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Abstract Many of the expanding roles of nucleoside
diphosphate kinase have been attributed to its ability to
interact with other proteins. One proposal is an interaction
with the cellular energy sensor AMP-activated protein
kinase, and here, we apply the simple eukaryotic organism,
Dictyostelium discoideum as a test model. Stable cotrans-
formants were created in which NDPK expression was
knocked down by antisense inhibition, and AMPK activity
was chronically elevated either by constitutive overexpres-
sion of its active, catalytic domain (AMPKαT) or as a
result of mitochondrial dysfunction (created by antisense
inhibition of expression of a mitochondrial chaperone
protein, chaperonin 60). To investigate a biochemical
interaction, transformants were created which contained
constructs expressing FLAG-NDPK and hexahistidine-
tagged full-length AMPK or AMPKαT. The protein extract
from these transformants was used in coimmunoprecipita-
tions. Knock down of NDPK expression suppressed the
phenotypic defects that are caused by AMPK hyperactivity
resulting either from overexpression of AMPKαT or from
mitochondrial dysfunction. These included rescue of
defects in slug phototaxis, fruiting body morphology and
growth in a liquid medium. Coimmunoprecipitation experi-
ments failed to demonstrate a biochemical interaction
between the two proteins. The results demonstrate a genetic
interaction between NDPK and AMPK in Dictyostelium in

that NDPK is required for the phenotypic effects of
activated AMPK. Coimmunoprecipitations suggest that this
interaction is not mediated by a direct interaction between
the two proteins.

Keywords NDPK . nm23 . AMPK .Dictyostelium

Introduction

Ten genes belonging to the NDPK family have been
identified in humans (Boissan et al. 2009). Four (NDPK-
A–D) belong to group I, all of which display enzymatic
activity and share high sequence identity ranging from 58–
88% (Lacombe et al. 2000). NDPK-A and NDPK-B are the
most abundant and by far the most studied. These two
enzymes arose by an ancient gene duplication event, share
88% identity and are mainly cytoplasmic. That they can
substitute for one another to serve some essential functions
is best illustrated by the neonatal death of animals bearing
deletions of both isoforms, whereas the individual deletions
are compatible with survival (Postel et al. 2009; Arnaud-
Dabernat et al. 2003). Yet, despite their similarities, these
two proteins also have distinct cellular functions (Bosnar
et al. 2004), and accumulating evidence suggests that this
results from different protein–protein interactions. Addi-
tionally, in metastasis, the expression level of NDPK-A
(and not NDPK-B) rather than the catalytic activity is the
important modulating factor as the latter does not correlate
with metastasis suppression. Furthermore, apart from the
k-pn mutation in Drosophila (Biggs et al. 1988) and the
P120S mutation in childhood neuroblastoma (Chang et al.
1994), no mutations to NDPK have been observed in
metastatic cells.
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Much research has focused on the antimetastatic role of
NDPK, but it seems likely that this function is an
adaptation of its more basic, evolutionarily conserved role
in normal cells. There are many potential benefits of
exploiting the tractability of lower eukaryotes in studying
these basic cellular functions. Firstly, the cellular machinery
of lower organisms is similar to that of mammalian cells,
but the structure of the genome, tissues and organs is
simpler and more amenable to experimental study. Secondly,
there are fewer NDPK isoforms, which facilitates
biochemical and genetic studies. The Drosophila example
above is a case in point–mutation of the isoform of NDPK
that constitutes around 98% of NDPK activity causes
abnormal wing discs.

Dictyostelium discoideum is an ideal model eukaryote. It
has a haploid genome which has been completely
sequenced (Eichinger et al. 2005) and is amenable to a
range of genetic manipulation techniques. It also has a
unique life cycle with unicellular (amoeboid) and different
multicellular stages that provide an unparalleled variety of
phenotypes for cell biological study. As such, Dictyostelium
has become a widely accepted model for the study of many
processes including mitochondrial disease (Kotsifas et al.
2002; Wilczynska et al. 1997; Bokko et al. 2007). D.
discoideum contains three genes encoding NDPK or
NDPK-related proteins. A cytosolic form of NDPK, which
represents most of the NDPK activity within these cells, is
encoded by ndkC (or gip17) (Lacombe et al. 1990) and is
the Dictyostelium homologue of human cytosolic group I
NDPKs. It was this Dictyostelium NDPK which was used
to determine the first NDPK crystal structure and to
conduct the first structure–function studies using mutant
forms of the enzyme (Lacombe et al. 1990; Dumas et al.
1992; Karlsson et al. 1996; Morera et al. 1994a, b, 1995;
Cherflis et al. 1994; Annesley and Fisher 2009).

The involvement of NDPK in many functions has shown
to be independent of its catalytic activity, and hence, many
speculate that these roles are facilitated by its ability to
interact with other proteins. One such interaction that has
been reported to occur in epithelial cells of the upper
respiratory tract is with the cellular energy sensor protein
AMP-activated protein kinase (AMPK) (Muimo et al. 2006;
Treharne et al. 2009). Although it has not yet been
confirmed for other cell types, such an interaction seems
plausible and could be widespread because both NDPK and
AMPK play regulatory roles in a number of common
cellular functions. These include cell growth and prolifer-
ation, fat metabolism (ATP-citrate lyase, the primary source
of cytosolic acetyl CoA, regulated by NDPK (Wagner and
Vu 1995) and acetyl CoA carboxylase, regulated by AMPK
(Hardie 1992)) and protection against oxidative stress
(Arnaud-Dabernat et al. 2004; Onken and Driscoll 2010).
AMPK acts as a cellular alarm by sensing low energy levels

and responding to this by inhibiting energy-consuming
pathways and activating energy-producing pathways. This
cellular alarm is extremely sensitive and exerts its effects
prior to a serious depletion in energy, thereby allowing it to
play a central role in cellular energy homeostasis. We
reported that AMPK is chronically activated in mitochon-
drial disease, and this mediates diverse cytopathologies
caused by mitochondrial dysfunction (Bokko et al. 2007;
Kotsifas et al. 2002). To investigate whether NdkC
(henceforth, simply called NDPK) interacts with AMPK
in these pathways, genetic and biochemical experiments
were performed. A genetic interaction was revealed by the
fact that antisense-inhibiting NDPK expression suppressed
the phenotypic defects that are otherwise caused by chronic
AMPK hyperactivity.

Methods

Dictyostelium strains and culture conditions

Dictyostelium wild-type strain, AX2, and the derived
transformants were either grown axenically in HL-5
medium (Watts and Ashworth 1970) which, for transformed
cell lines, contained 20 μg/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
(Sussman 1966). The transformants used for genetic
interaction experiments included NDPK antisense-
inhibited strains (containing construct pPROF500), NDPK
overexpressing strains (containing construct pPROF520),
AMPKαT overexpressing strains (containing construct
pPROF392 (Bokko et al. 2007)), cotransformants of NDPK
antisense-inhibited/chaperonin 60 antisense-inhibited
strains (containing constructs pPROF500 and pPROF128
(Kotsifas et al. 2002)) and AMPK overexpressing/NDPK
antisense-inhibited strains (containing constructs
pPROF392 and pPROF500). For coimmunoprecipitation
experiments, we used stable cotransformants expressing
epitope-tagged forms of NDPK and AMPK. These were
FLAG-tagged NDPK (expressed from construct
pPROF587) in combination with either hexahistidine-
tagged full-length AMPKα (expressed from construct
pPROF589) or hexahistidine-tagged AMPKαT (expressed
from construct pPROF588).

Plasmid construction

The full-length NDPK gene was amplified using genomic
AX2 DNA as template and primers NDPKF (ATCTGA
GAATTCATCGATATGTCCACAAATAAAGTAAA) and
NDPKR (ATCTGAGAATTCCTCGAGTTATTCGTA
TAAATTTGGGT).
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The PCR product was cloned into the EcoRI site of an
Escherichia coli vector (pUC18) and subcloned into the
EcoRI site of the Dictyostelium shuttle vector pDNeo2 in
the antisense orientation to produce construct pPROF500
for use in antisense inhibition experiments.

The AMPKα full-length gene was amplified from
genomic AX2 DNA using the primers “AMPK,FL/F”
(GATAGTCTAGATTCGAAATGCATCATCATCAT
CATCATAGTTCATATCAAC) and “AMPK,FL/R”
(CGTATGTCTAGACTCGAGTTATTATAAATTCAATTC
CACC). AMPKαT was amplified using pPROF392 as
template (containing the cDNA sequence, (Bokko et al.
2007)) and the primers “ampk,his,Ctrunc/F” (GATAGTC
TAGATTCGAAATGCATCATCATCATCATCATAGTT
CATATCAAC) and “ampk,his,Ctrunc/R” (GTATGTCTA
GACTCGAGTTATTATGGACTCTTTTGAGCACTTGA
CATAATTGG). Both hexahistidine-tagged products were
digested with SfuI and XhoI and cloned into the Dictyos-
telium expression vector pA15GFP (digested with ClaI and
XhoI), replacing the GFP gene to produce the constructs
pPROF589 (his-AMPKα full length) and pPROF588 (his-
AMPKαT). The FLAG-tagged NdkC construct was made
by amplifying the NdkC gene using pPROF519 as template
and the primers “Flag, ndkc/F” (GATAGGAATTCATCGA
TATGGACTACAAGGACGATGACAAAATGTCCAC)
and “Flag, ndkc/R” (GTATGGAATTCCTCGAGTTAT
TATTCGTATAAATTTGGGTTTGG). The PCR products
were digested with ClaI and XhoI and cloned into the
Dictyostelium expression vector pA15GFP, replacing the
GFP gene to produce the construct pPROF587.

Transformation

AX2 cells were transformed using 20 μg of each of the
relevant constructs with the calcium phosphate DNA
precipitation method (Nellen et al. 1984). Following
selection on Micrococcus luteus lawns grown on SM agar
plates containing 20 μg/ml G418 (Wilczynska and Fisher
1994), transformants were subcultured and maintained on
K. aerogenes lawns and axenically in HL-5.

Calculation of construct copy numbers

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 digested with enzymes to release a band
containing the endogenous gene and also to release the
gene from the construct. The signals were detected using a
fluorescently labelled probe for the fragment of interest in
combination with the enhanced chemiluminescence system
(ECL, Amersham). The other half of the sample was used
undigested in gels stained with Vistra Green (Amersham

Biosciences) to determine DNA loading. Standard curves
for the Southern blot were created by probing known
quantities of the target fragment released from the plasmid
construct in question. Standard curves for the loading
control gel were created using purified DNA of the
linearised plasmid construct.

Phototaxis assays

Qualitative phototaxis tests were performed as described in
Darcy et al. (1994) and Fisher and Annesley (2006) 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-h incubation at 21°C with a lateral
light source. Slug trails were transferred to PVC discs,
stained with Coomassie Blue and digitised. The orientation
of the slug migration was analysed using directional
statistics (Fisher et al. 1981; Fisher and Annesley 2006).

Growth in liquid media

Dictyostelium wild type and transformant cell lines were
grown axenically in HL-5 with no antibiotics to exponential
phase, subcultured into fresh HL-5 medium (no antibiotics)
at an initial cell density of 1×104 cells/ml and counted
using a haemocytometer at 8–12 h intervals over a period of
100 h. The cell densities were then analysed by log-linear
regression using the R programming environment computer
software to determine the generation time during the
exponential phase of growth.

Western blot and immunoprecipitation

For Western blotting, 1×107 cells were lysed in 200 μL of
lysis buffer (50 mM tris–HCl, 150 mM NaCl and 0.02%
Triton-X100), centrifuged (10,000×g for 20 min) and the
supernatant transferred to a new tube. A 15 μL aliquot of
this crude protein extract in 4× loading buffer (62.5 mM
tris–HCl, pH 6.8; 25% glycerol; 2% SDS; 0.01% bromo-
phenol blue) was boiled for 5 min and loaded onto a 10%
polyacrylamide gel for SDS–PAGE. The separated proteins
were transferred to nitrocellulose membrane (Bio-Rad) and
incubated in primary rabbit anti-NdkC (affinity purified, a
kind gift from Dr. M.L. Lacombe, 1:1000), rabbit anti-
AMPKα (Bokko et al. 2007) (1:500), rabbit anti-pThr-
AMPK (a kind gift from Dr. D. Stapleton) (1:1,000) or
mouse anti-actin (Santa Cruz Biotech, 1:1,000) antibodies
followed by incubation in secondary anti-rabbit (Santa Cruz
Biotech.) or anti-mouse (Amersham) antibodies, both at
1:2,500. Coimmunoprecipitations were performed using
1×107 cells in 300 μL lysis buffer and FLAG M2 affinity
gel (Sigma) according to the manufacturer's instructions.
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Immunofluorescence

Exponentially growing AX2 cells were incubated for 1 h in
HL-5 followed by incubation for 45 min in LoFlo HL-5
(control) or in 3×diluted LoFlo HL-5 media for 45 min,
presenting hypotonic conditions. The cells (1×107 cells/
mL) were starved for 7 h at 22°C in development buffer
(5 mM Na2HPO4, 5 mM KH2PO4, 1 mM CaCl2, 2 mM
MgCl2) on an orbital shaker (150 rpm). AX2 cells prepared
as above were seeded onto glass coverslips in 6-well Costar
plate chambers, allowed to settle and attach for 30 min at
22°C, fixed in 4% paraformaldehyde, permeabilised in
chilled methanol for 3 min, blocked (1% BSA, 1% gelatin,
0.05% TritonX-100) for 30 min and labelled with primary
antibodies (anti-NdkC and anti-actin) overnight at 4°C.
Next day, the cells were incubated in anti-mouse Alexa 594

and anti-rabbit Alexa 488 secondary antibodies for 1 h at
room temperature. Finally, the cells were overlaid with 4′,
6-diamino-2-phenyl-indol (DAPI, Sigma) for 5 min and
mounted in 90% glycerol in PBS. Cells were observed
on an Olympus BX61TRF microscope, and digital
images were captured using an Olympus U-CMAD3
camera.

Results

Genetic interaction between AMPK and NDPK

Creation of transformants

To investigate a genetic interaction between NDPK and
AMPK and to investigate whether NDPK plays a role in the
pathway leading to mitochondrial disease pathogenesis,
NDPK expression was knocked down either in mitochond-
rially diseased cells or in strains overexpressing a truncated,
constitutively active form of AMPKα, AMPKαT (Bokko
et al. 2007). Mitochondrially diseased cells were created by
antisense-inhibiting expression of chaperonin 60, a molec-
ular chaperone which is responsible for the correct folding
of mitochondrial proteins. Stable cell lines were created by
transforming AX2 wild-type cells with the relevant con-
structs or pairs of constructs for antisense inhibition of
NDPK and Cpn60 or overexpression of AMPKαT. Multi-
ple, independent stable transformants were isolated and
retained for each construct or combination of constructs.
The integration of such constructs into random, indepen-
dent sites in the genome is accompanied by rolling circle

Fig. 1 AMPKα is phosphorylated and active in strains overexpress-
ing AMPKα or AMPKαT. Western blot analysis of wild-type cells
(lane 1), two individual transformants overexpressing full-length
AMPKα (lanes 2 and 3) and two individual transformants over-
expressing AMPKαT (lanes 4 and 5) are shown. The blot was
detected using a pThr-AMPKα specific antibody and clearly shows
that the endogeneous AMPKα is phosphorylated at low levels in all
strains, that there are higher levels of phosphorylated AMPKα in the
strains overexpressing the full-length protein and that the overex-
pressed truncated form, AMPKαT, is heavily phosphorylated

Fig. 2 NDPK knock down rescues the phototaxis defect caused by
chronic AMPK signalling. The slug trails were plotted and digitised
with the light source to the right of the figure. The single trans-
formants containing either chaperonin 60 antisense inhibition con-
structs or AMPKαT overexpression constructs show low accuracies of

phototaxis. The cotransformants in which NDPK had been down-
regulated through antisense inhibition show wild-type phototaxis with
high accuracies of phototaxis. Copy numbers are written in brackets
above each transformant and are indicative of expression levels
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replication of the plasmid, so that each transformant
contains a different number of copies of each construct
used, ranging typically from a few to several hundred
(Barth et al. 1998). The expression levels of the gene in
question are correlated with the number of copies of the
relevant construct (Bokko et al. 2007; Kotsifas et al. 2002)
as determined by quantitative Southern blotting. Control
transformants containing the AMPKαT overexpression and
Cpn60 antisense-inhibition constructs with the previously
reported copy numbers were also used (Bokko et al. 2007;
Kotsifas et al. 2002). Western analysis using a pThr-AMPK
antibody of strains overexpressing AMPKαT showed that
the AMPKαT is phosphorylated and active (Fig. 1). The
blot also shows that AMPKα is phosphorylated in strains
overexpressing full-length AMPKα.

NDPK knock down can rescue the morphological
and phototactic defects in mitochondrial disease

The Dictyostelium life cycle permits analysis of both the
directional migration of the motile multicellular slug form
and the gross morphology of the multicellular fruiting body.
Mitochondrial disease and chronic activation of AMPK are
known to cause defects in fruiting body morphology and
slug phototaxis (Bokko et al. 2007; Kotsifas et al. 2002).
Cotransformants were studied phenotypically to determine
the effect of NDPK downregulation in mitochondrial
diseased cells and cells overexpressing AMPKαT. Photo-
taxis assays and fruiting body morphology analysis were
performed and compared to wild type and Cpn60 and
AMPKαT transformants. As evident in Figs. 2 and 3,

Fig. 3 NDPK knock down suppresses the fruiting body morphology
defect caused by chronic AMPK signalling. Transformants in which
AMPKαT had been overexpressed or chaperonin 60 had been
antisense inhibited show altered fruiting body morphology with

shorter, thicker stalks. The cotransformants in the right of the figure
resemble wild-type fruiting bodies with long, slender stalks. The copy
number of each construct is listed above each fruiting body and is
indicative of expression levels of those proteins
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Fig. 4 Antisense inhibition of NDPK expression suppresses the
axenic growth defect of mitochondrially diseased cells and AMPKαΤ
overexpressing cells. The growth rates in axenic medium for
cotransformants containing chaperonin 60 antisense constructs and
NDPK antisense constructs and transformants containing chaperonin
60 antisense constructs alone are in (a). Growth rates of cotransform-
ants containing AMPKαT overexpression and NDPK antisense
constructs or AMPKαT overexpression alone are in (b). In the case
of the Cpn60 antisense and the AMPKαT overexpression strains, data
from Bokko et al. (2007) were normalized against the AX2 control,
and the error bars are 95% confidence limits determined from the
growth curve regression analysis. In the case of the strains containing
the NDPK antisense constructs, data were normalized against the
mean of all the NDPK antisense strains and the AX2 control. The
error bars for these strains are standard errors of the mean from two
independent experiments. Multiple log-linear regression analysis
confirmed that the intercepts of the regression lines were not

significantly different from 100% (P>0.1) and that the slopes of the
lines relating generation time to the copy numbers of the Cpn60
antisense (a) or AMPKαT (b) constructs were not significantly
different from zero (P>0.1) in cells also containing the NDPK
antisense construct. However, in transformants containing either the
Cpn60 antisense (a) or AMPKαT (b) construct alone, the slopes of the
lines were highly significant and different from those for trans-
formants also containing the NDPK antisense construct (P<0.01).
Regression lines were fitted to an exponential function (which would
appear as a straight line on a log-linear plot). In the case of the
cotransformants, the regression analysis was conducted as a separate
function of NDPK antisense copy number (a, b) or the Cpn60
antisense copy number (a only) or the AMPKαT copy number (b
only). However, since the slope of the line for cotransformants did not
differ significantly from zero in each case, only one line is plotted for
clarity (the NDPK antisense copy number regression in (a) and the
AMPKαT regression in (b))
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knock down of NDPK in these strains is sufficient to rescue
the phototaxis and morphological defects, respectively. To
our knowledge, this is the first genetic evidence that these
enzymes, which reportedly regulate a number of the same
cellular functions, do in fact interact functionally in vivo.

NDPK knock down can rescue the growth defects caused
by AMPK signalling

In the unicellular, vegetative phase of its life cycle,
laboratory strains of Dictyostelium are able to grow
axenically as amoebae in liquid medium which they take
up by macropinocytosis to fuel metabolism. The growth
in axenic medium is inhibited in cells in which
AMPKαT is overexpressed or Cpn60 is underexpressed
(by antisense inhibition, thereby compromising mito-
chondrial protein folding and ATP generation) (Bokko
et al. 2007; Kotsifas et al. 2002). In both cases, the
resulting phenotypes are mediated by chronic AMPK
hyperactivity. When NDPK expression was knocked down
in cotransformants that either overexpressed AMPKαT or
underexpressed Cpn60, the growth in axenic medium
(Fig. 4) was restored to wild-type levels. These results
indicate that NDPK is required for AMPK-mediated
inhibition of growth.

NDPK does not interact biochemically with AMPK

Having observed a genetic interaction between NDPK and
AMPK, we wanted to see if the two proteins interact
biochemically and thus physically associate with one
another in the cell. To detect such physical interactions,
we performed coimmunoprecipitation experiments. Cells

overexpressing FLAG-tagged NDPK in combination with
either hexahistidine-tagged AMPKαT or the full-length
AMPKα subunit were used. Coimmunoprecipitations
using crude protein extracts from these cells failed to
reveal a physical interaction between the two proteins
(Fig. 5). Additional experiments were performed to
increase the activity of AMPK in these cells by growing
the cells in hypotonic solution or starving the cells in
development buffer, but in all cases, the results were the
same (not shown).

Discussion

It has become increasingly clear that NDPK has many
functions apart from its housekeeping role as a phospho-
transfer protein. Many of these roles have been shown to
result from interactions of NDPK with other proteins. For
example, NDPK has been shown to play a role in
endocytosis and cell adhesion, and this is facilitated by
various interactions including the interaction of NDPK-A
with ARF6-GTP. This protein is involved in the disassem-
bly of adherens junctions, a premetastatic event in cancer.
ARF6-GTP interacts with and recruits NDPK-A to the cell
membrane which aids in the process of endocytosis
(Palacios et al. 2002). Additionally, NDPK-B has been
shown to directly interact with integrin cytoplasmic
domain-associated protein (ICAP-1α) and forms a complex
with ICAP-1α, β-integrin and Rac1 on the cell membrane
during early adhesion (Fournier et al. 2003, 2002). NDPK
also plays a role in vesicle trafficking as was shown by
Krishnan et al. (2001) in Drosophila where NDPK
regulates dynamin-dependent internalisation processes such

Fig. 5 Coimmunoprecipitation shows no biochemical interaction
between AMPK and NDPK. Coimmunoprecipitations were performed
using FLAG beads in the pull down and immunodetection with the
antibodies listed to the right of the figure. Proteins which are pulled
down by the FLAG beads are present in the pellet lanes, and those that
are not are present in the supernatant lanes. The strains used are
indicated at the top of each lane, AX2 wild-type strain, two
independent transformants expressing full-length AMPK and two
independent transformants expressing AMPKαT. The AMPKα and
AMPKαT overexpressing strains also coexpress FLAG-NDPK.

FLAG-NDPK (present at a higher density than NDPK alone) and
NDPK were both pulled down from cells expressing FLAG-NDPK
but not from the AX2 parental control. Endogenous NDPK can be
seen in the supernatant in the AX2 lanes as it is not pulled down by the
FLAG antibody. Neither the hexahistidine-tagged, full-length
AMPKα subunit nor the truncated AMPKαT was present in the
pellet, but both remained in the supernatant. β-actin was used as a
negative control, was not present in any of the pellet lanes and
remained in the supernatant. Coimmunoprecipitations were performed
multiple times, and representative results are shown
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as synaptic vesicle endocytosis and vesicle-dependent
turnover of receptors. Another interaction that has been
reported is an interaction with the cellular energy sensor
AMPK, but this remains controversial, having not yet been
confirmed for other cell types.

AMP-activated kinase is activated by a rise in cellular
AMP concentration which occurs in mitochondrial disease
or in other stress conditions. Once activated, AMPK
phosphorylates multiple downstream substrates to switch
off energy-consuming pathways and activate energy-
producing ones. In Dictyostelium, chronic activation of
AMPK leads to defects in several energy-consuming
pathways such as growth in axenic medium as single cells,
phototaxis (oriented movement towards light) in the
multicellular migratory slug stage and formation of the
multicellular fruiting body. Our results have shown that
NDPK is required in this process as downregulation of
NDPK in cells with chronically activated AMPK was able to
rescue all the phenotypic defects. These findings support the
work by Treharne et al. (2009) showing that NDPK interacts
with AMPK in mammalian epithelial cell membranes.

Our coimmunoprecipitation experiments however
suggested that the genetic interaction observed in Dictyos-
telium cells is not mediated by a direct interaction between
AMPK and NDPK. If NDPK was channelling substrates as
observed in epithelial membranes, then a close association
would be expected. In Dictyostelium, this does not appear
to be the case, suggesting that the genetic interaction we
observed is indirect, perhaps through a common pathway
such as the TOR pathways which control growth, cytoskel-
etal movement, etc. In the mammalian example, the authors
reported a tight interaction between NDPK and the cystic
fibrosis protein, CFTR (Treharne et al. 2009). They also
found that, when AMPK and NDPK were added together in
vitro, the net phosphorylation of NDPK was AMP
dependent. One possibility suggested by Treharne et al.
(2009) is that NDPK locally channels ATP produced from
GTP plus an ADP to AMPK in order for it to phosphorylate
its downstream targets.

Given that an interaction between AMPK and CFTR is
also known to occur (Hallows et al. 2000), it is possible that
CFTR acts specifically in epithelial cells as a scaffold to
colocalize and facilitate a direct substrate channelling
interaction between NDPK and AMPK. However, there
are several possible alternative explanations for our
inability to detect an AMPK–NDPK interaction by coim-
munoprecipitation. Firstly, the pull-down experiments
involved epitope-tagged recombinant proteins, and the tags
may have interfered with the interaction. Nonrecombinant
proteins could not be used because of the lack of antiNDPK
and antiAMPK antibodies suitable for immunoprecipita-
tion. NDPK forms hexameric structures in vivo, and the
FLAG tag on NDPK apparently did not prevent this

interaction between NDPK subunits since both tagged and
untagged NDPK subunits were immunoprecipitated with
the antiFLAG antibody. Nevertheless, heterologous inter-
actions with other proteins such as AMPK may have been
adversely affected. A second possibility is that NDPK and
AMPK interact only transiently and/or that their interaction
is unstable and disrupted during isolation of the proteins.
Finally, the coimmunoprecipitation may have pulled down
NDPK and AMPK from the wrong subcellular pools. The
NDPK studied here resides in the cytoplasm but is enriched
at the cell cortex (unpublished immunofluorescence data) as
in mammalian cells. The mammalian work which shows a
direct interaction between NDPK and AMPK involved the
use of cell membrane extracts and not cytosolic extracts.
This is consistent with there being at least two pools of
NDPK, one of which is cytosolic while the other is membrane
bound. Mammalian AMPK and NDPK interact at the
membrane, and their colocalisation disappears under hypoxic
conditions (Treharne et al. 2009). Thus, the two locations
may reflect different functions of NDPK and possibly
different protein interactions under different conditions.

Although we could not detect a direct biochemical
interaction between NDPK and AMPK, our data provide
the first unequivocal evidence for a functional genetic
interaction between these two proteins that jointly regulate
a variety of cellular functions and play dramatically
pleiotropic roles in healthy and diseased cells.
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