis with 40 ng of DdPPK1 was
carried out with [�-32P]ATP under the optimal conditions for 30 min. Products
were purified, treated with exopolyphosphatase (PPX) (as described in Mate-
rials and Methods) and separated by 20% PAGE containing 7 M urea, and
visualized by PhosphorImager (Molecular Dynamics). P750 is a purified product
of EcPPK1, which has a chain length of �750 residues. P300, P50, and P30 indicate
the position of poly P with different chain lengths. PPi, pyrophosphate. (A)
Poly P products before (�) and after (�) PPX-treatment. (B) The region
between poly P750 and PPi from gel A is magnified to highlight the chain
lengths of poly P.

Table 2. PPK activities of different D. discoideum cells

D. discoideum strains
Specific activity of

crude lysate, units/mg

WT 1,435
Mutant (Ddppk1-) 188
Mutant (pTX-gfp) 156
Mutant (pTX-Ddppk1) 11,027
Mutant (pTX-gfp-Ddppk1) 5,340
Mutant (pTX-372-Ddppk1) 284
Mutant (pTX-gfp-373-Ddppk1) 228

Note that pTX-gfp is the vector; pTX-Ddppk1 and pTX-gfp-Ddppk1 contain
full-length DdPPK1 and its GFP fusion, respectively; pTX-372-Ddppk1 and
pTX-gfp-373-Ddppk1 contain truncated DdPPK1 and its GFP fusion, respec-
tively. See Materials and Methods for detail. Data are based on the average
values of three independent determinations.

Fig. 4. Growth of different strains of D. discoideum on a K. aerogenes lawn.
D. discoideum cells (20–50) were mixed with K. aerogenes and plated on SM5
agar. Plaque sizes were measured over a 7-day period.

Fig. 5. Cellular localization of DdPPK1. (A) Western blot of anti-EcPPK1
against D. discoideum WT and DdPPK1 mutant (AX2 Ddppk1::bsr) soluble
extracts. (B) Immunofluorescent detection of DdPPK1 in WT cells using anti-
EcPPK1 antibody. (C) DAPI staining image of the same field as B. (D) The
merged image of B and C with anti-EcPPK1 signal in green and DAPI in red.
Preimmune serum was tested and was found to be negative.
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of DdPPK1 mutant cells were multinucleated when grow on
surface in HL5 medium (Table 3). Similar result was obtained
with cells in suspension.

To examine the different stages in cytokinesis, cells were
transformed with a myosin II-GFP-expressing plasmid and the
process was followed by live-cell microscopy. WT cells com-
pleted cell division in �3.5 min after anaphase (Fig. 7), whereas
DdPPK1mutant cells took longer, and 16 of 39 cells observed
failed to divide. Although the typical myosin II location in the
cleavage furrow was seen in all cells, the furrow ingression in the
mutant failed to progress to completion (Fig. 7). After 10–25
(average, 17) min, daughter cells of the mutant fused and became
mostly binucleated. Also observed were four binucleated parent
cells that completed the first round of cytokinesis but failed in
the next to become either two binucleated daughter cells or a
mononucleated and a trinucleated cell. Of the 19 cells that
divided normally, the time interval between anaphase and the
end of cytokinesis was between 3 and 10 min, on an average
about twice the time taken by the WT cells.

Discussion
The principal bacterial enzyme for the synthesis of inorganic poly
P is PPK1. This enzyme is widely conserved in bacteria and
serves a number of essential roles (1). DdPPK1 is shown to be
essential in development, sporulation, and predation (8). Here,
we report the purification, characterization, and cellular local-
ization of DdPPK1 and a unique role in cytokinesis.

Although DdPPK1 activity in crude lysate was stimulated by
the addition of poly P in the reaction mixture, the effect was very
much reduced in partially purified enzyme. This suggests that
poly P is required not as a primer, but as a stabilizer, to neutralize
the contaminating exopolyphosphatase activity present in crude
extract or in partially purified enzyme preparation. So far, no
PPK activity from any source has been shown to require or use
a primer.

The DdPPK1 sequence reveals an N-terminal domain of 370
aa with no homology to any known protein (SI Fig. 8). The
N-terminal truncated DdPPK1 still contains the residues found
in bacterial PPK1 for autophosphorylation, ATP binding, and

poly P synthesis. However, a mutant lacking the N-terminal
sequence is enzymatically inactive and is not localized in the cell
as in the WT. Of comparative interest is the PPK1 of P.
aeruginosa, which contains an extra N-terminal sequence of 80
aa compared with the enzyme in E. coli (SI Fig. 8), which is not
essential for activity (K. Ishige, N.N.R., and A.K., unpublished
data).

The molecular size of the isolated DdPPK1 is �720 kDa,
presumably a hexamer of the 118-kDa subunit (Figs. 1 and 2). In
the presence of poly P or ATP, the size increases, probably due
to oligomerization. A similar capacity for oligomerization was
observed with the hexameric P. aeruginosa PPK1 but not with
EcPPK1, which lacks an N-terminal extension (K. Ishige and
A.K., unpublished data). These properties of a PPK (oligomer-
ization and cellular localization) are reminiscent of the remark-
able DdPPK2 of Dictyostelium (19), which polymerizes into an
actin-like filament concurrent with the synthesis of poly P from
ATP. Experiments using an antibody against EcPPK1 showed
that DdPPK1 was probably membrane-associated (Fig. 5). Even
though the pattern of signal distribution reminds one of mito-
chondrial localization (21), the web-based programs Signal2.0P
and Target1.1 (22) do not provide enough evidences for
DdPPK1 to be mitochondrial. Moreover, Marchesini et al. found
that poly P in D. discoideum is located in acidocalcisomes, the
mass-dense granules containing large amounts of phosphorus,
magnesium, and calcium (23). It would be interesting to know
whether DdPPK1 localizes in acidocalcisomes. This could be
achieved by colocalization studies with the vacuolar pyrophos-
phatase. Therefore, further experiments need to be performed
to establish precise cellular location of DdPPK1. Beyond the
cellular functions of DdPPK1 reported in ref. 8, we have
observed an important role for DdPPK1/poly P in different
stages of cytokinesis (Fig. 7 and Table 3). Mutant cells failed
either to divide or separate. Those that did took longer time and
were likely to be multinucleated. This phenotype of incomplete
cleavage furrow-ingression resembled that observed in the clath-
rin mutant of D. discoideum (24) and in a mutant of kinesin-like
protein CHO1 of mammalian cells (25, 26). As with several other
cellular events that depend on poly P, the molecular basis for its
actions in cytokinesis remain to be determined.

The enzyme DdPPK1 is the first eukaryotic PPK1 studied so
far, and it is likely that many will be discovered. One such
candidate is in the yeast Candida humicola, in which a PPK1
activity resembling bacterial PPK1 was observed, and a DNA

Fig. 7. Cytokinesis of mutant cells (AX2 Ddppk1::bsr) expressing GFP-myosin
II. Time-lapse images show the localization of GFP-myosin II. The WT cell
underwent cytokinesis in 150 s. The mutant cell showed normal GFP-myosin II
localization and initiation of cleavage furrow ingression. However, it did not
complete cleavage furrow ingression and cytokinesis in 18 min (observed in 16
of 39 cells imaged).

Fig. 6. Cellular location of N-terminal truncated DdPPK1. Log-phase mutant
cells containing pTX-gfp-373-Ddppk1 were fixed on cover slips, stained with
DAPI, and visualized under microscope. (A) GFP signal of N-terminal-truncated
DdPPK1. (B) DAPI staining image of the same field as A. (C) Merged image of
A and B with GFP in green and DAPI staining in red.

Table 3. The mutant elevated has multinucleated
cell populations

Nuclei per cell*

WT DdPPK1 mutant

Cell no. % Cell no. %

1 619 96 381 68
2 27 4 172 31
3 0 0 6 1

*Numbers of nuclei per cell were counted based on DAPI staining of fixed
mid-log phase cells that were grown on surface in HL5 medium.
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fragment with 34% homology to EcPPK1 in the deduced protein
sequence was cloned (15). Furthermore, some photosynthetic
eukaryotes (Physcomitrella patens subsp. patens, European Mo-
lecular Biology Laboratory accession no. AJ 876529.1) and moss
were shown to possess DNA sequences partially homologous to
EcPPK1.

Materials and Methods
Reagents. The following reagents were used: blastocidin (Invitro-
gen, Carlsbad, CA); G418 (Nalge Nunc, Rochester, NY); ATP
(Roche Molecular Biochemicals, Indianapolis, IN); [�-32P]ATP
(Amersham Biosciences, Piscataway, NJ); protein size markers
(Bio-Rad, Hercules, CA); polyethylimine-cellulose-F TLC plates
(Merck, Darmstadt, Germany); restriction enzymes (New En-
gland Biolabs, Ipswich, MA); poly P (types 15 and 75), apyrase,
and common chemicals (Sigma–Aldrich, St. Louis, MO); poly
P35, poly P50, poly P300, and poly P750 (A. Kornberg laboratory).

Cells and Growth Conditions. D. discoideum strains include WT
(AX2) and Ddppk1 mutant AX2M1 [AX2 Ddppk1::bsr (blasti-
cidin resistance)] (8). All strains were grown at 21°C in HL5
medium (27). Cells were also grown in association with K.
aerogenes on SM5 agar plates (28). Antibiotics (blasticidin, 5
�g/ml; G418, 10 �g/ml) were added to the media wherever
necessary.

Assay of DdPPK1 Activity. The assay was performed as described
in ref. 8 with minor modifications. The assay mixture contained
50 mM Hepes-KOH (pH 7.2), 80 mM (NH4)2SO4, 1 mM poly P75
(in phosphate residues), 5 mM MgCl2, and 2 mM [�-32P]ATP.
One unit of enzyme is defined as the amount incorporating 1
pmol of phosphate into poly P per min at 37°C.

Isolation of DdPPK1. D. discoideum WT cells transformed with
pTX-Ddppk1 were grown to late log phase, harvested, and the
cells were suspended in 100 ml of TED buffer (50 mM Hepes,
pH 7.4/1 mM EDTA/DTT) with 200 mM KCl. The cells were
lysed by freeze thawing and subjected to ultracentrifugation at
88,000 � g for 1 h at 4°C. The supernatant was filtered through
a 0.22-�m filter, loaded onto a Heparin column, and eluted with
TED buffer containing an increased gradient of KCl. The
fractions with peak DdPPK1 activity were collected and diluted
with TED buffer to make the KCl concentration of �200 mM.
The diluted sample was passed through a DEAE column. The
flow-through (FT) fractions were then separated with a Q
column.

Size-Exclusion Chromatography. The native molecular mass of
DdPPK1 was determined on a TSK G3000SWXL column (Toso-
Haas, Tokyo, Japan) in buffer A [50 mM Hepes-KOH, pH 7.4/0.5
mM EDTA/1 mM DTT/0.01% CHAPS/150 mM Na2SO4],
buffer B (buffer A plus 10 mM poly P75), or buffer C (buffer A
plus 2 mM ATP) at a flow rate of 0.5 ml/min in a PerkinElmer
(Waltham, MA) 888 Pechrom HPLC system at 4°C. Marker
proteins were detected by UV absorption (wave length 280 nm).
Fractions were assayed for DdPPK1 activity.

Urea-PAGE Analysis of the Poly P Product. The enzyme assay was
performed with purified DdPPK1. Products were precipitated
from the reaction mixture with 70% (vol/vol) 2-propanol and
treated with apyrase (1units/ml at 37°C for 30 min) to remove
ATP. An aliquot of the purified product was treated with yeast
exopolyphosphatase (29). Electrophoresis was performed on a
20% urea–polyacrylamide gel containing 7 M urea at 600 V for
3 h; the gel was exposed to a PhosphorImager screen (Molecular
Dynamics, Sunnyvale, CA).

Truncation and GFP-Fusion Construction. On the basis of the same
strategy used for overexpression of full-length DdPPK1 (8),
pTX-372-Ddppk1 was constructed for expressing the truncated
form in which the N-terminal region of 372 aa was deleted.
Briefly, a 0.35-kb-actin-15-promoter was amplified from pTX-
gfp (30) by using primers P1 (8) and P15-DK372 (5�-
CATTCTTGAACCACTCATTTTTTAAGCTTG-3�); the
truncated fragment of DdPPK1 was amplified from WT genomic
DNA with primers, DK1-P15–372 (5�-CAAGCTTAAAAAAT-
GAGTGGTTCAAGAATG-3�) and DK1-Xba-L4 (8). The two
PCR products were purified and mixed as templates for the
second-round PCR with primers P1 and DK1-Xba-L4. The
product was digested with SalI and XbaI and inserted into
pTX-gfp to obtain pTX-372-Ddppk1, which was then transferred
into the Ddppk1 mutant (AX2M1) and selected as described in
ref. 8.

The GFP fusion of full length and truncated DdPPK1 were
constructed downstream of gfp in pTX-gfp vector (30). The
full-length DdPPK1 fragment was amplified with DK1-Sal-U1
(5�-GGTCGACATTGCATTGTATTTTCAGACTA-3�) and
DK1-Xba-L4 (8), was digested with SalI and XbaI, and was then
inserted into pTX-gfp to obtain pTX-gfp-Ddppk1. The trun-
cated DdPPK1 fragment was amplified with primers DK1-Xho-
373 (5�-ACTCGAGGTTCAAGAATGTTTTTTAATAGG-3�)
and DK1-Xba-L4 (8), in which the first 373 amino acids from
N-terminal of DdPPK1 were deleted. The fragment was digested
with XhoI and XbaI, then inserted into pTX-gfp to obtain
pTX-gfp-373-Ddppk1. These plasmids were then transformed
into both WT and the Ddppk1 mutant.

Transformation of D. discoideum. Ddppk1 mutant (AX2M1) cells
(8) were grown in HL5 medium in 9-cm dishes to mid-log phase,
pelleted by centrifugation at 2,000 � g for 5 min at 4°C, washed
with electroporation buffer (10 mM sodium phosphate, pH 7.0;
50 mM sucrose), and resuspended in a proper volume of the
same buffer. Electroporation was performed in a 4-mm cuvette
�1.3 KV and 3.0 �F. Cells were cultured in 10 ml of HL5
medium for 20 h, and selective antibiotics were added to the
medium for selection.

Nuclear Number Studies. WT and mutant cells were grown on
coverslips in HL5 medium to mid-log phase. The cells were fixed
in methanol at �15°C for 5 min and then washed three times with
PBS containing 0.05% Tween 20. After staining with DAPI (10
�g/ml), nuclei were counted on the basis of DAPI signal by using
a Nikon fluorescent microscope (Tokyo, Japan).

Western Blot Analysis. After SDS/PAGE, the proteins were trans-
ferred onto nitrocellulose membranes by using a Transblot
apparatus (Bio-Rad) blocked with 5% (wt/vol) nonfat milk in
PBS and incubated overnight at 4°C. A polyclonal rabbit anti-
EcPPK1 antibody was diluted (�10,000) in the blocking buffer
and incubated with blots at room temperature for 60 min. The
nitrocellulose membranes were washed three times for 20 min
each with PBS containing 0.05% Tween 20 before the addition
of a 1:10,000 dilution of goat anti-rabbit IgG peroxidase antibody
conjugate in blocking buffer for 30 min.

Detection of PPK1 by Immunofluorescence or GFP Signal. WT and
mutant cells grown on cover slips were fixed for 5 min at �15°C
in methanol and washed three times with PBS containing 0.05%
Tween 20. The coverslips were then blocked in PBS containing
0.1% BSA for 30 min at 37°C. After incubation for 30 min with
anti-PPK1 antibody (1:200), the coverslips were thoroughly
rinsed with PBS containing 0.05% Tween 20. Further incubation
was performed with FITC-conjugated secondary antibody
(1:1,000). The coverslips were placed on a glass slide and
examined for immunofluorescence by using a Nikon fluorescent
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microscope equipped with a 100� objective. Fluorescence im-
ages were obtained by using a green filter for GFP and a blue
filter for DAPI. Pictures were captured with a CDD digital
camera and processed with MetaMorph software (Universal
Imaging Corporation, Downingtown, PA).

Cells containing GFP fusion proteins were grown on cover
slips and fixed in methanol. After staining with DAPI, the signals
were observed the same way with immunofluorescence.

Fluorescent Live-Cell Microscopy. For live-cell imaging, the cells
carrying GFP-myosin II (transformed with plasmid p100, gift
from J. A. Spudich, Stanford University, Stanford, CA) were
cultivated at 22°C in optical coverglass chambers (Lab-Tek,

Naperville, IL), and the HL5 medium was replaced by imaging
buffer [20 mM Mes-NaOH (pH 6.8)/0.2 mM CaCl2/2 mM
Mg2SO4] (31). Cells were examined with a 64� 1.3 numerical
aperture objective on an Axiovert microscope (Zeiss, Jena,
Germany). Images were collected at 30-s intervals with
MetaMorph software and processed with Photoshop (Adobe
Systems).
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