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Materials and Methods

Cell culture

Human HelLa cells (a gift from A. Dautry-Varsat, Institut Pasteur, Paris, France),
Hep2 cells stably expressing interleukin-2 receptor  subunit (22) and african green
monkey kidney epithelial BSC-1 cells (ATCC CCL-26) were grown in DMEM
supplemented with 10% fetal calf serum, 2 mM glutamine and 150 pg/mL
penicillin/streptomycin at 37°C in 5% CO,.

Reagents
Alexa-488-conjugated human Tf, Alexa-488- and Alexa-647-conjugated human

EGF were purchased from Molecular Probes (Interchim). Tf-Biotin conjugates were from
Life Technologies. Protein-A gold conjugates were purchased from Cell Microscopy
Center, Utrecht, Netherlands. The following lipids were purchased from Avanti Polar
Lipids, Inc (Alabaster, AL): brain polar lipids preparation (BPL), phosphatidylinositol-
4,5-bisphosphate (Ptdins (4,5) P,), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1°,3’-bis(1,2-
dioleoyl-sn-glycero-3-phospho)-sn-glycerol (cardiolipin). Lipid vesicles composition was
designed to mimic the lipid composition of plasma membrane or mitochondrial inner
membrane. The lipid compositions of the liposomes, by percent-weight, were as follows:
plasma membrane mix, 95% BPL, 5% PtdIns (4,5) P,; mitochondria inner membrane
mix, 45% POPC, 22% POPE, 8% PtdIns (4,5) P,, 25% cardiolipin. GTP and ATP were
purchased from Roche Diagnostics (Mannheim, Germany). GDP was purchased from
Sigma-Aldrich (St. Louis, MO). Mitochondrion-selective dye MitoTracker™ Red
CMXRos was purchased from Molecular Probes.

Antibodies

Selective rabbit polyclonal anti-NM23-H1 and anti-NM23-H2 antibodies were
previously described (23). Rabbit polyclonal pan-NM23 antibodies (recognizing both
NM23-H1 and -H2 isoforms) were prepared by affinity purification using purified human
recombinant NM23-H1 and -H2 proteins coupled to NHS-activated HiTrap columns.
Mouse monoclonal anti-NM23-H2 was purchased from Kamiya Biomedical Company
(Seattle, WA). Polyclonal anti-human NM23-H4 antibodies have been previously
described (14). Mouse monoclonal anti-RhoA antibody (clone 26C4) was a gift from J.
Bertoglio (Institut Gustave Roussy, Villejuif, France). Mouse monoclonal anti-o-tubulin
(clone DM 1A) was purchased from Sigma-Aldrich (St. Louis, MO). Mouse monoclonal
anti-transferrin receptor antibody (clone H 68.4) was obtained from Zymed Laboratories
Inc. (South San Francisco, CA). Polyclonal anti-dynamin-2 antibodies used for Western
blotting analysis and mouse monoclonal anti-a-adaptin antibody (clone AC1-M11) were
obtained from Abcam (Cambridge, MA, USA). Polyclonal anti-dynamin-2 antibodies
(immunofluorescence and PLA experiments) were a kind gift of Dr. P. De Camilli (Yale
University School of Medicine, New Haven, CT). Mouse monoclonal anti-dynamin-1
was from Cell Signaling Technology Inc (Beverly, MA). Mouse monoclonal antibody
against OPA1l was purchased from BD Biosciences (Le Pont-De-Claix, France).
Polyclonal anti-a-adaptin (M-300) and anti-RhoGDla (A-20) antibodies were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Mouse monoclonal anti-caveolin-
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2 and anti-clathrin heavy chain antibodies were purchased from BD Biosciences (Le
Pont-De-Claix, France).

Protein purification

Human recombinant NM23-H1 wild-type (NM23-H1"") and catalytically-inactive
(NM23-H1™8N)  proteins were purified as described previously (24). Human
recombinant NM23-H2 was produced with the following modifications: the enzyme was
eluted from a Blue-Sepharose column by 1mM ATP at pH 8.0. Like NM23-H1 proteins,
NM23-H2 was purified by size-exclusion chromatography on a Sephacryl S-200 column.
Bacterial expression and purification of NM23-H4 has been described elsewhere (14).
Rat dynamin was purified from rat brain using the GST-tagged SH3 domain of rat
amphiphysin-2 as an affinity ligand as described (6). Recombinant human dynamin-1 and
dynamin-2 were purified in a nucleotide-free state from Sf9 cells infected with
recombinant baculovirus using the BD BaculoGold™ expressing system (BD
Biosciences, Franklin Lakes, NJ, USA) using GST-tagged SH3 domain of rat
amphiphysin-1 (7). Purified recombinant OPA1 was a kind gift of Dr. J.E. Hinshaw
(NIH-NIDDK, Bethesda) (25). Dynamin-2 GST-PRD construct kindly provided by Dr. P.
De Camilli (Yale University School of Medicine, New Haven, CT) was transformed in
Escherichia coli BL21 (DE3) strain and the protein was produced and purified according
standard procedures.

DNA constructs and transfection

cDNA encoding wild-type NM23-H1"™ or catalytically-inactive NM23-H1™&N
mutant were cloned in pcDNA3 expression vector. Sequences and mutation were verified
by nucleotide sequencing. The pd2EGFP-N1 vector (Clonetech) was used to express the
full-length NM23-H3 protein fused to the N terminus of the green fluorescent protein
(GFP). The cDNA was generated by polymerase chain reaction using primers that
contained BamHI and EcoRlI sites and the pJC20 NM23-H3 vector as a template
(26). The amplified DNA fragment was cloned into the BamHI-EcoRI sites of the
pd2EGFP-N1 plasmid.
HeLa cells were transfected with FUGENE reagent according to the manufacturer’s
instructions (Roche Diagnostics, Mannheim, Germany) and analyzed 24 hours post-
transfection. BSC-1 cells were transfected with Lipofectamine reagent according to the
manufacturer’s procedure (Invitrogen Life Technologies, Carlsbad, CA) and analyzed 24-
48 hrs post-transfection.

RNA interference

All siRNA oligonucleotides were synthesized by Ambion® Life Technologies
(Applied Biosystems, Austin, TX). The following siRNAs were used for NM23-H1,
SiH1: 5’-GGAUUCCGCCUUGUUGGUC; SiH1": 5-GGAACACUACGUUGACCUG
and siH1”: 5’-GGCUGUAGGAAAUCUAGUU that targets the 3’-UTR region of NM23-
H1; NM23-H2, SiH2: 5-GGAUUGAUCAUUCUUUUAU and SiH2: 5’-
GCCUAUGGUUUAAGCCUGA,; NM23-H4, SiH4: 5’-
GAUGCUGCAGGCACCAGAG; OPAL, SiOPA1: 5’-GAUCAUCUGCCACGGGUUG.
Irrelevant control siRNA: 5’-GGCUGUAGAAGCUAUAGUU. Hela cells were
transfected with 50 nM control (mock) or specific sSIRNA duplex using Oligofectamine




reagent (Invitrogen Life Technologies, Carlsbad, CA). BSC-1 and Hep2 cells were
transfected with Lullaby reagent (OZ Biosciences, Marseille, France). Protein depletion
was verified by immunoblotting analysis with specific antibodies and was maximal after
72 hrs of siRNA treatment. Expression levels for experiments with NM23-H4 siRNA
were determined with gPCR.

Flow cytometry-based endocytosis and recycling assays (EGF and Tf)

siRNA-treated cells were serum-starved for 30 min at 37°C in DMEM, then
washed in PBS and detached with Versene solution (Invitrogen). Harvested cells were
incubated for 1 h in ice-cold binding medium (DMEM supplemented with 1% BSA, 20
mM HEPES pH 7.4) containing 5 ng/mL Alexa488-conjugated human Tf or 100 ng/mL
Alexa488-conjugated human EGF. After washing with ice-cold binding medium, cells
were processed for endocytosis or recycling assay. For rescue experiment, cells treated
with control or siH1” siRNAs were transfected either with pEGFP-N1 alone or pEGFP-
N1 together with wild-type or NM23-H1™¥N mutant constructs. After serum-starvation
and harvesting, cells were incubated with 100 ng/mL Alexa647-conjugated human EGF
for 1 h and then assayed for endocytosis.
For endocytosis assay, cells were incubated in DMEM, 1% BSA, 20 mM HEPES at 37°C
for the indicated times and quickly cooled on ice. After two washes in cold PBS, cells
were acid-washed in ice-cold stripping medium (50 mM glycine, 100 mM NacCl, pH 3.0)
for 2 min to remove surface-bound Tf or EGF. Cells were then washed in cold PBS and
kept on ice in cold PBS before analysis.
For recycling assay, cells were incubated in DMEM, 1% BSA, 20 mM HEPES at 37°C
for 6 min and cooled on ice. After two washing steps in cold PBS, cells were acid-washed
in 50 mM glycine, 100 mM NacCl, pH 3.0 for 2 min on ice. Cells were then washed twice
in cold PBS and incubated in DMEM, 1% BSA, 20 mM HEPES at 37°C for the indicated
time to allow Tf recycling, and transferred on ice. Cells were then washed in cold PBS
and kept on ice before analysis.
Cells were analyzed on a FACSCalibur system (BD Biosciences) measuring the
fluorescence of Alexa488-Tf or -EGF or GFP and Alexa647-EGF. At least 10,000 cells
were analyzed in each condition. Background fluorescence was measured from acid-
washed cells after the binding step at 4°C and this value was subtracted from values at all
time points.

Internalization of radiolabeled **I-EGF

Cells plated on 24-well plates and treated with the indicated sSiRNAs were serum-
starved for 3 h. Cells were incubated in DMEM, 20mM HEPES, 0.1% bovine serum
albumin with 1.5 ng/mL (low dose) or 100 ng/mL (high dose) **I-EGF at 37°C for the
indicated time points. Cells were washed with ice-cold PBS and then acid-wash treated
with 0.2 M acetic acid, pH 2.8, 0.5 M NaCl for 5 min on ice. The acid-wash solution was
collected to determine the amount of surface-bound *I-EGF. Finally, cells were lysed in
1N NaOH to evaluate internalized **I-EGF. Nonspecific binding is measured for each
time point in the presence of 300-fold molar excess of unlabeled EGF and is subtracted
from the count. The rate of internalization is expressed as internalized/surface-bound
radioactivity.




Immunofluorescence-based assay for endocytosis of 1L-2R[

Endocytosis of the IL-2 receptor $ subunit (IL-2R) was measured at 37°C for 5
min as previously described (22). Briefly, Hep2 cells stably expressing IL-2R[ were
grown on coverslips and treated with the indicated siRNAs were incubated in DMEM,
0.5% BSA, pH 7.4 at 37°C for 5 min with 0.7 ug/coverslip of Cy3-conjugated anti-IL-
2Rp mouse antibody. Cells were fixed and permeabilized. Fluorescence images were
obtained with an Apotome microscope (Zeiss) equipped with a x63 objective and a Roper
Scientific Coolsnap HQ camera. A z-series of 1 um optical sections was acquired. Images
collected from three independent experiments (100 cells in each experiment) were further
analyzed using the ICY software (http://icy.bioimageanalysis.org) using endosome
number and fluorescence intensity as parameters.

Electron microscopy

For electron microscopy of CCPs, HelLa cells plated on coverslips were starved
for 30 min and then incubated with Tf-Biotin conjugates for 1 h at 4°C. After washing,
cells were incubated with anti-Biotin antibodies and protein-A gold conjugates (PAG 10).
After the last washing steps, cells were incubated for 4 min at 37°C to allow
internalization. Cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4) and then processed for conventional electron microscopy as previously reported
(27). Sections were observed under an electron microscope (Philips CM120; FEI
Company, Eindoven, The Netherlands) and digital acquisitions were made with a
numeric camera (Keen View; Soft Imaging System, Germany).
For electron microscopy of mitochondria, HelLa cells were seeded on Thermanox plastic
coverslips (Nalge Nunc). Cells treated with NM23-H4 siRNA for 72 hrs were fixed for
30 min in 1% glutaraldehyde (Ted Pella Inc., Redding, CA), washed with PBS and
incubated for 1 h with 1% osmium tetroxide. The samples were then dehydrated and
embedded in Epon resin. 70-nm thick sections were stained with uranyl acetate and lead
citrate. The sections were viewed with a JEOL electron microscope (JEOL Ltd., Tokyo,
Japan).

Anti-NM23-immunogold-electron microscopy

BPL/5% PtdIns (4,5) P, were incubated with dynamin-1 and NM23-H2 in 20 mM
HEPES, 100 mM NaCl, 1 mM MgCl,, pH 7.4 in an Eppendorf centrifuge. The
preparation was then fixed with 2% formaldehyde and pelleted. After washes in 20 mM
HEPES, 100 mM NaCl, 1 mM MgCl,, pH 7.4, the pellet was reacted sequentially with
rabbit polyclonal pan-NM23 antibodies and protein A-gold conjugates. The sample was
postfixed with 1% glutaraldehyde and treated with 0.4 M sodium phosphate buffer
containing 2% osmium tetroxide for 1 h. The sample was stained with 0.25% uranyl
acetate overnight and rinsed with ddH,O followed by sequential dehydration in 30%,
50%, 70% and 90% ethanol for 5-10 min. The last dehydration step was carried out three
times in absolute ethanol for 30 min each. The sample was then washed with propylene
oxide twice for 10 min followed by incubation in epon-propylene oxide (1:1) for 1 h.
Lastly, the sample was treated with 100% epon overnight at room temperature before
being embedded in 1 mL of epon resin mix and curing at 65°C at least 24 h. Ultrathin
sectioning was performed using a microtome (Leica Ultracut) at a cutting angle of 6°.
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Sections were put on glow-discharged carbon-coated formvar grids and viewed with an
electron microscope (Tecnai, 300 kV).

Immunofluorescence staining

Cells grown on glass coverslips were fixed with cold methanol and then incubated
with the indicated primary antibodies. The secondary antibodies used were Alexa488-
conjugated 1gGs and Cy3-conjugated 1gGs. Images were obtained by wide-field
microscopy. For TIRF microscopy, cells grown on glass-coverslips, fixed and stained as
above were imaged through a 100x 1.49 NA TIRF objective on a Nikon TE2000 (Nikon
France SAS, Champigny sur Marne, France) inverted microscope equipped with a
QuantEM EMCCD camera (Roper Scientific SAS, Evry, France/Photometrics, AZ,
USA), a dual output laser launch which included 491 and 561 nm 50 mW DPSS lasers
(Roper Scientific), and driven by Metamorph 7 software (MDS Analytical Technologies).
A DV2 beam-splitter system (Roper Scientific/Photometrics) mounted on the light path
enabled the simultaneous acquisition of the two emission channels. A motorized device
driven by Metamorph allowed the accurate positioning of the illumination light for
evanescent wave excitation.

Mitochondrial staining analysis and NM23-H4 immunodetection

For mitochondrial staining, HelLa cells were transfected with the indicated
siRNAs and the mitochondrial marker mitoDSRED (Molecular Probes). Live cells were
photographed with fluorescence microscopy and images for each siRNA were coded and
pooled with images for the other siRNAs for unbiased classification. Cells were classified
as having predominantly tubular or fragmented mitochondria as reported elsewhere (28).
For immunocytochemistry, HelLa cells grown on glass coverslips were fixed with 3.7%
paraformaldehyde, permeabilized with 0.1% Triton X-100 in PBS, and incubated with
polyclonal anti-NM23-H4 antibodies and monoclonal anti-OPAL antibody. Secondary
antibodies used were anti-rabbit 1gG-FITC (Jackson ImmunoResearch) and anti-mouse
IgG-Rhodamine (Biomeda). Fluorescence images were acquired with a 100X o Plan-
Fluar/NAL.45 objective on a Zeiss Axiovert 200 M microscope, using a Hamamatsu
ORCA ER camera controlled by Zeiss Axiovision software.

In situ proximity ligation assay (PLA)

To monitor the subcellular localization of protein-protein interactions at single
molecule resolution, an in situ proximity ligation assay (PLA) was performed as
previously described (29). Cells grown on coverslips were fixed with cold methanol and
then incubated with primary antibodies. Secondary antibodies tagged with short DNA
oligonucleotides were added. Hybridization, ligation, amplification and detection were
realized according to the manufacturer’s protocol (Olink Biosciences). Briefly, secondary
antibodies were incubated in preheated humidity chamber for 1 h at 37°C. Ligation was
performed with a ligase-containing ligation solution for 30 min at 37°C. Finally,
amplification step was performed with a polymerase-containing amplification solution
for 1h40 min at 37°C. After the PLA reaction, coverslips were further incubated with
Alexa488-conjugated 1gGs and Cy5-conjugated 1gGs to detect proteins corresponding to
the primary antibodies used. PLA signal corresponds to the Cy3 fluorescence. Coverslips
were analyzed on an inverted wide-field microscope.




Measurement of NDPK activity

NDPK activity in cell lysates and of recombinant NM23 proteins was measured
using a spectrophotometric pyruvate kinase/lactate deshydrogenase coupled assay as
previously described (23). Briefly, the reaction mixture contained 50 mM HEPES, pH
7.4, 75 mM KCI, 5 mM MgCl,, 1 mM phosphoenolpyruvate, 0.1 mM NADH, 1 mM
ATP, 0.2 mM TDP, 1 mg/mL bovine serum albumin, and 2 U/mL each of pyruvate
kinase and lactate deshydrogenase. NADH oxidation, which reflects the formation of
adenosine diphosphate by NDPK, was followed spectrophotometrically by the decrease
in absorbance at 334 nm during 2 min (measurement of absorbance every 12 s).

Subcellular fractionation

Cells were scrapped and resuspended in hypotonic buffer (10 mM HEPES, pH
7.5, 2.5 mM MgCl,, 2 mM EGTA with a cocktail of protease inhibitors) by repeated
passages through a 27G needle. The homogenate was centrifuged at 200g for 10 min at
4°C to yield a post-nuclear supernatant (PNS), which was centrifuged at 100,000g for 60
min at 4°C to yield supernatant and pellet fractions. Pellet was resuspended in hypotonic
buffer to a volume equal the volume of supernatant, and equal volume of high-speed
fractions and PNS were analyzed by immunoblotting using specific antibodies.

Immunoprecipitation

Cells or fresh mouse brain were lysed in 50 mM Tris-HCI pH 7.5, 137 mM NacCl,
10 mM MgCI2, 10% glycerol, 1% Triton-X100 with protease inhibitors and centrifuged
at 16,0009 for 10 min at 4°C. Supernatants were incubated with 2 ug of antibody for 2 h
at 4°C and a 1:1 mixture of Protein-A and Protein-G Sepharose 4 Fast Flow (GE
Healthcare) was added and further incubated for 1 h at 4°C. Beads were washed three
times in lysis buffer, and bound proteins were eluted in SDS sample buffer and analyzed
by immunoblotting with the indicated antibodies.
For analysis of direct binding in vitro, recombinant NM23-H2 (2 ug) and dynamin-2 (20
ug) were incubated in 50 mM Tris-HCI pH 7.5, 137 mM NaCl, 10 mM MgCI2, 10%
glycerol, 1% Triton-X100 with protease inhibitors. NM23-H2 was immunoprecipitated as
reported above with anti-NM23 IgGs and bound proteins were detected with anti-
dynamin-2 antibodies.

Pull-down assay

For pull-down assay of NM23 proteins, HeLa cells were lysed in 50 mM Tris-HCI
pH 7.5, 137 mM NaCl, 10 mM MgCI2, 10% glycerol, 1% Triton-X100 with protease
inhibitors and centrifuged at 16,000g for 10 min at 4°C. Supernatants were incubated
with the indicated GST fusion proteins for 1 h at 4°C in the presence of 0.5% BSA. Then,
glutathione-Sepharose beads were added for 2 h at 4°C. Beads were washed and bound
proteins were analyzed by SDS-PAGE and immunoblotting using specific anti-NM23-H1
or anti-NM23-H2 polyclonal antibodies.

Measurement of nucleoside diphosphate and triphosphate levels
Analysis of nucleoside diphosphates and triphosphates was performed by liquid
chromatography coupled with tandem mass spectrometry as previously described (30).




Briefly, 100 mM standards of ATP, CTP, GTP, UTP and stable isotope labelled (**C,
>N) analogs were purchased in solution from Sigma-Aldrich (St Quentin-Fallavier,
France). The calibration assay used stable isotope labelled analogs of each compound as
standard and 8-bromoadenosine-5’-triphosphate was used as internal standard. As stable
isotope labelled analogs of nucleoside diphosphates were not commercially available,
their quantification was performed using the calibration curve of the nucleoside
triphosphate analogs. Sample preparation from cells was performed with a protein
precipitation step followed by a solid phase extraction (SPE) based on a weak-anion-
exchange cartridge (30). The cartridges (Oasis® Wax - 60 mg; Waters, Milford, USA)
were conditioned with 2 mL of methanol followed by 2 mL of ammonium acetate (50
mM, pH 4.5). This last step allowed improving nucleotides retention since at pH 4.5,
WAX sorbent (pKa ~6) was under ionized form (R4'N"), which strongly improved ionic
interactions with phosphate groups of nucleotides. Sample solutions were loaded onto the
SPE cartridges, and after a slow percolation, the cartridges were washed with 2 mL
ammonium acetate (50 mM, pH 4.5). Elution of the nucleotides from the cartridges was
performed with 2 mL of a solution containing methanol/water/ammoniac (80/15/5;
viviv). At basic pH, WAX sorbent was not ionized and the nucleotides were eluted.
Eluate was evaporated to dryness under liquid nitrogen at 37°C and the residue was
reconstituted in 100 L solution methanol/water/ammoniac. Ten uL were then injected
into the chromatographic device. The analytical separation of the nucleoside di- and
triphosphates was achieved on a porous graphitic carbon stationary phase with a binary
elution gradient program employing ion-pairing reagents and methanol. The triple
quadrupole mass spectrometer operated in negative multiple reaction monitoring modes
for all compounds and the fragmentation pathway corresponded to the loss of a
pyrophosphate group. ATP and ADP were however detected in positive mode in order to
distinguish them from dGTP and dGDP, which exhibit the same transition in negative
mode. Intracellular concentrations of the nucleoside di- and triphosphates were expressed
in pmol/10° cells (31).

GTPase assay
Liposome-stimulated GTPase activity of purified recombinant human dynamin-1,

dynamin-2 and OPA1 was evaluated by monitoring released inorganic phosphate, which
was quantitated by a colorimetric method (32). The color reagent was prepared by
combining 30 mL malachite-green solution (0.045% m/v) with 20 mL ammonium
molybdate in 4 M hydrochloric acid (4.2% m/v) followed by filtration through 0.2-um
filter. To measure specifically the dynamin-1/-2 GTPase activity, the reaction was
performed in a volume of 50 uL with 2 ug lipids (95% BPL/5% PIP,), 1 ug dynamin-1 or
-2, nucleotides at the different concentrations indicated for each experiment and NM23-
H1/-H2 purified recombinant proteins in 20 mM HEPES, 100 mM NaCl, 1 mM MgCls,,
pH 7.4. For measurement of OPA1 GTPase activity, the reaction was performed in a
volume of 50 pL with 10 g lipids (45% POPC/22% POPE/8% PIP,/25% cardiolipin), 10
ug purified recombinant OPA1, nucleotides at the different concentrations indicated for
each experiment and NM23-H4 purified recombinant protein in 20 mM HEPES, 100 mM
NaCl, 1 mM MgCl,, pH 7.4. The reaction mixture was incubated for increasing time at
37°C. After addition of the malachite-green reagent, the absorbance was measured with a
spectrophotometer at 650 nm against a standard solution of Pi.



In vitro fission assay

The effect of NM23 on dynamin-mediated fission of membrane tubules was
analyzed using a light-microscopy-based assay as previously reported (6). Briefly, lipids
(95% BPL/5% PIP2) were spotted in a small chamber between two glass surfaces and
dried. Lipids were fully rehydrated by filling the chamber by capillary action with 15-20
uL of GTPase buffer (20 mM HEPES, 100 mM NaCl, 1 mM MgCl,, pH 7.4) containing
0.5 mg/mL casein to block the glass surface and to avoid sticking of proteins on the
surface. Rehydration generated membrane sheets. The dynamin-containing solution (2
mg/mL) was then applied to the chamber and the deformation of membrane sheets
produced by its diffusion into the chamber was recorded by differential interference
contrast (DIC) microscopy. The NM23-containing solution (2 mg/mL) was added after
formation of the tubes. A washing step with GTPase buffer was performed just before the
addition of nucleotides (1 mM ATP and 1 mM GDP) in the same buffer to discard excess
soluble NM23-H1/H2. Experiments were performed with rat brain dynamin and human
dynamin-1. All incubations were carried out at room temperature.

Electron microscopy analysis of negatively stained tubules

Negative staining electron microscopy of dynamin-coated lipid tubules in the
absence and presence of NM23 was performed according to (33). Briefly, lipids (95%
BPL/5% PIP,;) were incubated with either human dynamin-1 alone or with human
dynamin-1 and NM23-H2 proteins in 20 mM HEPES, 100 mM NaCl, 1 mM MgCl,, pH
7.4 during 5 min and applied on a carbon-grid for 3 min. Then, a washing step in 20 mM
HEPES, 100 mM NaCl, 1 mM MgCl,, pH 7.4 was performed before adding dye.

Statistical analyses

Statistical analyses were performed using an unpaired Student’s t-test in
Microsoft excel software. All Student’s t-tests were two-sided. The level of statistical
significance was set at <0.05.
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Fig. S1.

Suppression of NM23-H1 and NM23-H2 expression with specific sSiRNAs does not
affect levels of key endocytic components in mammalian cells.

(A) and (B) Specific expression of NM23-H1 and NM23-H2 was analyzed by
immunoblotting with polyclonal specific affinity-purified anti-NM23-H1 and anti-NM23-
H2 antibodies in HeLa cells mock-treated or transfected with different single siRNAs
against NM23-H1 (siH1, siH1’), NM23-H2 (siH2, siH2’), and with the combination
SiH1+H2 or siH1’+H2’. (C) Specific expression of NM23-H1 and NM23-H2 was
analyzed by immunoblotting in BSC-1 cells mock-treated or transfected with siH1+H2.
(D) Specific expression of NM23-H1 and NM23-H2 was analyzed by immunoblotting in
Hep2p cells (Hep2 cells stably transfected with IL-2 receptor 3 subunit) mock-treated or
transfected with siH1+H2. (E) Expression of three major endocytic proteins, a-adaptin,
clathrin heavy chain (CHC), and dynamin-2 was analyzed by immunoblotting in HelLa
cells and was unaffected upon NM23-H1/-H2 silencing. Control for equal loading was
obtained by immunoblotting with anti-tubulin antibody. Molecular weights are indicated
in kDa.
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Fig. S2

NM23-H1/H2 knockdown with different sets of siRNA impairs dynamin-dependent
endocytosis without affecting recycling.

(A) BSC-1 cells were mock-treated or treated with a pair of sSiRNAs to simultaneously
knockdown NM23-H1 and NM23-H2 and assessed for endocytosis of Alexa488-Tf. Data
are expressed as percentage of internal Tf compared to surface-bound Tf at time 0 £ SEM
from four independent experiments. *, P < 0.05 compared to mock-treated cells. (B)
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HeLa cells were mock-treated (black circle), or transfected with siH1’ (black triangle),
siH2” (white triangle), siH1’+H2’ (white circle) and assessed for endocytosis of
Alexa488-Tf. Data are expressed as percentage of internal Tf compared to surface-bound
Tf at time 0 + SEM from four independent experiments. *, P < 0.05 when compared
siH1’+H2’ to mock-treated cells. (C-D) HelLa cells were assessed for endocytosis of
EGR-receptor in response to high dose (100 ng/ml) of Alexa488-EGF under the various
indicated conditions. Data are expressed as percentage of internal EGF compared to
surface-bound EGF at time 0 £ SEM from four independent experiments. *, P < 0.05
when compared to mock-treated cells. (E) Kinetics of internalization of radio-labelled
EGF (1.5 ng/mL) in HeLa cells under the various indicated conditions. Results are the
average of triplicate points (SEM < 10%) and representative of three independent
experiments. The interpolation curves are shown. The real values of the ratio
internalized/surface-bound radio-labelled EGF for the control and siH1+H2 conditions
are indicated. (F) HeLa cells were mock-treated (black circle) or transfected with
siH1+H2 (white circle) and assessed for recycling of Alexa488-Tf. Data are expressed as
percentage of internal Tf compared to time 0 = SEM from four independent experiments.
Of note, silencing of NM23-H1/H2 did not significantly affect the recycling of Tf-R.
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Fig. S3
Increased CCP density in BSC-1 cells depleted for NM23-H1/H2.
(A) AP-2 staining (a-adaptin) in BSC-1 cells knocked-down for NM23-H1/H2. Scale

bar, 1 um. (B) Mean CCP number/um? + SEM (n=10 cells for each condition). *, P <
0.05 compared to mock-treated cells.
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Fig. S4

NM23-H1 and NM23-H2 are membrane-associated.

(A, B) HeLa (A) and BSC-1 (B) cells were homogenized and a postnuclear supernatant
(PNS) was prepared and centrifuged at 100,000g to produce a soluble (supernatant) and a
membrane (pellet) fraction. Proteins corresponding to equivalent cell-number were
loaded in each lane. The presence of NM23-H1, NM23-H2, a-adaptin, transferrin
receptor (TR, integral membrane protein) as well as RhoA (soluble protein) were
detected in the fractions by immunoblotting analysis with specific antibodies. Two
independent subcellular fractionations were performed and gave similar results. At long
exposition, no signal of RhoA is detected in the pellet fraction (data not shown)
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Fig. S5

NM23 colocalizes with AP-2 and dynamin-2 in HeLa and BSC-1 cells.

(A, B) Immunofluorescence (TIRF microscopy) staining for endogenous NM23-H2 and
a-adaptin AP-2 subunit (A) or dynamin-2 (B) in HelLa cells. Insets show co-localization
of NM23-H2 with a-adaptin- and dynamin-2-labeled CCPs (arrowheads). Scale bar, 5
um. (C) Immunolabeling (TIRF microscopy) for endogenous dynamin-2 and o-adaptin
in HeLa cells. Insets show dynamin-2 colocalizing with a-adaptin. Scale bar, 5 um. (D)
Immunolabeling (TIRF microscopy) for endogenous NM23-H2 and a-adaptin in BSC-1
cells. Insets show NM23-H2 colocalizing with a-adaptin. Scale bar, 5 um.
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Fig. S6

NM23 associates with dynamin-2 in AP-2-positive CCPs.

(A, B) PLA signal using NM23 antibody in combination with a-adaptin antibody (A), or
dynamin-2 antibody (B) in HeLa cells. Immunolabeling of a-adaptin was performed after
PLA (right panels). Insets show PLA signals (NM23/a-adaptin or NM23/dynamin-2)
colocalizing with a-adaptin-positive CCPs (arrowheads). PLA signal indicates a close
proximity, possibly in situ interaction of NM23 with AP-2 and dynamin-2 at CCPs. Scale
bar, 5 um. (C) PLA signal using NM23-H2 antibody alone (left panel) or in combination
with a-adaptin antibody (middle panel), or dynamin-2 antibody (right panel) in BSC-1
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cells. One cell is shown in each panel. High PLA signal is observed in the presence of
combined primary antibodies. Scale bar, 5 um.
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NMZ23 is not associated with caveolae.
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(A) PLA signal in HeLa cells between NM23 and caveolin-2, a component of caveolae
(upper panel), and between o-adaptin and the cytosolic protein RhoGDla. (lower panel).
Immunolabeling for each protein was performed after the PLA reaction. Dotted delimited
single cells. Background PLA signal is observed when probing an association between
NM23 and caveolin-2 indicating that NM23 is not associated with caveolae. Background
signal is also observed between a-adaptin and RhoGDla documenting the specificity of
o-adaptin and NM23 association. Scale bar, 5 um. (B) PLA signal in HeLa cells in the
presence of only one primary antibody either directed against NM23 or a-adaptin or
dynamin-2 (upper panel). Immunolabeling for each protein was performed after the PLA
reaction (lower panel). Dotted delimited individual cells. Background signal is observed
whatever the tested primary antibody. Scale bar, 5 um.
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ATP 74831488 72111595
GTP 2150198 22981149
uTP 2665+19 28541294
CTP 1046+15 1147168
Diphosphate | mock (pmol/10° cells) | siH1+H2 (pmol/10° cells)
nucleosides
ADP 3761187 4051477
GDP 156113 18717
UDP 213130 213130
CDP 62+8 655
Ratio mock siH1+H2
ATP/ADP 2 1,8
GTP/GDP 13,8 12,3
UTP/UDP 12,5 13,4
CTP/CDP 16,9 17,6
Fig. S8

Overall intracellular GTP levels are unchanged upon NM23 inactivation.
(A) NDPK activity in HeLa cells mock-treated or transfected with siH1, siH2, and
siH1+H2. Data are mean = SEM of three independent experiments, each performed in
duplicate. *, P < 0.05 compared to mock-treated cells. (B) Intracellular GDP and GTP

levels in mock- and siH1+H2-treated HelLa cells measured by liquid chromatography
coupled with tandem mass spectrometry. Data are mean + SEM of three independent
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experiments. NS, not statistically significative compared to mock-treated cells. (C)
Intracellular levels of the different nucleoside diphosphates and triphosphates in mock-
and siH1+H2-treated HelLa cells measured as in B. Data are mean + SEM of three
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independent experiments. The results are expressed in pmol/10° cells. The ratio of
nucleoside triphosphates/nucleoside diphosphates is shown.
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Fig. S9

NM23 associates with dynamin-coated tubules and promotes fission.

(A) Number of breaks of rat brain dynamin-coated tubules in the presence of NM23-H2
plotted as a function of time after addition of 1 mM ATP and 1 mM GDP. (B) Negative
staining electron microscopy of liposomes incubated with dynamin-1 alone (upper panel).
Arrowheads point to typical striations of the dynamin helical polymer around the tubules.
In the lower panel, dynamin-1 was added together with NM23-H2. Arrowheads point to
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thicker stripes than the dynamin-only coat very likely corresponding to the association of
NM23-H2 to the surface of dynamin-1-coated tubules. Scale bar, 100 nm.
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Fig. S10

Proximity ligation assay of NM23-H4 and OPAL.
PLA signal in HeLa cells between NM23-H4 and OPA1 (left panel) and in control

reaction using only primary antibody against OPAL1 (middle panel). Scale bar, 10 um.
Quantification is shown in the right panel from three independent experiments. *, P <

0.01 compared to control OPAl-only PLA signal.
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NM23-H3-GFP Mitotracker

Fig. S11

NM23-H3 is associated with the mitochondrial outer membrane.

HeLa cells stably expressing full-length NM23-H3 protein C-terminally fused to GFP
were incubated with mitochondrion-selective dye MitoTracker™ Red CMXRos for 30
min at 37°C and fixed. Staining of NM23-H3-GFP (A) and MitoTracker (B) are shown.
Panel C show higher magnification of boxed regions indicating that NM23-H3-GFP is
localized at the mitochondrial outer membrane (arrowheads point to a ring of NM23-H3-
GFP at the periphery of mitochondria). Scale bar, 10 um.
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Movie S1

Effect of 1 mM ATP and 1 mM GDP, in the absence of NM23, on a network of
dynamin-coated lipid tubules.
Dynamin was added before starting the time-lapse sequence. Images were taken every

sec. Note the change in focus corresponding to nucleotide addition. Same field as in Fig.

3G.

Movie S2

Effect of 1 mM ATP and 1 mM GDP in the presence of NM23-H1 on a network of
dynamin-coated lipid tubules.

Dynamin and NM23-H1 were added before starting the time-lapse sequence. Images
were taken every sec. Note the change in focus corresponding to nucleotide addition.
Same field as in Fig. 3G.

Movie S3

Effect of 1 mM ATP and 1 mM GDP in the presence of NM23-H2 on a network of
dynamin-coated lipid tubules.

Dynamin and NM23-H2 were added before starting the time-lapse sequence. Images
were taken every sec. Note the change in focus corresponding to nucleotide addition.
Same field as in Fig. 3G.
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