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Abstract

Nucleoside diphosphate kinases (NDPKs) are ubiquitous phosphotransfer enzymes responsible for producing most of the
nucleoside triphosphates except for ATP. This role is important for the synthesis of nucleic acids and proteins and the
metabolism of sugars and lipids. Apart from this housekeeping role NDPKs have been shown to have many regulatory
functions in diverse cellular processes including proliferation and endocytosis. Although the protein has been shown to
have a positive regulatory role in clathrin- and dynamin-mediated micropinocytosis, its roles in macropinocytosis and
phagocytosis have not been studied. The additional non-housekeeping roles of NDPK are often independent of enzyme
activity but dependent on the expression level of the protein. In this study we altered the expression level of NDPK in the
model eukaryotic organism Dictyostelium discoideum through antisense inhibition and overexpression. We demonstrate that
NDPK levels affect growth, endocytosis and exocytosis. In particular we find that Dictyostelium NDPK negatively regulates
endocytosis in contrast to the positive regulatory role identified in higher eukaryotes. This can be explained by the
differences in types of endocytosis that have been studied in the different systems - phagocytosis and macropinocytosis in
Dictyostelium compared with micropinocytosis in mammalian cells. This is the first report of a role for NDPK in regulating
macropinocytosis and phagocytosis, the former being the major fluid phase uptake mechanism for macrophages, dendritic
cells and other (non dendritic) cells exposed to growth factors.
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Introduction

Nucleoside diphosphate kinases (NDPK, nm23 or Nme family)
are ubiquitous enzymes responsible for catalysing the phosphory-
lation of nucleoside diphosphates to nucleoside triphosphates via a
labile, high energy phosphohistidine intermediate [1]. The nm23
family members are highly conserved from prokaryotes to
eukaryotes and are responsible for producing most of the nucleoside
triphosphates except for ATP. Apart from this housekeeping
function, NDPKs have been shown to play numerous additional
roles, the first of which to be discovered was as a suppressor of
metastasis [2]. Subsequently, NDPK was found to participate in
regulating proliferation [3-5], differentiation and development [6—
10], apoptosis [11,12], tumourigenesis [13], signal transduction
[14], gene expression [15,16] and vesicular trafficking [17-19].

Multiple types of endocytosis have been described in eukaryotic
cells and involve distinct molecular mechanisms and cargos [20,21].
Of these, phagocytosis and pinocytosis respectively facilitate the
uptake of solid particles and fluid from the extracellular milieu, the
latter being traditionally subdivided into macropinocytosis and
micropinocytosis depending on the size of the resulting pinosome.
Several distinct mechanisms of microscale endocytic processes
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(micropinocytosis) have been recognized and NDPK has been
shown to play a positive regulatory role in some [22].

The best understood and most common type of endocytosis in
cultured cells of higher eukaryotes is micropinocytosis mediated by
clathrin coated vesicles. Macropinocytosis on the other hand, is
favoured by specific cells such as macrophages, dendritic cells and
cells which have been exposed to growth factors. Macropinocytosis
involves the formation of large vesicles which result from membrane
ruffles folding back on the plasma membrane [20,21]. This process
relies upon the polymerisation of actin and, like phagocytosis, does
not involve clathrin. Although NDPK-B has been identified in the
membranes of macrophages [23] and in the phagosomes of a murine
macrophage cell line [24], the function of NDPK in phagocytosis and
macropinocytosis has not been investigated previously. The model
eukaryotic organism Dictyostelium discoideum is a tractable model for the
study of phagocytosis and macropinocytosis [25] and hence was used
in this work to study the role of NDPK in these processes.

Dictyostelium has a haploid genome which has been completely
sequenced [26] and is amenable to a range of genetic manipulation
techniques. It also has a unique life cycle in which starving amoebae
differentiate, and aggregate chemotactically to form a multicellular
organism (the so-called “standing finger/slug™) that subsequently
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undergoes further differentiation and morphogenesis to form a
fruiting body. This life cycle, with its motile unicellular and
multicellular stages and multiple cell types, provides an unparalleled
variety of phenotypes for study. As such Dictyostelium has become a
widely accepted model for the study of many cellular processes
including signal transduction, chemotaxis [27-29], mitochondrial
disease [30-32], movements of the cytoskeleton [33] as well as
vesicle trafficking and endocytosis [25].

The D. discoideum genome includes three genes encoding
proteins of the NDPK family. A mitochondrially located NDPK
is encoded by ndkM (or guk), but accounts for only 2-3% of total
NDPK activity [34-35]. Other eukaryotic organisms such as rats
and humans also contain a mitochondrial NDPK with similar
levels of activity [1]. Another gene (DDB_G0292928) encodes a
protein that clearly belongs to the NDPK superfamily, but has not
been studied. A third gene, ndkC (or gip17) encodes a cytosolic form
of NDPK (NDPK-C), which represents most of the NDPK activity
within these cells [36]. The hexameric form of NDPK-C was the
first NPDK to be crystallized and its wild type and mutant forms
provided a model for structure-function relationships in enzymes
of the NDPK family [36-43]. However the biological roles of this
protein in Dictyostelium have received scant attention. Here we
redress this in a study of the biological functions of Dictyostelium
NDPK. Overexpression and antisense inhibition studies presented
here show that Dictyostelium NDPK-C (henceforth called NDPK for
simplicity) plays roles in regulating growth, endocytosis and
exocytosis. NDPK was found to inhibit phagocytosis and
macropinocytosis which contrasts with its positive regulatory role
in micropinocytosis. Mammalian NDPK is a metastasis suppressor
and a link between macropinocytosis and metastasis in mamma-
lian cells is suggested by the fact that a number of signalling
proteins involved in metastasis are also implicated in macro-
pinocytosis  [20,21]. Our observed biological functions for
Dictyostelium NDPK are consistent with an ancient origin for some
of its roles in growth and endocytic vesicle trafficking.

Results

NDPK subcellular localization

Immunofluorescence microscopy of wild type AX2 Dictyostelium
cells showed that Dictyostelium NDPK exhibits a punctate distribution
in the cytoplasm with enrichment at the cell periphery and around
vacuoles which may represent endocytic or exocytic vesicles (Fig. 1).
In mammalian cells, NDPK also exhibits a punctate distribution
through the cytoplasm and is more highly concentrated close to
plasma and vesicular membranes [44-46]. This distribution of NDPK
in Dictyostelium is reminiscent of the subcellular locations of actin and
calmodulin, both of which are found distributed throughout the
cytoplasm but enriched at the cell periphery (actin) or around vesicles
(calmodulin) [47-48]. Our colocalisation experiments showed that
NDPK was indeed enriched in regions containing higher concentra-
tions of actin or calmodulin (Fig. 1A). However, coimmunoprecipita-
tion experiments failed to support a stable biochemical interaction
between NDPK and either actin or calmodulin (data not shown).
Immunofluorescence studies of NDPK in animal cells similarly
showed an association with the cytoskeleton [49], but no biochemical
interaction could be identified [50].

Our results show that Dictyostelium NDPK exhibits a similar
submembraneous localization to that of its mammalian counter-
parts and that this localization is independent of a stable interaction
with either the actin cytoskeleton or calmodulin. These similarities
suggested that, like its mammalian counterparts, Dictyostelium NDPK
would participate in a variety of signalling pathways, including those
that regulate endocytosis. As a first approach to this question we
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Figure 1. NDPK colocalises with actin and calmodulin, but not
with macropinosomes. A. Wild type (AX2) Dictyostelium cells were
immunostained with antibodies against NDPK, represented in green in
panels a and d; actin, red in panel b; and calmodulin represented in red
in panel e. The images were overlaid and association could be seen
between NDPK and actin at the cell periphery in panel ¢ and also
between NDPK and calmodulin at the periphery and vacuoles in panel f.
Insets in Panel A highlight enrichment of NDPK at the cell periphery and
around vesicles and macropinosomic ruffles. B. Wild type (AX2)
Dictyostelium cells in nutrient (HL-5) medium were pulsed with TRITC-
dextran and chased for 0 minutes (panel a), 15 minutes (panel b) and 60
minutes (panel c). Cells were immunostained using antibodies against
NDPK. TRITC-dextran fluorescence in macropinosomes is represented in
red, NDPK immunofluorescence is shown in green and the nucleus is
stained with DAPI, shown in blue. The lower part of each panel shows
the NDPK localization and loaded macropinosomes at higher magni-
fication.

doi:10.1371/journal.pone.0026024.g001

examined whether NDPK is located on endosomes during a pulse
chase of TRITC-Dextran during its macropinocytic uptake from
nutrient medium. TRITC-Dextran was pulsed for 5 minutes,
removed from cells and chased for different time intervals 0 (a), 15
(b) and 60 (c) minutes. Each time point represents a different stage of
endocytic vesicle trafficking and correspondingly different endoso-
mal compartments. As the results show (Fig. 1B) NDPK was located
close by, but not colocalized with TRITC-Dextran compartments
at all chased time points. We conclude that NDPK is not a
constitutive part of Dictyostelium macropinosomes.

Creation of transformants with increased and decreased
levels of NDPK expression

Although NDPK is not constitutively located on endosomes, its
enrichment in submembraneous locations close to the cell
periphery is consistent nonetheless with possible roles in endocytic
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vesicle trafficking. The biochemical structure-function relation- antisense strain. These correspond to differences in NDPK
ships of the Dictyostelium enzyme have been well studied, but its expression at the mRNA level of as much as 8- to 16-fold.
biological roles have been less intensively investigated. To explore

these, we created stable knock down and overexpression cell lines NDPK has no effect on multicellular development

(strains) by transforming AX2 wild type cells with antisense The Dictyostelium life cycle permits analysis of both the
inhibition or overexpression constructs. The integration of such directional migration of the motile multicellular slug form and
constructs into random sites in the genome is accompanied by the gross morphology of the fruiting body (Fig. 3). We found no
rolling circle replication of the plasmid, so that cach transformant effects of either antisense inhibition or overexpression of NDPK on
contains a different number of copies ranging typically from a few phototaxis or fruiting body morphology (Fig. 3) or developmental
to several hundred [51]. The mere presence of multiple copies of timing and morphogenesis throughout the developmental pro-
integrated plasmid constructs has no observable phenotypic effects gramme (Fig. 4).

[32]. The variation in copy number permits the combination of
overexpression and knock down strains with gene copy-number NDPK inhibits growth on bacterial lawns

dependent dose response studies. This is a very powerful approach In the single cell, vegetative phase of its life cycle, Dictyostelium
in which extraneous, unknown genetic changes that can arise engulfs bacteria as a food source and we observed effects on
stochastically during mutant isolation are readily excluded as growth on bacterial lawns. Fig. 5 shows that a reduction in NDPK
sources of phenotypic changes. This is because such changes are expression increases the plaque expansion rate on bacterial lawns,
random and not correlated with copy number. To determine how while overexpression results in a decrease in the rate of plaque
the variable gene dose affected NDPK expression, the copy growth on bacterial lawns. Contrary to these results, experiments
numbers for the antisense and overexpression transformants were by Sellam et. al. [52] did not reveal any growth defects in strains
determined by quantitative Southern blotting and the NDPK overexpressing NDPK. The larger effect in our results is observed
mRNA levels were measured in semiquantitative qRT-PCR with antisense inhibition and this may explain the discrepancy
(Fig. 2). The results showed that the level of RNA was increased between these experiments and those conducted by Sellam et al
in the overexpression transformants and decreased in the [52] who did not study antisense-inhibited strains. Furthermore,
antisense-inhibited transformants and that this was correlated multiple independent transformants were studied in our experi-
with the copy number. The threshold cycle numbers in the qRT- ments and their phenotypes were correlated quantitatively with
PCR experiments ranged from 11 or 12 in the high copy number the copy numbers, allowing a more sensitive and accurate analysis
overexpression strains to about 15 in the highest copy number of the phenotypic effects.

NDPK Expression Levels
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Figure 2. NDPK expression levels were altered in the transformants. Semiquantitative RT-PCR was performed three times for each of 12
transformants and the wild type strain and the threshold values obtained in each of the three experiments were plotted against the measured copy
number data. Negative copy numbers refer to the antisense construct and positive copy numbers to the overexpression construct. These results
show that NDPK expression levels were decreased in the antisense transformants and increased in the overexpression transformants giving an overall
difference in expression of as much as 8-16 fold. The correlation was significant at P<<0.05 (Pearson product moment correlation coefficient p). It
accounts for about 25% of the variance in the gPCR threshold cycle number (R?=0.253), while the remainder reflects experimental error inherent in
the gPCR and copy number measurements. Copy number was calculated by quantitative southern blotting. The inset on the left depicts the southern
blots for several representative transformants and shows that the copy number varies between transformants. NDPK protein levels were also
determined through western blotting and the results of several transformants are depicted in the inset labelled protein (western blotting). The upper
panels in the western blots show the B-actin bands detected in the same blot as a loading control using a commercial antibody.
doi:10.1371/journal.pone.0026024.g002
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Figure 3. NDPK has no effect on phototaxis or fruiting body
morphology. A:NDPK antisense-inhibited strains and NDPK overex-
pressing strains displayed accuracies of phototaxis in the wild type
range. The light source is to the right of the figure. B:Fruiting body
morphology was also unaffected in the transformants with their
morphology resembling the wild type.

doi:10.1371/journal.pone.0026024.g003

NDPK inhibits phagocytosis but not amoeboid motility

Since elevated NDPK expression resulted in slower plaque
expansion rates during growth on bacterial lawns (and vice versa),
we wanted to determine if these phenotypes could be explained by
changes in the ability of cells to ingest nutrients. To measure the
rate of nutrient intake during growth on bacteria, phagocytosis
experiments were conducted. As seen in Fig. 6, increasing the
levels of NDPK expression resulted in decreased rates of
phagocytosis, thereby providing an explanation for the reduced
rate of plaque expansion on bacterial lawns.

The ability of the amoebic form of Dictyostelium to grow on
bacterial lawns is controlled not only by their ability to ingest
bacteria via phagocytosis but also by their motility as the cells need
to migrate into the bacterial lawn in order to consume the
bacteria. Therefore, we measured random motility by vegetative
cells and chemotactic motility by starved, aggregation competent
cells of NDPK antisense and overexpression transformants on
glass coverslips (Fig. 7, Tables S1 and S2). We found no effect of
NDPK expression levels on motility under these conditions,
suggesting that the reduced growth on bacterial lawns is indeed
caused by decreased rates of phagocytosis. Since motility is
unaffected, the inhibition of phagocytosis is unlikely to be
mediated by general impairment of actin assembly or pseudopod
extension.

NDPK promotes growth in liquid, but inhibits
macropinocytic vesicle uptake and exocytosis, increasing
vesicle residence time

Laboratory strains of Dictyostelium are able to grow axenically
(i.e. without a bacterial food source) in liquid medium, a mode of
growth that is supported by macropinocytic uptake of nutrients
from the broth. Whereas elevation of NDPK expression levels
inhibited growth on bacterial lawns, high NDPK copy number
produced an increase in the rate of growth (ie. decreased
generation time) in axenic (liquid) culture (Fig. 8). Unexpectedly,
we found that this higher growth rate could not be explained by a
corresponding increase in the rate of pinocytic nutrient uptake.
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Figure 4. Multicellular development is unaffected by NDPK
expression levels. The development of wild type, NDPK antisense
and NDPK overexpressing cells was tracked over time and images
recorded at the time points shown above the columns. Each panel
includes an aerial view of the plate and a side view. All strains
developed at a similar rate indicating that NDPK has no effect on the
time course of multicellular development.
doi:10.1371/journal.pone.0026024.9004

Instead, macropinocytosis, like phagocytosis, was inhibited by
increased NDPK expression levels (Fig. 9). To investigate this
apparent paradox, we determined the rate at which the contents of
endocytic vesicles were expelled by exocytosis. The results in
Fig. 10 show that 2 hours after removal of FITC from the
extracellular medium, significantly higher levels were retained by
the cells when NDPK expression levels were higher (Fig 10A). This
increase in the residence time within the cell of material taken up
by macropinocytosis resulted from a reduction in exocytic rates
(Fig 10B), while the steady state mass of endocytosed material was
not significantly affected (Fig 10C). These results suggest a possible
explanation for the paradoxically faster growth in liquid medium
as NDPK expression levels increase - the longer residence time of
macropinocytic vesicles within the cell at higher NDPK levels may
allow more complete digestion and uptake of available nutrients
from within the vesicles.

Discussion

We have investigated the biological roles played by NDPK in
Ductyostelium by altering its expression levels. Expression was
knocked down by antisense inhibition or increased by overexpres-
sion from a constitutively active promoter. NDPK is normally
expressed at high levels in Dictyostelium vegetative cells and down-
regulated drastically during the first 6 hours of starvation-induced
development [35]. This is followed by a slight increase to levels
which are stable for the rest of development.

The development of Dictyostelium as a multicellular organism
depends upon the differentiation of two major cell types, spore and
stalk cells, and their proper distribution in the fruiting body by a
series of complex morphogenetic movements. We found that
developmental timing, multicellular morphogenesis and final
fruiting body morphology were unaffected by altered NDPK
expression levels. This is consistent with the normal expression
patterns for NDPK and suggests that the protein plays its major
roles in Dictyostelium during vegetative growth rather than later in
development. However we cannot rule out subtle developmental
defects which do not cause obvious alterations in morphogenesis.
It is also possible that NDPK is required for normal fruiting body
morphology but that in our experiments, the levels were not
altered sufficiently to produce an obvious phenotype. In other
organisms where developmental defects were observed, the gene
had been knocked out [53-54].
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Figure 5. NDPK inhibits growth on bacterial lawns. The rate of
expansion of wild type (0 copies — cells contain neither the antisense
nor the overexpression construct) and NDPK transformant colonies
(plaques) was measured in three independent experiments. The
number of copies of the antisense (negative numbers) and overex-
pression (positive numbers) constructs within the genome were used as
an NDPK expression index. Each point represents the mean of data
obtained for a single transformant. Plaque expansion rates were
negatively correlated with the NDPK expression index (copy number).
The correlation was significant at P<<0.01 (Pearson product-moment
correlation coefficient p). Representative plaques (with scale bar) after 3
days incubation are shown for an antisense inhibition strain (left side -
473 copies), the wild type strain (middle - AX2) and an overexpression
strain (right side - 232 copies).

doi:10.1371/journal.pone.0026024.9005

Amongst the most intensively studied roles of NDPK are its
functions in tumourigenesis and metastasis. The former involves
uncontrolled proliferation of tumour cells and the latter involves
their migration to secondary sites. Throughout this process,
tumour cells are dependent on their ability to ingest nutrients from
the extracellular milieu surrounding them. In this work we have
studied the roles of NDPK in Dictyostelium proliferation, motility
and nutrient uptake.

An increase in NDPK expression is generally associated with
increased cell growth as inferred from data in cultured mammalian
cells in which knock down of NDPK resulted in cell growth
suppression [3,55]. In Dictyostelium we observed a similar result,
with decreased NDPK' expression resulting in decreased axenic
growth and vice versa. Growth on bacterial lawns did not display
this association, but this can be explained by the effects on
phagocytosis, a form of nutrient uptake that did not pertain in the
mammalian cell experiments.

Although the difference between growth on plates and axenic
growth was unexpected, such differences have been noted before.
Alteration of the expression levels of NDPK often exerts different
effects depending on the conditions. This plasticity of NDPK
action can occur even within the one kind of cell. For example, in
LMTF+4 clones, depending on the environmental conditions, NDPK
either potentiates cell growth or inhibits it to promote cellular
differentiation and development [56]. Our experiments similarly
showed that NDPK affects Dictyostelium growth in opposing ways in
different cellular environments.

NDPK was first identified as a metastatic suppressor in mouse
melanoma cell lines [2] and since then has also been shown in
numerous (but not all [57]) metastatic cell lines to be down
regulated (review in [13]). Motility is an important aspect of
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Figure 6. NDPK inhibits phagocytosis. The ability of the cells to
ingest a fluorescent bacterium (DsRed-expressing E.coli) was assayed
and showed that the phagocytic uptake of bacteria was negatively
correlated with the NDPK expression index (defined as in Fig. 5). The
correlation was significant at P<<0.05 (Pearson product-moment
correlation coefficient p). Each point is the mean for a single
transformant from duplicate measurements made in each of five
experiments.

doi:10.1371/journal.pone.0026024.g006

metastasis allowing the cells to migrate to secondary sites. I vitro
experiments on cancer cell lines show that NDPK reduces cell
motility and that this is accompanied by reduced cell invasion. It is
known that the role of NDPK in cell lines is not related to its
enzymatic activity but to its expression levels [58]. In our
experiments we found no effect of NDPK expression levels on
cell motility when we measured the motility of axenically grown
cells on glass. However, we cannot exclude possible effects of
NDPK expression levels on the movement by which growing
amoebae invade a bacterial lawn on the surface of agar plates.
These conditions may be more comparable to the emigration from
primary tumours and invasion of other tissues by metastatic cells.

Our finding that NDPK reduces both pinocytosis and exocytosis
could be related to its endocytic role in animal cells. For example
mammalian NDPK-A can interact with ARF6-GTP a protein
which is involved in the disassembly of adherens junctions [19].
ARF6-GTP interacts with and recruits NDPK-A to the cell
membrane which aids in the process of endocytosis. Additionally
NDPK-B has been shown to directly interact with ICAP-lo
(Integrin Cytoplasmic Domain-Associated Protein), and forms a
complex with ICAP-la, B-integrin and Racl on the cell
membrane during early adhesion [59,12]. NDPK has also been
shown to play a role in intracellular vesicle trafficking. For
example, NDPK-B interacts with COPII a complex which is
essential for mediating vesicle formation at the ER and for ER to
Golgi trafficking [60]. In Drosophila NDPK regulates dynamin-
dependent internalisation processes such as synaptic vesicle
endocytosis and vesicle-dependent turnover of receptors [18].
NDPK has also been shown to interact with cytoskeletal
modulators which are important for endocytosis including an
indirect association with Tiam1 [61].

During the final stage of Dictyostelium development, prespore
secretory vesicles (PSV) are exocytosed from prespore cells to form
the outermost layer of spore cell wall. The proteins in these vesicles
contain not only the coat proteins but also regulatory proteins such
as NDPK [62]. This localization of NDPK to PSV and the results
presented here suggest that NDPK may be involved in regulating
exocytosis and endocytosis in Dictyostelium as in animal cells.
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Figure 7. Cell motility is unaffected by the level of NDPK
expression. Random motility by vegetative cells and chemotactic
motility of aggregation-competent cells of the wild type strain (AX2) as
well as two antisense and two overexpression transformants were
assayed in three independent experiments. Each point represents the
overall mean velocity of movement or the accuracy of chemotaxis (k)
from all three experiments combined. k is the concentration parameter
of the von Mises distribution for directional data [87] and ranges from
zero in the case of no orientation to infinity in the case of perfect
orientation (all directions identical). Tables S1 and S2 show, in pairwise
statistical comparisons, that the slight motility differences amongst the
strains were real (statistically significant) but as shown in the Figure
they were not correlated with NDPK expression.
doi:10.1371/journal.pone.0026024.9g007

However the direction of NDPK-mediated regulation of endocy-
tosis and exocytosis observed here, contrasts with what has been
observed in some other systems. For example, in Drosophila, NDPK
rescued the endocytic and synaptic recycling defects displayed by a
dynamin null mutant [18]. This suggests that metazoan NDPK
plays a positive regulatory role in endocytosis compared with the
negative regulatory role observed in Dictyostelium.

How can these apparently contradictory observations be
explained? The answer may lie in differences in the types of
endocytosis predominantly employed by Dictyostelium and cultured
cells of higher eukaryotes. Endocytosis and exocytosis are
important to all eukaryotic cells for the uptake of nutrients and
expulsion of waste, recycling of receptors etc. However, endocy-
tosis can be performed by several different mechanisms including
macropinocytosis and clathrin- or dynamin-mediated micropino-
cytosis. Specific cells favour a particular method of fluid phase
uptake - either macropinocytosis or micropinocytosis. When one
method is favoured, the other is down regulated and wvice versa.
While macropinocytosis accounts for the majority of fluid phase
uptake in Dictyostelium [63], in cultured cells of higher eukaryotes
fluid phase uptake mostly occurs through micropinocytosis
(reviewed by [20,21]). Macropinocytosis predominates only in
select types of cells, including macrophages and dendritic cells, and
can also be induced in (non-dendritic) cells by exposure to growth
factors [64-68].

Although NDPK promotes clathrin-dependent and dynamin-
dependent micropinocytosis (in animal cells), our results show that
it inhibits macropinocytosis (in Dictyostelium). This suggests that
NDPK may be a regulator of the type of endocytosis used and is
consistent with the roles of other pinocytic regulators. FFor example
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Figure 8. NDPK stimulates growth in liquid medium. The
generation time for wild type and NDPK transformants was measured
in three independent experiments and the mean for each transformant
was plotted against the NDPK expression index (defined as in Fig. 5).
The generation times decreased as the level of NDPK expression
increased. The correlation was significant at P<<0.05 (Pearson product-
moment correlation coefficient p).
doi:10.1371/journal.pone.0026024.9g008

in mammalian cells NDPK-A inhibits Racl thereby causing
increased micropinocytosis [61], yet in Dictyostelium Racl overex-
pression results in increased macropinocytosis [69]. Thus Racl
appears to be involved in inhibiting micropinocytosis and
promoting macropinocytosis. There is evidence to suggest that
the formation of membrane ruffles and macropinocytosis is related
to oncogenic transformation and the metastatic potential of
tumour cells. The normal and oncogenic forms of both Ras
[70-71] and Src [72] stimulate increased rates of macropinocytosis
and, in the latter case at least, this can be inhibited by expression
of the metastatic suppressor drs. Metastasis suppressors thus seem
to reduce the macropinocytic ability of cells and our results with
NDPK are consistent with this. The mechanisms underlying the
link between metastasis and macropinocytosis are largely un-
known, but some of the same signalling molecules appear to be
involved e.g. Ras proteins and PI3 kinases [20,21,73-76]. There
are many Ras proteins in Dictyostelium and some are known to be
involved in macropinocytosis [77-79]. Similarly double knockout
of two of the three PI3 kinases in Dictyostelium produces defects in
macropinocytosis [80-81]. Together these results suggest that the
study of macropinocytosis in the genetically tractable model
Ductyostelium discordeum may shed light not only on the regulation of
endocytic pathways, but also indirectly on the complex process of
metastasis in mammalian cells.

Materials and Methods

Dictyostelium strains and culture conditions

Dictyostelium wild type strain, AX2 [82], and the derived
transformants were either grown axenically in HL-5 medium
[82] which for transformed cell lines, contained 15 pg/ml G418
(Promega, Annandale, Australia) in shaken suspension (150 rpm)
at 21°C or on SM agar plates with Klebsiella aerogenes as a food
source [83]. The transformants used included NDPK antisense
mhibited strains (containing construct pPPROF500) and NDPK
overexpressing strains (containing construct pPROF520).
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Figure 9. NDPK inhibits macropinocytosis. The ability of axenically
growing cells to uptake FITC-dextran was measured and plotted against
the NDPK expression index (defined as in Fig. 5). Macropinocytosis rates
declined as NDPK expression levels increased. The correlation was
significant at P<<0.01 (Pearson product-moment correlation coefficient
p). Duplicate measurements were made in each of three experiments
for each transformant and the overall mean from all three experiments
was plotted.

doi:10.1371/journal.pone.0026024.g009

Plasmid Construction

Full length ndkC was amplified from genomic AX2 DNA using
primers NDPKF (ATCTGAGAATTCATCGATATGTCCA-
CAAATAAAGTAAA) and NDPKR (ATCTGAGAATTCCTC-
GAGTTATTCGTATAAATTTGGGT).

The PCR product was cloned into the FcoRlI site of an E. coli
vector pUC18 and named pPROF519. The gene was subcloned
into the Dictyostelium expression vector pAl5GIFP in the sense
orientation using the restriction enzymes Xhol and Clal and named
pPROF520. This construct was used for overexpression of the
NDPK gene. The gene was also subcloned from pPROF519 into
the EcoRI site of the Dictyostelium vector pDNeo2 in the antisense
orientation to create the construct pPROF500 which was used for
antisense inhibition experiments.

Transformation

AX2 cells were transformed with 20 ug of non-linearised
construct DNA (pPROF500 or pPROF520 for creation of NDPK
antisense inhibition or NDPK overexpression strains) via the
calcium phosphate DNA precipitation method [84] Following
selection on Micrococcus luteus lawns grown on SM agar plates
containing 15 ug/ml G418 [85] transformants were subcultured
and maintained on Alebsiella lawns and axenically in HL-5.

Growth Assays

Growth on solid media. A scraping of amocbae was
subcultured using a flat edged toothpick to the centre of a Normal
Agar (20 g/1 agar [Oxoid, Basingstoke, Hampshire, England], 1 g/1
Bacto peptone [Difco, Detroit, MI], 1.1 g/1 anhydrous glucose,
1.9972 ¢/1KHyPO, and 0.356 g/1 Na,HPO,.2H,O, pH 6.0) plate
containing a lawn of E.coli B2. The diameter of the plaque was
measured at 8-12 hour intervals for an average of 100 hours. The
recorded values were analysed by linear regression by using the “R”
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environment for statistical computing and graphics (http://www.R-
project.org) to determine the plaque expansion rate.

Growth in liquid media. Growth in liquid medium was
performed as previously described [86]. Dictyostelium wild type and
transformant cell lines were grown axenically to exponential phase
in HL-5 with no antibiotics. Cells at an initial cell density of 1 x10*
cells/ml were subcultured to fresh HL-5 medium (no antibiotics)
and the cell densities were determined using a haemocytometer at
8-12 hour intervals over a period of 100 hours. The cell densities
were then analysed by log-linear regression using the R
programming environment computer software to determine the
generation time from the exponential portion of the growth curve.

Endocytosis Assays

All Dictyostelium strains (wild type AX2 and transformants) were
grown in HL-5 medium with no antibiotics to exponential phase
prior to use in the following experiments.

Phagocytosis Assay. Bacterial uptake by Dictyostelium strains
was determined as previously [32] by using as prey an E.coli strain
expressing a fluorescent protein DsRed [87]. Dictyostelium amoebae
were harvested, washed, resuspended at 1.3-28x10° cells/ml and
starved in Sorenson’s buffer at 21°C for 30 min with shaking at
150 r.p.m. For the assay, 1 ml of the E. coli suspension was added
to 1 ml of starving Dictyostelium cells. At each time point in the
assay, 0.5 ml amoebae were washed free of uningested bacteria by
differential centrifugation in the presence of 5 mM sodium azide
and their fluorescence was measured in a Turner Biosystems
Modulus fluorometer using a specially constructed module
designed for DsRed (530 nm excitation and 580 nm emission).
Measurements were performed in duplicate at each time point.
The hourly rate of consumption of bacteria by a single amoeba
was calculated from the increase in fluorescence over 30 min, the
fluorescence signal per million bacteria and the amoebal density.

Pinocytosis Assay. Pinocytosis assays [88] were performed
using fluorescein isothiocyanate (FITC-dextran, Sigma-Aldrich,
average mol. mass 70 kDa; working concentration, 2 mg/ml in HL-
5 growth medium) as previously described [32]. Axenically growing
cells were harvested, resuspended in HL-5 at 2.5-25x10° cells/ml,
and shaken at 150 rpm for 20 min at 21°C. FITC-dextran was
added to the cells, and at each time point 200 ul aliquots were
transferred to 3 ml of ice-cold phosphate buffer (2 mM Na,HPO,.
2H20 and 15 mM KH,POy, pH 6.0). The cells were harvested,
washed twice with ice-cold phosphate buffer, and lysed by addition
of 2 ml of 0.25% (vol/vol) Triton X-100 in 100 mM Na,HPO,,
pH 9.2. The fluorescence of the lysate was measured in duplicate at
each time point in a Modulus fluorometer (Turner BioSystems)
using the Green Module. The hourly rate of uptake of medium was
calculated from the cell density, the increase in fluorescence over 60
or 70 min, and a separate calibration curve relating the fluorescence
signal to the volume of fluorescent medium.

Exocytosis Assay. The assay was performed as in the
pinocytosis assay [32] except the cells were incubated in FITC-
Dextran for 90 minutes to achieve complete steady-state FITC-
Dextran loading of the cells. The cells were pelleted by
centrifugation (2,500 x g/2 minutes) and resuspended in HL-5
containing no FITC. Duplicate 200 ul aliquots were removed
(T0), the cells were incubated for 2 hours and a duplicate 200ul
aliquots were again removed (12). The aliquots were added to
tubes containing 3 ml of Sorensen’s buffer, washed counted, lysed
and the raw fluorescence measured as in the pinocytosis assay.

Western Blot

For western blotting, 1x107 cells were lysed in 200 ul of lysis
buffer (50 mM Tris-HCI, 150 mM NaCl and 0.02% Triton-X100)
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Figure 10. NDPK inhibits exocytosis. Duplicate measurements of
the rate of exocytosis of FITC-Dextran were made in three independent
experiments and the mean for each transformant plotted against the
NDPK expression index (defined as in Fig. 5). A. Two hours after
washing, the amount of FITC retained in the cells increased with the
level of NDPK expression. The amount of FITC retained in the cells is
expressed in terms of the equivalent volume of FITC-containing
medium at the time of pinocytic uptake. B. The rate of exocytosis
decreased as the level of NDPK expression increased. C. The steady
state loading of FITC-dextran-containing medium was unaffected by
NDPK expression levels. The correlation in both A and B was significant
at P<0.01, while the correlation in C was not significant at P>0.1
(Pearson product-moment correlation coefficient p). Lines of best fit in
A and B were plotted using a 2" order polynomial function which
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provided a visually better fit to the data than the best fitting linear
function. A linear function was fitted in C.
doi:10.1371/journal.pone.0026024.9010

centrifuged and the supernatant was transferred to a new tube. A
15 pl aliquot of protein extract in 4 x loading buffer (62.5 mM
Tris-HCI, pH 6.8, 25% glycerol, 2% SDS, 0,01% bromophenol
blue) was boiled for 5 minutes, subjected to 10% SDS-PAGE,
transferred to PVDF membrane (Bio-Rad) and incubated in
primary rabbit antiNdkC (affinity purified, a kind gift from Dr.
M.L. Lacombe, 1:1000), or mouse antiactin (Santa Cruz Biotech
1:1000) antibodies followed by incubation in secondary antirabbit
(Santa Cruz Biotech.) or antimouse (Amersham) antibodies, both
1:2,500. Proteins were visualised using the chemiluminescence
ECL system (Amersham) and the STORM image analyser
(Amersham).

Immunofluorescence

Exponentially growing AX2 cells were incubated for 1 hour in
HL-5 followed by incubation for 30 minutes in LoFlo HL-5. Cells
were fixed in 4% formaldehyde, washed with PBS, permeabilised
ice-cold methanol, blocked in blocking buffer (1% BSA, 1% fish
gelatin, 0.05% Tween 20 in PBS), and labelled overnight at 4°C
with primary rabbit antiNdkC' and mouse antiactin (Santa Cruz
Biotechnology) antibodies in blocking buffer. Next day the cells
were incubated in secondary antimouse Alexa 594 and antirabbit
Alexa 488 antibodies for 1 hour at room temperature. Finally, the
cells were mounted in mounting medium (Dako) containing 4',6-
diamino-2-phenyl-indol (DAPI, Sigma).

Confocal microscopy

All fluorescent images were obtained using a Leica TCS SP2
AOBS confocal microscope equipped with an HCX PL. APO A-
Blue 63x/1.4 objective (Leica Microsystems). Alexa-594 was
excited using a 594 nm laser line, FITC by a 488 nm laser line,
and DAPI by a 405 nm laser line. Optical sections were recorded
using a 103, 77 nmx 103, 77 nm x850 nm voxel size. Images were
processed and analyzed in AdobePhotoshop 7.0.

TRITC-Dextran pulse chase

AX2 cells were prepared as for the immunofluorescence
protocol. Cells were pulsed with 2 mg/ml TRITC-Dextran in
Lo-Flo for 5 minutes, rinsed with PBS, and chased in Lo-Flo for 0,
15 and 60 minutes. Cells were fixed in 4% paraformaldehyde,
permeabilized in 0.2% Triton X-100 and incubated with
antiNdkC antibody, as previously described.

Calculation of construct copy numbers by quantitative
Southern blotting

Genomic DNA was extracted from cells using DNAzol
(Molecular Research Center, CI, Ohio) and the instructions
provided by the manufacturer. Half of the genomic DNA sample
was used in a Southern blot after digestion with appropriate
enzymes to release the cloned gene. The signals were detected
using a fluorescently labelled probe for NDPK in combination
with the enhanced chemiluminescence system (ECL, Amersham
Biosciences). The other half of the sample was used undigested in
Vistra Green (Amersham Biosciences)-stained gels to determine
loading amounts. Standard curves for the Southern blot were
created by probing known quantities of the gene released from the
plasmid construct in question. Standard curves for the loading
control gel were created using purified DNA of the linearized
plasmid construct.
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gRT-PCR

Expression of NDPK mRNA was quantitated by real time RT-
PCR by using the 1Q5 real-time PCR detection system. The
expression of filamin was also quantitated and used as a loading
control. cDNA synthesis was carried out at 42°C for one hour
using Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, WI) (200 U) and the 3" primer NDPK432R
(ccgatcattaaacgggce) or FIL1688R(ccatctaaacctggacc) according to
manufacturers instructions. 10 pl of this cDNA was used in a 50 pl
reaction mixture containing 1x SYBR Green Supermix (Bio-Rad,
Hercules, CA) (100 mM KCI, 40 mM Tris-HCI, pH 8.4, 0.4 mM
of each dNTP, iTaq polymerase (50 U/ml), 6 mM MgCl,, SYBR
Green I, 20 mM fluorescein, and stabilisers) and gene specific
primers (250 nM) FIL1588F (ccctcaatgatgaagee) FIL1688R and
NDPK330F (gaccattcttcggtgg) and NDPK432R. The PCR cycling
used 30 seconds of denaturation at 95°C, annealing at 55°C for 30
seconds and elongation for 30 seconds at 72°C. Expression levels
were normalized against the filamin levels to adjust for loading and
then measured relative to AX2 control cells.

Phototaxis Assay

Qualitative phototaxis tests were performed by transferring a
toothpick scraping of amoebae from a colony growing on a K. aerogenes
lawn to the centre of charcoal agar plates (5% activated charcoal,
1.0% agar). Phototaxis was scored after a 48 hour incubation at 21°C
with a lateral light source. Slug trails were transferred to PVC discs,
stained with Coomassie Blue and digitized. The orientation of the
slug migration was analysed using directional statistics [89].

Development of cells on KK2 agar plates

Exponentially growing Dictyostelium cells were harvested by
centrifugation at 2,000 rpm for 2 min and washed thrice in cold
sterile Development Buffer (DB) (5 mM Na,HPO,, 5 mM
KHyPOy, 1 mM CaCl,, 2 mM MgCly, pH 6.5). The cell pellets
were resuspended in DB and plated onto KK2 agar plates (16 mM
KH,PO,, 4 mM K,HPO,, 1.5% agar) at a density of 2.5x10°
cells/cm?. The plates were wrapped in wet paper towel and plastic
wrap and incubated at 21°C for the desired period of time.

Cell motility assays

For random motility assays, cells were grown on plastic cell-
culture dishes under submerged conditions at subconfluent
densities, and were transferred into antibiotic-free medium 18—
24 hours prior to measurements. Cells were replated at a low
density onto glass coverslips, so that there were not more than 25
cells in the 1260x912 um field of view, and allowed at least two
hours to settle. Images of moving cells were recorded using a GCD
camera fitted onto a Zeiss Axiovert 135 inverted microscope
equipped with a long-working-distance condenser (INA 0.55) and
a 5x objective (NA 0.15). Illumination was adjusted equivalently
to a dark-field optical configuration, so that the cells appear bright
against the dark background, thereby facilitating the subsequent
image processing. The interval between recorded images was 30
seconds. Individual cell tracks were identified by the Particle-
Tracker plugin module for Image] image processing software [90].
Speeds for each cell were calculated using a dedicated routine
written in Mathematica v.70©.
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Chemotaxis experiments were performed in a Dunn chamber
[91]. The inner well of the chamber was filled with the phosphate
buffer and the outer well with a 100 nM cAMP solution. Cells
were allowed to develop for 6 to 7 hours on plastic cell-culture
dishes in phosphate buffer until aggregation commenced, and
were subsequently transferred into the chamber at low density.
Measurements started 30 minutes after the transfer, and lasted for
two hours. The interval between recorded images was 60 seconds.
Cell displacements were calculated for each time interval and
results pooled from three experiments for each strain.

Statistical analysis

Correlation analysis used the Pearson product moment
correlation coefficient (p) and regression lines were fitted by the
least squares method to linear or 2" order polynomial functions,
whichever provided a visibly better fit to the data. Nonparametric
analysis using the Kendall (1) and the Spearman (p) rank
correlation coefficients produced very similar significance proba-
bilities and the same conclusions.

Analysis of the accuracy of orientation (k) was performed using the
directional statistics software module DinStat [89], embedded into the
R programming environment (http://www.r-project.org). We used
the acom function to estimate the accuracy of orientation , and the
umiests.on.files function to statistically test equality of K between strains.

Supporting Information

Table S1 Random motility by vegetative cells. A. Speeds.
Speeds (V) are shown as means * s.d. for 3 independent
experiments for each strain. Negative copy numbers refer to
antisense inhibition constructs. B. Pairwise statistical tests. Pair-
wise statistical comparison between average values of speed V
between five strains, two-tailed #test, based on total N (number of
cells per strain). Statistically significant comparisons are highlight-
ed by yellow shaded boxes.

(DOC)

Table $2 Chemotaxis by aggregation-competent cells.
A. Speeds and accuracies of chemotaxis. Traditional 90%
confidence intervals for K are designated in brackets. Speeds are
shown as means * s.d. V - average speed of migration in um/min. ¥
- accuracy of orientation. N - number of cells tracked. n - number of
movement steps. B. Pairwise statistical tests. Pairwise comparisons
were made of the accuracy of orientation (k) and speed (V) amongst
three strains. Two sample tests based on the von Mises distribution
and two-tailed #tests were used for K and V respectively. Statistically
significant comparisons are highlighted by yellow shaded boxes.
(DOC)

Acknowledgments
Thanks to Dr. Lacombe for her kind gift of the NDPK antibody.

Author Contributions

Conceived and designed the experiments: SJA PRF AM RB IW.
Performed the experiments: SJA RB VF IW MM. Analyzed the data:
SJA PRF RB IW MHB. Contributed reagents/materials/analysis tools:
SJA PRF IW MHB. Wrote the paper: SJA RB MHB VF MM IW AM
PRF.

3. Cipollioni G, Berti A, Fiore L, Rainaldi G, Basolo F, et al. (1997) Down-
regulation of the nm23-H1 gene inhibits cell proliferation. Int J Cancer 73:
297-302.

4. Caligo MA, Cipollini G, Berti A, Viacava P, Collecchi P, et al. (1997) Nm23
gene expression in human breast carcinomas: loss of correlation with cell

October 2011 | Volume 6 | Issue 10 | e26024



21.

22.

23.

27.

28.

29.

30.

31.

32.

36.

proliferation in the advanced phase of tumor progression. Int J Cancer 74:
102-111.

. Bosnar MH, Dubravcic K, Bago R, Pavelic J (2008) Head and neck tumor cells

exhibit altered proliferation upon overexpression of nm23 genes. Croat Chem
Acta 81: 183-189.

. Lombardi D, Lacombe M-L, Paggi MG (2000) nm23: unravelling its biological

function in cell differentiation. J Cell Physiol 182: 144-149.

. Lombardi D, Palescandolo E, Giordano A, Paggi MG (2001) Interplay between

the antimetastatic nm23 and the retinoblastoma-related Rb2/p130 genes in
promoting neuronal differentiation pf PC12 cells. Cell Death Differ 8: 470-476.

. Gervasi F, D’Agnano I, Vossio S, Zupi G, Sacchi A, et al. (1996) nm23

influences proliferation and differentiation of PC12 cells in response to nerve
growth factor. Cell Growth Differ 7: 1689-1695.

. Lakso M, Steeg PS, Westphal H (1992) Embryonic expression of nm23 during

mouse organogenesis. Cell Growth Differ 3: 873-879.

. Amrein L, Barraud P, Daniel J-Y, Perel Y, Landry M (2005) Expression patterns

of nm23 genes during mouse organogenesis. Cell Tissue Res 322: 365-378.

. Kang Y, Lee D-C, Han J, Yoon S, Won M, et al. (2007) Nm23-H2 involved in

negative regulation of Diva and Bcl2LL10 in apoptosis signalling. Biochem
Biophys Res Commun 359: 76-82.

. Fournier H-N, Albiges-Rizo C, Block MR (2003) New insights into Nm23

control of cell adhesion and migration. J Bioenerg Biomembr 35: 81-87.

. Hartsough MT, Steeg PS (2000) Nm23/Nucleoside diphosphate kinase in

human cancers. J Bioenerg Biomembr 32: 301-308.

. Otero AS (2000) NM23/nucleoside diphosphate kinase and signal transduction.

J Bioenerg Biomembr 32: 269-275.

. Postel EH, Berberich SJ, Rooney JW, Kaetzel DM (2000) Human NM23/

nucleoside diphosphate kinase regulates gene expression through DNA binding
to nuclease-hypersensitive transcriptional elements. J Bioenerg Biomembr 32:

277-284.

. Postel EH (2003) Multiple biochemical activities of NM23/NDP kinase in gene

regulation. J Bioenerg Biomembr 35: 31-40.
Shpetner HS, Vallee RB (1992) Dynamin is a GTPase stimulated to high levels
of activity by microtubules. Nature 355: 733-5.

. Krishnan KS, Rikhy R, Rao S, Shivalkar M, Mosko M, et al. (2001) Nucleoside

diphosphate kinase, a source of GTP, is required for dynamin-dependent
synaptic vesicle recycling. Neuron 30: 197-210.

. Palacios F, Schweitzer JK, Boshans RL, D’Souza-Schorey C (2002) ARF6-GTP

recruits Nm23-H1 to facilitate dynamin-mediated endocytosis during adherens
Jjunctions disassembly. Nat Cell Biol 4: 929-936.

. Doherty GJ, McMahon HT (2009) Mechanisms of endocytosis. Annu Rev

Biochem 78: 857-902.

Kumari S, Swetha MG, Mayor S (2010) Endocytosis unplugged: multiple ways
to enter the cell. Cell Res 20: 256-275.

Narayanan R, Ramaswami M (2003) Regulation of dynamin by nucleoside
diphosphate kinase. ] Bioenerg Biomem 35: 49-55.

Mizhari A, Molshanski-Mor S, Weinbaum C, Zheng Y, Hirshberg_M, et al.
(2005) Activation of the Phagocyte NADPH Oxidase by Rac Guanine
Nucleotide Exchange Factors in Conjunction with ATP and Nucleoside
Diphosphate Kinase. J Biol Chem 280: 3802-3811.

Garin J, Diez R, Kieffer S, Dermine J-F, Duclos S, et al. (2001) The phagosome
proteome: Insight into phagosome function. J Cell Biol 152: 165-180.

. Maniak M (2002) Conserved features of endocytosis in Dictyostelium. Int Rev

Cytol 221: 257-287.

5. Eichinger L, Pachebat JA, Glockner G, Rajandream MA, Sucgang R, et al.

(2005) The genome of the social amoeba Dictyostelium discoideum. Nature 435:
43-57.

Willard SS, Devreotes PN (2006) Signaling pathways mediating chemotaxis in
the social amoeba, Dictyostelium discoideum. Eur J Cell Biol 85: 897-904.

Veltman DM, Keizer-Gunnik I, van Haastert PJM (2008) Four key signaling

pathways mediating chemotaxis in Dictyostelium discoideum. J Cell Biol 180:
747-753.

Parent CA (2004) Making all the right moves: chemotaxis in neutrophils and

Dictyostelium. Curr Opin Cell Biol 16: 4-13.

Wilczynska Z, Barth C, Fisher PR (1997) Mitochondrial mutations impair signal
transduction in Dictyostelium discoideum slugs. Biochem Biophys Res Comm 234:
39-43.

Kostifas M, Barth C, Lay ST, de Lozanne A, Fisher PR (2002) Chaperonin 60
and mitochondrial disease in Dictyostelium. J Musc Res Cell Motil 23: 839-852.
Bokko PB, Francione L, Ahmed AU, Annesley SJ, Huang X, et al. (2007)
Diverse mitochondrial cytopathologies are caused by AMPK signalling. Mol Biol
“ell 18: 1874-1886.

. Noegel AA, Schleicher M (2000) The actin cytoskeleton of Dictyostelium: a story

told by mutants. J Cell Sci 113: 759-766.

. Troll H, Winckler T, Lascu I, Muller N, Saurin W (1993) Separate nuclear genes

encode cytosolic and mitochondrial nucleoside diphosphate kinase in Dictyoste-

lium discoideum. J Biol Chem 268: 25469-25475.

. Wallet V, Mutzel R, Troll H, Barzu O, Wurster B (1990) Dictyostelium nucleoside

diphosphate kinase highly homologous to Nm23 and Awd proteins involved in
mammalian tumour metastasis and Drosophila development. J Natl Cancer Inst
82: 1199-1202.

Lacombe M-L, Wallet V, Troll H, Veron M (1990) Functional cloning of a
nucleoside diphosphate kinase from Dictyostelium discoideum. ] Biol Chem 265:
10012-10018.

@ PLoS ONE | www.plosone.org

10

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

60.

61.

62.

63.

64.

Dictyostelium NDPK Regulates Growth and Endocytosis

Dumas C, Lascu I, Morera S, Glaser P, Fourme R (1992) X-ray structure of
nucleoside diphosphate kinase. EMBO J 11: 3203-3208.

Karlsson A, Mesnildrey S, Xu Y, Morera S, Janin J, et al. (1996) Nucleoside
diphosphate kinase. Investigation of the intersubunit contacts by site-directed
mutagenesis and crystallography. J Biol Chem 271: 19928-19934.

Morera S, Lascu I, Dumas C, LeBras G, Briozzo P (1994a) Adenosine 5'-
diphosphoate binding and the active site of nucleoside diphosphate kinase.
Biochem 33: 459-467.

Morera S, Chiadmi M, LeBras G, Lascu I, Janin J (1995) Mechanism of

phosphate transfer by nucleoside diphosphate kinase: x-ray structures of the

phosphohistidine intermediate of the enzymes from Drosophila and Dictyostelium.
Biochem 34: 11062-11070.

Cherflis J, Morera S, Lascu I, Lacombe M L, Veron M, et al. (1994) X-ray
structure of nucleoside diphosphate kinase complexed with thymidine diphos-
phate and Mg?* at 2-A resolution. Biochem 3: 9062-9069.

Morera S, LeBras G, Lascu I, Lacombe ML, Veron M, et al. (1994b) Refined X-
ray structure of Dictyostelium discoideum nucleoside diphosphate kinase at 1.8A
resolution. J Mol Biol 243: 873-890.

Annesley SJ, Fisher PR (2009) Dictyostelium discoideum — a model for many reasons.
Mol Cell Biochem 329: 73-91.

Lacombe ML, Sastre-Garau X, Lascu I, Vonica A, Wallet V (1991)
Overexpression of nucleoside diphosphate kinase (Nm23) in solid tumours.
Eur J Cancer 27: 1302-1307.

Sastre-Garau X, Lacombe ML, Jouve M, Veron M, Laurent M (1992)
Nucleoside diphosphate kinase/NM23 expression in breast cancer: lack of
correlation with lymph-node metastasis. Int J Cancer 50: 533-538.

Sawan A, Lascu I, Veron M, Anderson JJ, Wright C, et al. (1994) NDP-K/nm23
expression in human breast cancer in relation to relapse, survival and other

prognostic factors: an immunohistochemical study. J Pathol 172: 27-34.
Bazari WL, Clarke M (1982) Dictyostelium calmodulin: production of a specific
antiserum and localization in amoebae. Cell Motil 2: 471-482.

Clarke M (1990) Calmodulin structure, localisation and expression in
Dictyostelium discoideum. In: O’Dat DH, editor. Calcium as a Second Messenger
in Eukaryotic Microbes. American Society for Microbiology, Washington, DC:

American Society for Microbiology. pp 375-391.

Biggs J, Hersperger E, Steeg PS, Liotta LA, Shearn A (1990) A Drosophila gene
that is homologous to a mammalian gene associated with tumour metastasis
codes for a nucleoside diphosphate kinase. Cell 63: 933-940.

Melki R, Lascu I, Carlier M-F, Veron M (1992) Nucleoside diphosphate kinase
does not interact directly with tubulin nor microtubules. Biophys Biochem Res
“omm 187: 65-72.

Barth C, Fraser DJ, Fisher PR (1998) Co-insertional replication is responsible for
tandem multimer formation during plasmid integration into the Dictyostelium
genome. Plasmid 39: 141-153.

Sellam O, Veron M, Hildebrandt M (1995) Overexpression of wild type and
mutant NDP kinase in Dictyostelium discoideum. Mol Microbiol 16: 79-85.

Postel EH, Zou X, Notterman DA, La Perle KMD (2009) Double knockout
Nmel/Nme2 mouse model suggests a critical role for NDP kinases in erythroid
development. Mol Cell Biochem 329: 45-50.

Timmons L, Hersperger E, Woodhouse E, Xu J, Liu LZ, et al. (1993) The
expression of the Drosophila awd gene during normal development and in
neoplastic brain tumours caused by lgl mutations. Dev Biol 158: 364-379.

. Kimura N, Shimada N, Fukuda M, Ishijima Y, Miyazaki H, et al. (2000)

Regulation of cellular functions by nucleoside diphosphate kinases in mammals.
J Bioenerg Biomembr 32: 309-315.

Miyazaki H, Fukuda M, Ishijima Y, Negisihi A, Hirayama R (1999)
Overexpression of nm23-H2/NDP kinase B in a human oral squamous cell
carcinoma cell line results in reduced metastasis, differentiated phenotype in the
metastatic site, and growth factor-independent proliferative activity in culture.
Clin Cancer Res 5: 4301-4307.

. Almgren MA, Henriksson KC, Fujimoto J, Chang CL (2004) Nucleoside

diphosphate kinase A/nm23-H1 promotes metastasis of NB69-derived human
neuroblastoma. Mol Cancer Res 2: 387-394.

Sager R (1997) Expression genetics in cancer: Shifting the focus from DNA to
RNA. PNAS 94: 952-955.

. Fournier HN, Dupe-Manet S, Bouvard D, Lacombe ML, Marie C, et al. (2002)

Integrin cytoplasmic domain-associated protein 1 alpha (ICAP-1 alpha) interacts
directly with the metastasis suppressor nm23-H2, and both proteins are targeted
to newly formed cell adhesion sites upon integrin engagement. J Biol Chem 277:
20895-20902.

Kapetanovich L, Baughman C, Lee TH (2005) Nm23H2 facilitates coat protein
complex II assembly and endoplasmic reticulum export in Mammalian cells.
Mol Biol Cell 16: 835-848.

Otsuki Y, Tanaka M, Yoshii S, Kawazoe N, Nakaya K, et al. (2001) Tumour
metastasis suppressor nm23H1 regulates Racl GTPase by interaction with
Tiam1. PNAS USA 98: 4385-4390.

Srinivasan S, Traini M, Herbert B, Sexton D, Harry J, et al. (2001) Proteomic
analysis of a developmentally regulated secretory vesicle. Proteomics 1:
1119-1127.

Hacker U, Albrecht R, Maniak M (1997) Fluid-phase uptake by macropino-
cytosis in Dictyostelium. J Cell Sci 110: 105-112.

West MA, Bretscher MS, Watts C (1989) Distinct endocytic pathways in
epidermal growth factor-stimulated human carcinoma A431 cells. J Cell Biol

109: 2731-2739.

October 2011 | Volume 6 | Issue 10 | e26024



66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

. Hewlett L], Prescott AR, Watts CJ (1994) The coated pit and macropinocytic

pathways serve distinct endosome populations. J Cell Biol 124: 689-703.
Dowrick P, Kenworthy P, McCann B, Warn R (1993) Circular ruflle formation
and closure lead to macropinocytosis in hepatocyte growth factor/scatter factor-
treated cells. Eur J Cell Biol 61: 44-53.

Racoosin EL, Swanson JA (1989) Macrophage colony-stimulating factor (rM-
CSF) stimulates pinocytosis in bone marrow-derived macrophages. J Exp Med
170: 1635-1648.

Racoosin EL, Swanson JA (1992) M-CSF-induced macropinocytosis increases
solute endocytosis but not receptor-mediated endocytosis in mouse macrophag-
es. J Cell Sci 102: 867-880.

Dumontier M, Hocht P, Mintert U, Faix J (2000) Racl GTPases control
filopodia formation, cell motility, endocytosis, cytokinesis and development in
Dictyostelium. J Cell Sci 113: 2253-2265.

Bar-Sagi D, Feramisco JR (1986) Induction of membrane ruffling and fluid-
phase pinocytosis in quiescent fibroblasts by ras proteins. Science 233:
1061-1068.

Bar-Sagi D, McCormick F, Milley RJ, Feramisco JR (1987) Inhibition of cell
surface ruffling and fluid-phase pinocytosis by microinjection of anti-ras
antibodies into living cells. J Cell Physiol Suppl 5: 69-73.

Veithen A, Cupers P, Baudhuin P, Courtoy PJ (1996) v-Src induces constitutive
macropinocytosis in rat fibroblasts. J Cell Sci 109: 2005-2012.

Ye M, Hu D, Tu L, Zhou X, Lu F, et al. (2008) Involvement of PI3K/Akt
signalling pathway in hepatocyte growth factor-induced migration of uveal
melanoma cells. Invest Opthalmol Vis Sci 49: 497-504.

Khosravi-Far R, Solski PA, Clark GJ, Kinch MS, Der CJ (1995) Activation of
Racl, RhoA, and mitogen-activated protein kinases is required for Ras
transformation. Mol Cell Biol 15: 6443-6453.

. Cox AD, Der CJ (2002) Ras family signaling:therapeutic targeting. Cancer Biol

Ther 1: 599-606.

Malumbres M, Barbacid M (2003) RAS oncogenes: the first 30 years. Nat Rev
“ancer 3: 459-65.

Chubb JR, Wilkins A, Thomas GM, Insall RH (2000) The Dictyostelium RasS
protein is required for macropinocytosis, phagocytosis and the control of cell
movement. J Cell Sci 113: 709-719.

Wilkins A, Chubb JR, Insall RH (2000) A novel Dictyostelium RasGEF is required
for normal endocytosis, cell motility and multicellular development. Curr Biol
10: 1427-1437.

@ PLoS ONE | www.plosone.org

1

79.

80.

81.

82.

83.

84.

86.

87.

88.

89.

90.

91.

Dictyostelium NDPK Regulates Growth and Endocytosis

Khosla M, Spiegelman GB, Insall R, Weeks G (2000) Functional overlap of the
Dructyostelium RasG, RasD and RasB proteins. J Cell Sci 113: 1427-1434.
Buczynski G, Bush J, Zhang L, Rodriguez-Paris J, Cardelli ] (1997) Evidence for
a recycling role for rab7 in regulating a late step in endocytosis and in retention
of lysosomal enzymes in Dictyostelium discoideum. Mol Biol Cell 8: 1343-1360.
Zhou K, Pandol S, Bokoch G, Traynor-Kaplan AE (1998) Disruption of
Dictyostelium PISK genes reduces [32P] phosphatidylinositol 3, 4 bisphosphate
and [32P] phosphatidylinositol triphosphate levels, alters F-actin distribution and
impairs pinocytosis. J Cell Sci 111: 283-294.

Watts DJ, Ashworth JM (1970) Growth of myxameobae of the cellular slime
mould Dictyostelium discoideum in axenic culture. Biochem J 119: 171-174.
Sussman M (1966) Biochemical and genetic methods in the study of cellular
slime mold development. Methods Cell Physiol 2: 397-410.

Nellen W, Slamin C, Firtel RA (1984) DNA-mediated transformation in
Ductyostelium discoideum; regulated expression of an actin gene fusion. Mol Cell Biol
4: 2890-2898.

. Wilczynska Z, Fisher PR (1994) Analysis of a complex plasmid insertion in a

phototaxis-deficient transformant of Ductyostelium discoideum selected on a
Mcrococcus luteus lawn. Plasmid 32: 182-194.

Annesley SJ, Bago R, Mehta A, Fisher PR (2011) A genetic interaction between
NDPK and AMPK in Dictyostelium discoideum that affects motility, growth and
development. Naunyn-Schmiedeberg’s Archives of Pharmacology. DOI:
10.1007/500210-011-0615-0.

Maselli A, Laevsky G, Knecht DA (2002) Kinetics of binding, uptake and
degradation of live fluorescent (DsRed) bacteria by Dictyostelium discoideum.
Microbiology 148: 413-420.

Klein G, Satre M (1986) Kinetics of fluid-phase pinocytosis in Dictyostelium
discoideun amoebae. Biochem Biophys Res Commun 138: 1146-1152.

Fisher PR, Annesley SJ (2006) Slug phototaxis, thermotaxis and spontancous
turning behaviour. In: Eichinger L, Rivero ¥ editors. Dictyostelium discoideum
Protocols. Methods in Molecular Biology. Humana Press vol. 346, pp137-170.
Shalzarini IF, Koumoutsakos P (2005) Feature point tracking and trajectory
analysis for video imaging in cell biology. J Struct Biol 151: 182-195.

Zicha D, Dunn GA, Brown AF (1991) A new direct-viewing chemotaxis
chamber. J Cell Sci 99: 769-775.

October 2011 | Volume 6 | Issue 10 | e26024



