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Abstract
Mitochondrial nucleoside diphosphate kinase (NDPK-D; synonyms: NME4, NM23-H4) represents the major mitochondrial
NDP kinase. The homohexameric complex emerged as a protein with multiple functions in bioenergetics and phospholipid
signaling. It occurs at different but precise mitochondrial locations and can affect among other mitochondrial shapes and
dynamics, as well as the specific elimination of defective mitochondria or cells via mitophagy or apoptosis. With these
various functions in cell homeostasis, NDPK-D/NME4 adds to the group of so-called moonlighting (or gene sharing)
proteins.

Introduction

Mitochondria generate ATP, and control life and death of
the eukaryotic cell. Enzymes in nucleotide conversion are
central to relay ATP generated by oxidative phosphoryla-
tion to the molecular machineries responsible for mito-
chondrial functions and dynamics as well as in fine for
cellular physiology.

A mitochondrial nucleoside diphosphate kinase (NDPK)
activity was described already in 1955 [1], soon after the
discovery of the enzyme. NDPKs catalyze the reversible
phosphorylation of nucleoside diphosphates into nucleoside
triphosphates via a phosphohistidine intermediate and
are therefore responsible for cellular NDP/NTP homeostasis
[2]. This activity was reported in both the matrix and the
extra-matrix compartments, and also associated with the
contact sites connecting the inner and outer membranes

[3, 4]. The submitochondrial localization was greatly vari-
able, depending on the species and the tissue examined.
Mitochondrial NDPK activity was mostly located outside
the matrix in pigeon heart, as well as mammalian liver [5].
In addition, NDPK was localized in the matrix in a tissue-
dependent manner, in particular in pigeon liver, but also in
mammalian heart [5]. In plants [6, 7] and amoeba [8], a
mitochondrial NDPK was localized in the intermembrane/
cristae space. The membrane-bound or soluble state of the
enzyme remained often undefined.

Many functions have been proposed for mitochondrial
NDPK. In the matrix, the enzyme was suggested to be
associated to the Krebs cycle to synthesize ATP at the
expense of GTP provided through succinylthiokinase or,
vice versa, to furnish GTP for short chain fatty acid cata-
bolism [9]. In this compartment, it was also proposed to
synthesize NTP for protein and nucleic acid synthesis and to
play a role in iron homeostasis [10]. In the intermembrane/
cristae space, NDPK was proposed to supply NTP at the
expense of ATP, synthesized by oxidative phosphorylation,
and of NDP, freely diffusible from cytoplasm through the
outer membrane [11].

In humans, the only NDPK possessing a typical N-
terminal mitochondrial targeting sequence is NDPK-D/
NME4 encoded by the NME4 gene located on the short arm
of chromosome 16 at 16p13.3, in the same region as NME3
[12, 13]. Two other human genes, NME3 (encoding NDPK-
C) and NME6, encode proteins that have been reported to
be, at least partly, located to mitochondria [14–16]. How-
ever, no specific mitochondrial targeting sequence could be
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detected in these proteins, although NDPK-C/NME3 pos-
sesses a N-terminal hydrophobic peptide (17 amino acids),
which could anchor the protein to membranes [17, 18].
Finally, a NME1–NME2 read-through fusion protein is
annotated as mitochondrial in the MitoProteome database
(http://www.mitoproteome.org), but not in MitoCarta2.0.
The unique article referring to this protein [19] localizes it
to the cytosol, and we neither observed a protein of the
corresponding size in mitochondrial extracts of HeLa and
HEK cells using anti NDPK-A/NME1 and/or NDPK-B/
NME2 antibodies (unpublished data).

NDPK-D/NME4 evolution, expression, and
localization

NME4 belongs to the group I members of the NDPK/NME
family which can be divided in two groups in mammals,
based on phylogenetic analyses [20, 21]. Group I contains
NME1, NME2, NME3, and NME4, which share from 58 to
88% identity and are all catalytically active, while group II
contains more divergent proteins displaying a single or
several NDPK domains associated or not with extra
domains (NME5 to 9). A single group I gene ancestor and
group II genes (NME5 to 8) originate from duplication
events that occurred before the chordate radiation [21].
Later, a first round of whole-genome duplication resulted in
a NME3/4 gene, which was then cis-duplicated into the

vertebrate NME3 and NME4 genes [21, 22]. NME4 protein
has been characterized in human [12], mouse [23], pigeon
[24], and Xenopus laevis [25], with a size of 187 amino
acids in human [12]. A second mRNA encoding a shorter
variant missing the first 70 residues is mentioned in the
UniProt data base (NDKM_HUMAN entry). NME4 is
addressed to mitochondria through a mitochondria-specific
targeting signal, which has to be cleaved to reveal catalytic
activity [13] and is not found in any other NME family
member [21]. Other known mitochondrial NDPK proteins
that possess a canonical mitochondrial targeting sequence
are found in amoeba [8], plants [26], and green alga [27].
This feature is thus a likely functional convergence between
amoebozoan NDPK, plant NDPKs and vertebrate NME4
[22]. Interestingly, the unique NDPK in yeast lacks a tar-
geting signal and shows dual localization to cytosol and
mitochondria [28, 29].

The NME4 gene has been analyzed in some detail. Massé
et al. [23] have determined that the mouse and human
NME4 genes contain 5 exons, like the other group I
enzymes, and span about 3.5 kb. A viable NME4 KO strain
is mentioned in the database of the International Mouse
Phenotyping Consortium (http://www.mousephenotype.
org), but no detailed characterization has been published
so far. Human NDPK-D/NME4 is ubiquitously expressed,
with mRNA found at high levels in liver, kidney, bladder,
prostate, at intermediate levels in heart, colon, intestine,
skeletal muscle, and ovary and at low levels in brain, testis,
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Fig. 1 Structure, molecular functions, and physiological roles of
NDPK-D/NME4The hexameric structure (PDB 1EHW, monomer
backbones in different colors, transparent van der Waals surface in
gray) indicating one representative NDP kinase active site (red,
phosphotransfer function through phosphorylation of histidine 151)
and one basic amino acid triad capable of binding anionic phospho-
lipids, including cardiolipin (blue, phospholipid transfer function).
These sites define the two molecular functions of NME4: (i) NTP and
ADP generation from mitochondrial ATP and NDPs, and (ii) inter-
membrane transfer of cardiolipin and other anionic phospholipids by
simultaneously binding inner and outer mitochondrial membrane.

Via the former function, NME4 in the intermembrane space provides
GTP to dynamin-related GTPase OPA1 for mitochondrial dynamics
and structure, and ADP to sustain oxidative phosphorylation
and mitochondrial respiration, while NME4 in the matrix mainly
provides building blocks for mtDNA and RNA synthesis, using ATP
but also GTP generated in the Krebs cycle. Via its phospholipid
transfer function, NME4 in the intermembrane space facilitates CL
transfer to the mitochondrial surface as a pro-mitophagic or pro-
apoptotic trigger, and may participate in phospholipid biosynthetic
pathways between ER and mitochondria. (Figure modified from
Schlattner et al. [72])

Mitochondrial NDPK-D/NME4 583

http://www.mitoproteome.org
http://www.mousephenotype.org
http://www.mousephenotype.org


and peripheral leukocytes [12, 30]. In mouse, NME4 mRNA
was detected in heart, kidney, and liver in much lower level
than the NME1 and NME2 counterparts [31]. In contrast, in
adult zebra fish, NME4 mRNA is mainly expressed in
gonads, weakly expressed in gills and barely detectable in
other tissues [21].

Few studies reported NME4 expression during devel-
opment and differentiation. NME4 mRNA is expressed at
low levels in a few embryonic organs (some brain regions,
heart, and intestine) while the other group I members are
more widely expressed [31, 32]. From its mRNA distribu-
tion, NME4 might have functions distinct from NME1, −2,
and −3 and could be mainly involved in cell proliferation
during ontogenesis. Tanimura et al. [33] reported that
NME4 expression was decreased during differentiation of
HL-60 cells to macrophages and neutrophils.

In different human cell lines, endogenous and over-
expressed NDPK-D/NME4 wild-type and mutant proteins
are all localizing to mitochondria as found by imaging
techniques and classical cell fractionation [13, 34, 35]. A
nuclear localization of NME4 was recently reported and
related to NME4 deacetylation via SIRT1 [32]. Although
this secondary modification of NME4 is of interest and the
only one published so far, the nuclear localization should be
treated with caution. The NDPK-D/NME4 fusion constructs
used in these experiments with mouse neuroblastoma cells
carry an N-terminal acidic myc-tag just preceding the basic
mitochondrial targeting sequence, which could disturb the
mitochondrial import mechanism. In our hands, no nuclear
NME4 has been observed in various human cell lines, even
when overexpressed.

NME4/NDPK D structure, biochemical, and
functional characteristics

Eukaryote NDPKs form hexamers, including vertebrate
group I enzymes like NDPK-D/NME4 [13] (Fig. 1), while
most of the prokaryote enzymes are tetrameric [36, 37]. An
interesting structural feature of NDPK-D/NME4 is the ser-
ine residue at position 129, which is a proline in all other
group I NMEs. This serine is equivalent to the lethal Killer
of prune (K-pn) mutation of Drosophila NME (awd) [38]
which greatly weakens subunit interactions and hexamer
stability [39]. Indeed, NDPK-D/NME4 is highly susceptible
to denaturation by heat and urea, and the reverse S129P
mutation greatly stabilizes the protein [13]. S129 evolved
only more recently, since teleost NDPK-D/NME4s still
possess a proline at this position, the serine appearing only
in tetrapods after the sarcopterygian radiation [21].

NDPK-D/NME4 is bound to the inner mitochondrial
membrane mainly through electrostatic interactions [13]
between a basic motif (R89-R90-K91) in each monomer
and acidic phospholipids, in particular cardiolipin (CL) [34]

and possibly some other types of interaction [40]. The R89-
R90-K91 motif is located in a surface-exposed loop con-
necting alpha helices (Fig. 1) and is unique to the NDPK-D/
NME4 isoform. CL is synthesized and mainly located
at the mitochondrial inner membrane. With its dipho-
sphatidylglycerol structure exposing two negative charges,
it could interact with pairs of adjacent basic residues of
NDPK-D/NME4 (e.g., R89-R90) that are at a similar dis-
tance of about 5–10 Å. Such motifs can be also found in
other CL-interacting proteins such as cytochrome c [41] and
mitochondrial creatine kinase (mtCK) [42]. This could
explain specificity for CL as compared to most other
anionic phospholipids [34] and the almost complete loss of
membrane interaction when mutating the central arginine 90
(R90D), observed with model liposomes in vitro and
mitochondrial membranes in human cervical adenocarci-
noma cells (HeLa) in vivo [34]. NDPK-D/NME4 interac-
tion with model membranes also leads to structural
alterations of both, the lipid bilayer and the NDPK-D/
NME4 hexamer [40]. A basic residue equivalent to R90 can
be found in NDPK-D/NME4 ortholog sequences from
mammals, fish, and Xenopus, as well as, curiously, in
mitochondrial NDPK from Dictyostelium discoideum but
not in the mitochondrial NDPK of birds and of lower
organisms such as Drosophila, Caenorhabditis elegans, and
bacteria [34]. Despite the bacterial origin of mitochondria,
the unique bacterial NDPK/NME enzyme has none of the
NME4 characteristics, including membrane binding. Mito-
chondrial NDPK from plants even has an acidic residue at
the equivalent site. A R90 equivalent is also absent in the
sequences of other human NME protein sequences, and
replaced by acidic residues in NDPK-A, -B, and -C (NME1,
2, and 3). The latter creates another type of charged motif
that could interact with yet unknown intracellular targets.
These data suggest that a specific mitochondrial membrane
association appeared late in evolution and could be impor-
tant for some mitochondrial functions that evolved with
vertebrates, including cristae remodeling [43] or certain
features of mitophagy, for which NDPK-D/NME4 provides
functional support (see below).

NDPK-D/NME4 bound at the inner mitochondrial
membrane is preferentially orientated towards the inter-
membrane space, although some may also face the matrix or
be hidden within complexes or cristae structures, as based
on the accessibility of enzyme activity before and after
detergent lysis of mitochondria [34]. Some further findings
support a dual mitochondrial localization of NDPK-D/
NME4 in the matrix: it is found associated with the matrix
enzyme succinyl-CoA synthetase [44] and mitoribosomes
[45], and physically interacts with a transaminase (ABAT)
of the mitochondrial nucleoside salvage pathway, leading to
mtDNA depletion syndrome when mutated [46]. It is thus
conceivable that NDPK-D/NME4 supplies NTP and dNTP
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for mitochondrial replication and transcription. Finally,
Xenopus NDPK-D/NME4 was reported to bind a cytosolic
cyclin-dependent kinase inhibitor (p27Xic1) for negative
regulation of gliogenesis in the retina. Since these functions
would imply the presence of NDPK-D/NME4 in the cytosol
[25], further studies on protein localization in Xenopus are
required.

Respiration of isolated mitochondria was significantly
stimulated by the NDPK substrate TDP in mitochondria
containing wild type NDPK-D/NME4, but not in those
expressing R90D mutant, which is catalytically equally
active. This indicates that optimal functioning of the kinase
requires binding to the inner membrane for channeling ADP
to ANT (ADP/ATP translocator) and oxidative phosphor-
ylation and vice versa mitochondrial ATP to the NDPK-D/
NME4 hexamer [34]. NDPK-D/NME4 not only binds to
CL, but also interacts with OPA1, a dynamin-related
GTPase bound to the inner membrane and oriented
towards the intermembrane space [35]. Interestingly, the
wild type enzyme and the kinase-inactive H151N mutant
interacted with OPA1 but not the CL-binding-deficient
mutant [47]. This interaction provides another type of
channeling, namely of GTP and GDP between NDPK-D/
NME4 and OPA1 [16, 48], supporting OPA1 functions in
cristae shape and mitochondrial fusion and dynamics [49].
These findings emphasize the importance of proper locali-
zation NDPK-D/NME4 for its NDP kinase function.

NDPK-D/NME4 and intermembrane phospholipid/
cardiolipin transfer

Owing to its symmetrical hexameric structure exposing
three R90 on each of its two opposite faces, NDPK-D/
NME4 is able to cross-link two membranes containing
anionic phospholipids in vitro [50], suggesting that it pro-
motes contact sites between inner and outer mitochondrial
membranes in vivo. In this topology, the hexamer is also
able to transfer phospholipids between the two membranes,
as first shown with liposome model systems in vitro [47].
This requires the presence of CL in the membranes, and
does not involve vesicle fusion or loss of the internal con-
tents of the liposomes [50]. Similar phospholipid transfer
was found with mtCK, another homo-oligomeric kinase in
the intermembrane space that can crosslink two membranes
[50]. Interestingly, CL-binding of NDPK-D/NME4 also
modulates its NDP kinase activity. Saturation of all CL-
binding sites with CL-containing liposomes totally inhibits
NDP kinase activity [35], while partial saturation (i.e., the
hexamer bound at only at one side to a membrane) only
gradually reduces NDP kinase activity (unpublished). This
phenomenon is most probably due to the close proximity
between CL-binding and catalytic sites (Fig. 1). Some CL-
binding of NDPK-D/NME4 seems to be also required for its

interaction with OPA1 [47]. The latter, in contrast to
NDPK-D/NME4, is strongly stimulated by CL in its
GTPase activity [51].

Importantly, NDPK-D/NME4 also facilitates inter-
membrane transfer of CL in mitochondria in living cells, as
first shown in Hela cells by mass spectrometry [35]. CL is
synthesized in the inner mitochondrial membrane, leading
to high CL concentrations in this membrane, while the CL
content of the outer membrane is normally very low [52,
53]. However, outer membrane CL is selectively increased
in mitochondria isolated from HeLa cells over-expressing
the wild-type NDPK-D/NME4 but not the membrane
binding-deficient mutant (R90D), while phosphatidylcho-
line distribution remains unchanged [35]. Such specific
appearance of CL at the mitochondrial surface has been
suggested as a signal for triggering apoptosis [54] or
mitophagy [55], but underlying molecular mechanisms
remained elusive. More recent data now involve NDPK-D/
NME4-assisted intermembrane CL transfer in these signal-
ing pathways. HeLa cells expressing the wild-type NDPK-
D/NME4, in contrast to those expressing the R90D mutant,
were sensitized to rotenone-induced apoptosis [35]. Here,
exposure of mostly oxidized CL at the outer membrane [56]
leads to recruitment and functional alteration of pro-
apoptotic proteins [54, 57]. A similar CL externalization
occurs under condition that favor mitophagy, the selective
autophagic elimination of damaged mitochondria [55]. The
externalized CL, here mostly non-oxidized, is recognized
by the microtubule-associated protein 1 light chain 3 (LC3)
situated on the surface of the autophagosome. Kagan et al.
[47] recently demonstrated that NDPK-D/NME4 is required
for mitophagy induced by different mitophagic stimuli in
murine lung epithelial MLE-12, SH-SY5Y, and HeLa cells.
Overall, NDPK-D/NME4 seems to play a key role in CL
signaling for cellular and mitochondrial quality control [47,
58] (see also Schlattner et al. in this issue).

NDPK-D/NME4 in cancer

Most if not all studies on the role of NDPK-D/NME4 in
pathology concern cancer, probably because the cytosolic
homolog NDPK-A/NME1 is a well studied metastasis
suppressor [59]. Still, in contrast to the abundant literature
on NME1, only few data are available on NME4 expression
in human cancers. Most of them show overexpression of
NME4 mRNA in several types of tumors as compared to
non-tumor tissue [60, 61] and, in case of gastric cancer, this
was predictive for higher patient survival [61]. Other studies
report a lower NME4 expression correlating with aggres-
siveness in a way similar to NME1. In hepatocarcinoma-
derived cell lines, NME4 expression was lower in cell lines
with high metastatic potential [61]. In sporadic breast can-
cers, loss of heterozygosity, or allelic imbalance, associated
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with nodal metastases, was observed in the NME4 gene
region [62]. Further, a deletion in the 16p13.3 chromosome
region containing the NME4 gene was observed in testicular
germ cell tumors of adolescent and young adult men by
comparative genomic hybridization microarray with no
mention of the mono-allelic or bi-allelic nature of the
deletion [63]. In oral cancer, miR-196 was highly over-
expressed in cancer tissue and correlated with lymph node
metastasis. Functionally, this onco-miR promoted cell
migration, invasion and lymph node metastasis through
inhibition of NME4 expression, without affecting cell
growth [64]. NDPK-D/NME4 was shown to inhibit
anchorage-independent growth but not motility of the
highly metastatic MDA-MB435 and MDA-MB231 human
cell lines [65].

Cancer cells require altered mitochondrial functions,
including organelle dynamics, to resist apoptosis and
bioenergetic/biosynthetic reprogramming for supporting
proliferation, migration, and invasion [66–70]. Since
NDPK-D/NME4 plays a role in all of these, it is tempting to
speculate that altered expression or function can affect the
fate of a cancer cell. Certainly, more targeted research is
required to address putative causal links between NDPK-D/
NME4 and cell migration, invasion, and metastatic
dissemination.

Conclusions

As summarized in this review, mitochondrial NDPK-D/
NME4 has different key functions in bioenergetics and lipid
signaling and can thus be classified as a moonlighting
protein (Fig. 1). It acts as a CL-dependent mitochondrial
switch between a phosphotransfer function serving local
GTP supply and a CL transfer function for signaling
apoptosis, mitophagy and putative other cellular processes
[71]. It can fuel GTP to the dynamin-like GTPase OPA1
and thus regulate mitochondrial dynamics. This property is
shared by the cytosolic NME1/2 acting on dynamin 1/2 in
endocytosis [16]. Further, it supports the concept of NME
proteins being part of complexes responsible for channeling
NTP for specific cellular processes [48]. Independently of
its kinase activity, NDPK-D/NME4 can promote the inter-
membrane CL transfer to the mitochondrial surface. Under
these conditions, it promotes apoptosis to eliminate
damaged cells or mitophagy to eliminate damaged mito-
chondria, both important quality control mechanisms.

Impaired mitochondrial functions participate in the
etiology of numerous diseases such as cancer, neurode-
generation and cardiopathy. The available data identify
NDPK-D as a key player in the control of cell homeostasis
and an important contributor to the quality control of

mitochondria. Strategies that aim at favoring or protecting
NDPK-D functions may have preventive or therapeutic
potential for numerous human pathologies. It is hoped that
the availability of invalidated animal models will help to
decipher the involved molecular mechanisms.
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