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A nucleotide diphosphate kinase mediates tethering
between mitochondria prior to fusion

Arisa lkeda, Miho lijimal, and Hiromi Sesaki'®

Mitochondrial fusion plays an important role in both their structure and function. In this issue, Su et al. (2023. J. Cell Biol.
https://doi.org/10.1083/jcb.202301091) report that a nucleoside diphosphate kinase, NME3, facilitates mitochondrial tethering
prior to fusion through its direct membrane-binding and hexamerization but not its kinase activity.

Nucleoside diphosphate kinases (NDPKs)
catalyze the formation of nucleoside tri-
phosphates, such as GTP, from nucleoside
diphosphates such as GDP, using ATP as a
phosphate donor (1, 2). The mammalian
NDPK family consists of 10 members en-
coded by the NMEI1-10 genes. Some NDPK
family members regulate membrane dy-
namics by supplying GTP to dynamin and
dynamin-related GTPases locally. For in-
stance, during endocytosis, NME1/2 provide
GTP to dynamin, facilitating membrane
scission at the coated pits and the subse-
quent release of endocytic vesicles into the
cytosol (3; Fig. 1 A). NME3 regulates per-
oxisomal division (4; Fig. 1 B), while NME4
supplies GTP to Opal, a dynamin-related
GTPase in the mitochondrial inner mem-
brane, promoting mitochondrial fusion (3;
Fig. 1 C).

A new paper by Su et al. (5) adds another
thrilling layer to this understanding. The
authors show that NME3 also regulates mi-
tochondrial fusion at the outer membrane
by mediating the connection between two
mitochondria prior to fusion (Fig. 1 D).
Strikingly, this function of NME3 is inde-
pendent of its kinase activity. Instead, it
requires NME3’s ability to directly bind
to the membrane and to form homo-
oligomers—more specifically, hexamers.

In previous work, the authors reported
that a mutation in NME3 is linked to a fatal
neurodegenerative disorder (6). They also

discovered that NME3 is associated with the
mitochondrial outer membrane and ob-
served that patient cells lacking functional
NME3 exhibit defects in mitochondrial fu-
sion (6). Interestingly, NME3 was found to
co-immunoprecipitate with MFN1 and
MFN2, two homologous dynamin-related
GTPases that mediate fusion of the mito-
chondrial outer membrane. The same study
also revealed that the role of NME3 in mi-
tochondrial fusion does not depend on its
kinase activity but does require its hex-
amerization ability (6). This raises intrigu-
ing mechanistic questions about how
NME3 regulates mitochondrial fusion.
Since the kinase activity is not required, it
seems unlikely that NME3 supplies MFNs
with GTP.

In their current work, Su et al. explore
further the mechanism by which NME3
regulates mitochondrial fusion. First, the
authors discovered that the N-terminal re-
gion, consisting of 17 amino acids, is essen-
tial for targeting NME3 to the mitochondria.
This region is predicted to form an amphi-
pathic alpha helix, suggesting that it binds to
lipid membranes. Confirming this, the au-
thors found that this 17-amino-acid region
binds to membranes likely via a phospha-
tidic acid (PA)-induced change in the lipid
packing property in the membrane. Sup-
porting this protein-membrane interaction
mechanism, NME3 preferentially inter-
acted with liposomes of smaller diameters,

suggesting that NME3 recognizes mem-
brane curvature. This 17-amino-acid region
alone was sufficient for mitochondrial lo-
calization, as demonstrated by its GFP fu-
sion being located in the mitochondria in
cells. In contrast, neither the kinase nor the
hexamerization activity of NME3 is neces-
sary for its mitochondrial localization, as
evidenced by mutations that inhibit these
biochemical activities.

On the outer membrane, NME3 facili-
tates the connection of mitochondria
through hexamerization. While a mutant
form of NME3 defective in hexamerization
is still associated with mitochondria, it
cannot induce their clustering in cells. In-
terestingly, once the N-terminal region has
been artificially brought to the mitochon-
dria, it is not required for the subsequent
clustering; NME3 lacking this region can
still promote mitochondrial clustering when
recruited through the rapamycin-induced
chemical dimerization system. Remark-
ably, the authors revealed that NME3 is
enriched at sites where mitochondria come
into contact with each other, suggesting
that it directly connects two mitochondria.
Supporting this idea, in vitro purified NME3
was able to tether both PA-containing lip-
osomes and isolated mitochondria.

How is PA generated on the mitochon-
drial outer membrane? Previous studies
identified an enzyme located in the mito-
chondria, MitoPLD (also known as PLD6),
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Figure 1. Roles of nucleoside diphosphate kinases in membrane dynamics. (A) NME1/2 fuel dynamin at the plasma membrane during endocytosis.
(B) NME3 facilitates peroxisomal division, a process that is mediated by the dynamin-related GTPase Drpl, which also plays a role in mitochondrial division.
(C) NME4 channels GTP to Opal for the fusion of the inner mitochondrial membrane (IMM). (D) NME3 promotes the fusion of the outer mitochondrial
membrane (OMM) by tethering mitochondria. The localization of NME3 at mitochondrial contact sites depends on the phosphatidic acid produced by MitoPLD.

which converts the mitochondrial phos-
pholipid cardiolipin into PA and acts in
mitochondrial tethering (7-9). Su et al.
discovered that, while not strictly essential,
MitoPLD influences the mitochondrial
localization of the N-terminal region of
NMES3. Specifically, the knockdown of Mi-
toPLD results in a partial reduction of this
localization, whereas its overexpression
enhances it. Remarkably, optogenetically
recruiting bacterial PLD to the mitochon-
dria, which artificially stimulates PA pro-
duction, replaces the function of MitoPLD.
This induced both the mitochondrial local-
ization of NME3’s N-terminal region and
mitochondrial clustering in cells. Further-
more, the PA produced by MitoPLD enhan-
ces the enrichment of NME3 at sites where
mitochondria come into contact. In addition
to fusion, previous research has shown that
PA, generated by MitoPLD, negatively reg-
ulates Drpl-mediated mitochondrial divi-
sion (9). In this mechanism, PA directly
binds to Drpl, inhibiting its division activity
on the outer membrane. As a result, PA
significantly contributes to mitochondrial
elongation by both suppressing division and
promoting fusion.
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Mitochondrial morphology is main-
tained by a delicate equilibrium between
fusion and division processes (10). This
balance is crucial not only for maintaining
the structure of the mitochondria but also
for regulating their function, distribution,
and degradation via autophagy. Impor-
tantly, this dynamic balance adapts to var-
ious stress conditions. For instance, during
periods of starvation, the mitochondria
adjust the equilibrium to favor fusion over
division (11, 12). This leads to elongated
mitochondrial structures, which in turn
affect both bioenergetics and mitophagy-
based degradation. In this context, the
authors discovered that glucose starvation
increases the presence of NME3 at sites
where mitochondria come into contact.
This likely facilitates more efficient mi-
tochondrial tethering, and consequently,
more effective fusion under this stressful
condition.

In summary, thanks to the work of Su
et al., we now have compelling insights into
an intricate mechanism by which NME3
brings two mitochondria into close prox-
imity prior to membrane fusion (Fig. 1 D).
This is facilitated through its membrane-

binding activity and hexamerization. The
study also sheds light on the role of MitoPLD
in mitochondrial tethering, specifically in
recruiting NME3 and enriching it at contact
sites between mitochondria. The identifica-
tion of NME3 opens up new, fascinating
avenues for research aimed at better un-
derstanding the dynamics of mitochondrial
tethering and fusion, as well as their alter-
ations in neurodegenerative conditions.
Several stimulating questions are raised
by this research (Fig. 1 D). First, it would
be exciting to understand how NME3 ac-
cumulates at mitochondrial contact sites.
Could MitoPLD, or perhaps its activated
form, create a unique domain on the outer
membrane that serves as a clustering site
for NME3? Regulation of membrane cur-
vature could also play a critical role in this
step. Given that mitochondria have a tu-
bular morphology and that fusion can
occur either tip-to-tip or tip-to-side, there
may be a mechanism that targets MitoPLD
to the tips of these tubules. Second, how
are NME3 and MitoPLD regulated under
glucose-starvation conditions to increase
mitochondrial tethering? These proteins
might undergo various post-translational
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modifications or interact with specific
proteins under stress conditions. Third,
while the authors showed that PA is im-
portant for localizing NME3 to mito-
chondria, it is not sufficient by itself.
Identifying a specific NME3 receptor
protein in the outer membrane could
provide further insights. Fourth, does
NMES3 or another protein generate GTP lo-
cally in the vicinity of MFN1/2? Finally,
from a human health perspective, it would
be crucial to determine how defects in
NME3 contribute to neurodegenerative
diseases.
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