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(Bacl(ground: Maintaining the mitochondrial NAD™ pool is important, whereas its generation in mammalian cells is not
Results: A plant transporter expressed in human cells increases mitochondrial NAD™ but shifts metabolism from respiration to

Conclusion: In human cells, NAD™ is synthesized in mitochondria rather than imported from the cytosol.
Significance: Separation of subcellular NAD™ pools may be critical for metabolism in mammalian cells.
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The mitochondrial NAD pool is particularly important for the
maintenance of vital cellular functions. Although at least in
some fungi and plants, mitochondrial NAD is imported from the
cytosol by carrier proteins, in mammals, the mechanism of how
this organellar pool is generated has remained obscure. A trans-
porter mediating NAD import into mammalian mitochondria
has not been identified. In contrast, human recombinant
NMNATS3 localizes to the mitochondrial matrix and is able to
catalyze NAD" biosynthesis in vitro. However, whether the
endogenous NMNAT3 protein is functionally effective at gen-
erating NAD™" in mitochondria of intact human cells still
remains to be demonstrated. To modulate mitochondrial
NAD™ content, we have expressed plant and yeast mitochon-
drial NAD™* carriers in human cells and observed a profound
increase in mitochondrial NAD™. None of the closest human
homologs of these carriers had any detectable effect on mito-
chondrial NAD* content. Surprisingly, constitutive redistribu-
tion of NAD™ from the cytosol to the mitochondria by stable
expression of the Arabidopsis thaliana mitochondrial NAD*
transporter NDT2 in HEK293 cells resulted in dramatic growth
retardation and a metabolic shift from oxidative phosphoryla-
tion to glycolysis, despite the elevated mitochondrial NAD* lev-
els. These results suggest that a mitochondrial NAD* trans-
porter, similar to the known one from A. thaliana, is likely
absent and could even be harmful in human cells. We provide
further support for the alternative possibility, namely intrami-
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tochondrial NAD™* synthesis, by demonstrating the presence of
endogenous NMNATS3 in the mitochondria of human cells.

Mitochondria constitute a unique type of organelle. They are
enclosed by a double membrane system and contain their own
genome and protein translation machinery. Moreover, mito-
chondria are essential for oxidative metabolism in eukaryotic
cells and represent the major contributor to energy transduc-
tion and ATP production. Not surprisingly, mitochondrial dys-
function has been associated with various diseases including
metabolic disorders, neurodegenerative diseases, and cancer
(1-7). In mitochondria, virtually all metabolic processes de-
pend on NAD. Accordingly, the NAD concentration in these
organelles is high and constitutes up to 70% of the total cellular
pool (8 —10). All major metabolic pathways, including fatty acid
catabolism, TCA cycle, and oxidative phosphorylation via the
respiratory chain, involve NAD-dependent redox reactions. In
addition, mitochondrial NAD*-dependent signaling reactions,
most prominently mediated by the protein deacetylase sirtuin 3
and other representatives of the Sirtuin family, play fundamen-
tal roles in the regulation of global metabolism (11). Given the
degradation of NAD ™ in the course of these signaling reactions,
the mitochondrial NAD™ pool needs to be constantly replen-
ished. Even though this organellar NAD " pool is regarded to be
largely autonomous, its maintenance seems to be critical not
only for mitochondrial homeostasis but also for most other cel-
lular activities (12, 13). It has been reported that depletion of
mitochondrial NAD ™ may cause cell death. For example, upon
activation of the mitochondrial permeability transition pore,
mitochondrial NAD™ is depleted and degraded by activated
NAD™ catabolic enzymes, resulting in the loss of cellular met-
abolic integrity and potentially cell death (14—-18).

Surprisingly, despite the growing knowledge about NAD-de-
pendent processes in mitochondria, the mechanisms underly-
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ing the establishment and maintenance of the mitochondrial
NAD pool in mammals have remained largely unknown. In
yeast and plants, membrane carriers mediating NAD ™ trans-
portacross the inner mitochondrial membrane have been iden-
tified. In the plant Arabidopsis thaliana, two transporter homo-
logs, AtINDT1 and AINDT2,®> were shown to exhibit NAD*
transport activity (19). Although AtNDT1 is expressed in chlo-
roplasts, AINDT2 localizes to mitochondria. Similarly, in the
yeast Saccharomyces cerevisiae, the proteins Sc(NDT1 and
ScNDT?2 constitute mitochondrial NAD ™ transporters (20).

In contrast to yeast and plants, no mitochondrial NAD™
transporter has been identified in humans or other mammals
(12, 21, 22). On the other hand, a mammalian isoform of the
essential NAD biosynthetic enzyme NMN adenylyl transferase
(NMNAT), NMNAT3, has been shown to be targeted to the
mitochondrial matrix when expressed from recombinant DNA.
Interestingly, such a mitochondrial NMNAT isoform is lacking
in S. cerevisiae and A. thaliana. Based on these observations, a
mechanism of intramitochondrial NAD™ generation was pro-
posed that involves precursor uptake in form of NMN and fur-
ther conversion to NAD™ by NMNAT3 (23, 24). However, the
presence of endogenous NMNAT3 protein in human mito-
chondria is still a matter of debate (25). Moreover, how NMN
would be imported into mitochondria is also not known, and
the possibility that a yet unidentified transporter catalyzes
mitochondrial NAD™ import cannot be ruled out. For example,
several homologs of the established plant and yeast NAD™
transporters exist in humans. SLC25A32, a member of the
mitochondrial solute carrier family SLC25 (22) has recently
been described as the mitochondrial folate carrier and is the
closest homolog of AZINDT2 and ScNDT1, exhibiting 30 and
35% sequence identity with AtNDT2 and SctNDT1, respectively
(12, 21). Two more members of the SLC25 family, SLC25A33
and SLC25A36, display high sequence similarity with
SLC25A32 (22). The strong conservation of the SLC25 proteins
from yeast to humans and the fact that the predicted substrate
binding sites were found almost identical still indicate that a
mammalian mitochondrial transporter for a NAD-like sub-
strate might exist (21). Furthermore, SLC25A32, SLC25A33,
and SLC25A36 are the only mitochondrial carriers to share a
peculiar feature (i.e. the presence of a tryptophan instead of an
acidic residue in the second signature motif PX(D/E)XX(K/R)
localized at the end of the third transmembrane a-helix) with
yeast FLX1, NDT1, NDT2, and RIM2 and A. thaliana carriers
AINDT1 and AtNDT2 (27).

Selective modulation of the mitochondrial NAD™ pool
within the organelles is experimentally challenging. For exam-
ple, pharmacological inhibitors are likely to affect other cellular
NAD™ pools as well and may induce acute responses indepen-
dent of long term alterations of the mitochondrial NAD con-
tent (28). Using a transgenic cell-based approach, we have pre-

3 The abbreviations used are: NDT, nicotinamide adenine dinucleotide trans-
porter; NMNAT, nicotinamide mononucleotide adenylyl transferase; NMN,
nicotinamide mononucleotide; NA, nicotinic acid; NamPRT, nicotinamide
phosphoribosyl transferase; PAR, poly(ADP-ribose); PARP, poly(ADP-ri-
bose) polymerase; OCR, oxygen consumption rate; ECAR, extracellular
acidification rate; qRT-PCR, quantitative RT-PCR; CCCP, carbonyl cyanide
m-chlorophenyl hydrazone.
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viously shown that a diminished mitochondrial NAD™ pool
affects mitochondrial metabolism and leads to accelerate lac-
tate production (29).

We report here the functional heterologous expression of
plant and yeast mitochondrial NAD™ transporter in human
cells. Both transporters mediated a strong elevation of mito-
chondrial NAD™ levels, as conveniently monitored by the
PARAPLAY-based detection system, which exploits intramito-
chondrial poly(ADP-ribose) (PAR) formation as readout (23,
30). None of the human SLC25 proteins tested had such an
effect. Unexpectedly, constitutive redistribution of NAD™ from
the cytosol to mitochondria, established by stable expression of
the AINDT2 NAD™ transporter, not only negatively affected
cell proliferation, but also changed the metabolic profile of cells
and caused a switch from oxidative metabolism to glycolytic
fermentation. Together with the fact that the human candi-
dates most closely related to the plant and yeast NAD™ trans-
porters failed to support mitochondrial NAD™ import, these
findings suggest that direct NAD ™ import is likely to be absent
from human mitochondria. In support of this notion, we pro-
vide evidence for intramitochondrial NAD" biosynthesis in
human cells by demonstrating the presence of endogenous
mitochondrial NMNATS3.

Experimental Procedures

Chemicals, Reagents, and Media—Unless otherwise speci-
fied, all chemicals and reagents were of analytical grade and
purchased from Sigma and Merck. Cell culture reagents were
from Merck Millipore, Lonza, and ThermoFisher Scientific.
FK866 was obtained from the National Institute of Mental
Health Chemical Synthesis and Drug Supply Program and
Sigma. Monoclonal antibodies mouse anti-FLAG (M2), and
mouse anti-B-tubulin were from Sigma, mouse anti-NMNAT3
(D-10) and mouse anti-superoxide dismutase 2 were from
Santa Cruz Biotechnology, and mouse anti-PAR (10H) was
from Enzo Lifescience. Monoclonal anti-GFP (JL-8) antibody
was from Clontech (Takara), and fluorescent-conjugated
(Alexa Fluor) secondary antibodies were from Life Technolo-
gies. HRP-conjugated goat anti-mouse/goat anti-rabbit anti-
bodies were from Pierce/ThermoFisher Scientific. DNA-mod-
ifying and restriction enzymes were purchased from Fermentas
and New England Biolabs, and oligonucleotide synthesis was
done by Sigma.

Generation of Eukaryotic Expression Vectors—For transient
expression of the proteins of interest, the ORFs were amplified
from pre-existing plasmids or 293 cDNA and inserted into the
pFLAG-CMV-5a plasmid (Sigma) via the EcoRI/BamHI
restriction sites. For stable transfection of 293 cells, the ORFs
of human SLC25A32 and AtNDT2 were cloned into
pcDNA3.1(+) (Life Technologies) via the EcoRI/Xbal restric-
tion sites and with the DNA sequence encoding a C-terminal
FLAG epitope included in the primer sequences.

Cell Culture—293 cells were cultivated in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% (v/v) FCS, 2 mm
glutamine, and penicillin/streptomycin. HeLa S3 cells were cul-
tivated in Ham’s F12 medium supplemented with 10% FCS, 2
mM glutamine, and penicillin/streptomycin. The cells were cul-
tured at 37 °C in a humidified atmosphere of 5% CO, (standard
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culture conditions). Transient transfection of HeLa S3 was per-
formed for 24— 48 h using Effectene reagent (Qiagen) accord-
ing to the manufacturer’s recommendations. For the genera-
tion of stably transfected cell lines, 293 cells were transfected by
the calcium phosphate precipitation method. Monoclonal cell
lines were generated after two rounds of selection in the pres-
ence of 550 ug/ml G418 and were maintained in complete 293
medium supplemented with 100 ug/ml G418.

Subcellular Fractionation—Mitochondrial and cytosolic
fractions of 293 cells were prepared using a mitochondria iso-
lation kit for cultured cells (Thermo Scientific) according to the
manufacturer’s protocol.

Sequence Analysis—Human relatives of A{INDT2 (Uniprot
number Q8RWAS5) were identified by BLAST search (Uniprot)
configured with the default parameters. Multiple sequence
alignment of amino acid sequences was obtained using Jalview
2.8.2 (31).

Cell Viability—Cell proliferation was determined by a resa-
zurin-based viability assay (Sigma). A total of 10.000 cells/well
was seeded in the cavities of 96-well plates in 100 ul of medium.
The next day, medium was exchanged for fresh medium sup-
plemented with the desired treatment (FK866 (2 um), NA (100
M), or respective solvents for controls). After the indicated
time points, the medium was exchanged for medium supple-
mented with 10% (v/v) resazurin and incubated for 2 h at 37 °C.
Following incubation, samples were measured fluorometrically
(excitation, 540 nm; emission, 590 nm). Samples were mea-
sured in triplicate and corrected for background signals from
blanks (medium). The data obtained for the first measurement
(time point 0 h) were set as 100%, and all subsequent values are
reported as relative percentages.

Determination of Medium pH and Lactate Concentration—
To measure pH values and lactate concentrations, 225,000 cells
were seeded in the cavities of a 6-well plate in 2 ml of medium.
After indicated time points, the medium was removed, and the
pH was measured with a pH meter. Lactate measurements were
performed in triplicate on medium as previously described by
Vahsen et al. (32). Prior to measurement, samples were diluted
100 times in water. In parallel, cells from the same samples were
washed with PBS and harvested in 200 ul of lysis buffer, and
protein determination was carried out to normalize lactate con-
centration to protein amount.

Protein Determination, SDS-PAGE, and Western Blot
Analysis—Cells were washed with PBS and lysed in 20 mwm Tris/
HCI (pH 7.4), 1 mm EDTA, 2% SDS, and 150 mm NaCl.
Genomic DNA was sheared by passage through a syringe with a
23-gauge needle. Protein concentration was determined by
BCA protein kit (Pierce). SDS-PAGE and immunoblotting
analyses were performed according to standard procedures.
Enhanced chemiluminescence (SuperSignal; Pierce) was used
for immunodetection. Pictures were taken using the ChemiDoc
XRS+ imager (Bio-Rad).

Immunocytochemistry—Cells grown on coverslips were fixed
for 45 min with ice-cold 4% (v/v) formaldehyde in PBS and
permeabilized for 15 min using 0.5% (v/v) Triton X-100 in PBS.
After a blocking step with complete medium for 1 h at room
temperature, primary antibody in complete medium was added
to cells and incubated overnight at 4 °C. Cells were then washed
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three times with PBS and once with PBS containing 0.1% (v/v)
Triton X-100 before addition of secondary antibody diluted in
complete medium and incubation for 1 h at room temperature.
Nuclei were subsequently stained with DAPI, and cells were
washed once with PBS containing 0.1% (v/v) Triton X-100 and
twice with PBS before mounting onto slides. Images were taken
using a Leica DMI6000B epifluorescence microscope (Leica
Microsystems).

SiRNA Knockdown Experiments—Silencer Select NMNAT3
siRNA and control siRNA and transfection reagent Lipo-
fectamine 2000 were purchased from ThermoFisher Scientific.
Knockdown efficiency of NMNAT3 siRNA was determined by
1) QRT-PCR analysis and 2) co-transfection of NMNAT3
siRNA along with plasmid encoding FLAG-tagged NMNATS3
followed by FLAG immunoblot analysis. For QRT-PCR analy-
ses, 5 X 10° 293 cells were seeded in 6-well plates 24 h before
transfection with 100 pmol of siRNA. After 48 h, 5 ug of total
RNA, isolated using RNeasy mini kit (Qiagen), were reversely
transcribed into cDNA using RevertAid reverse transcriptase
(ThermoFisher Scientific). QRT-PCR analyses were performed
with a LightCycler® 480 system (Roche) using LightCycler® 480
probes Master Mix (Roche) and predesigned TagMan gene
expression assays for human NMNAT3 and B-actin (Thermo-
Fisher Scientific). For co-transfection experiments, 3 X 10° 293
cells were seeded in 12-well plates 1 day before co-transfection
with 300 ng of plasmid DNA and 9 pmol of siRNA. After 24 h,
cells were lysed and subjected to FLAG immunoblot analysis
using 25 ug of total protein. For analyzing the metabolic con-
sequences of down-regulated NMNAT3 gene expression, 1.3 X
10° 293 cells were seeded in 6-cm dishes 24 h before transfec-
tion with 240 pmol of siRNA. After 2, 4, and 6 days, 1.5 X 10°
cells were passaged and transfected with 240 pmol of siRNA
upon seeding. One day after the last siRNA transfection, cells
were transferred into a 96-well plate and incubated for 24 h
prior to oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) determination with a Seahorse XF96
Analyzer.

Measurement of Cellular Glycolytic and Oxygen Consump-
tion Rate—The OCR and ECAR in cultured cells were moni-
tored in a Seahorse XF96 Analyzer (Seahorse Biosciences).
Here, the OCR is initially measured under normal conditions to
determine the “basal respiration.” The addition of ATP syn-
thase inhibitor oligomycin shows oxygen consumption inde-
pendent of oxidative phosphorylation (“leak activity”). Maxi-
mal respiration (also referred to as “respiratory capacity”) is
measured upon addition of the uncoupler CCCP. The “respira-
tory reserve” of cells is the difference between basal and maxi-
mal respiration. Finally, the addition of respiratory chain
complex I inhibitor rotenone yields complex I-independent
respiration, whereas the addition of antimycin A, an inhibitor of
respiratory chain complexIII, reveals oxygen consumptioninde-
pendent of mitochondrial respiration (nonmitochondrial res-
piration). The ECAR is measured as basal acidification rate
before addition of glucose, which determines glycolysis-depen-
dent ECAR. Oligomycin is added to measure maximal glyco-
lytic activity (“glycolytic capacity”), whereas 2-deoxyglucose is
added to inhibit glycolysis and determine nonglycolytic ECAR.
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Preparatory analyses were performed to optimize cell num-
ber and concentrations of coating agent (poly-L-lysine), car-
bonyl cyanide m-chlorophenyl hydrazone (CCCP), and oligo-
mycin. The cell culture microplates were coated with 0.01%
poly-L-lysine, washed with PBS, and air-dried overnight. The
day before analysis, the coated microplates were sterilized by 30
min of exposure to UV light before seeding 30,000 cells/well in
80 wl of growth medium. The cells were incubated overnight at
standard culture conditions. On the day of analysis, the growth
medium was replaced with sterile filtered unbuffered assay
medium (supplemented with 1.85 g/liter NaCl). Mitochondrial
respiration and glycolysis were studied in two different assays.
For analysis of mitochondrial respiratory function, the assay
medium (pH 7.4, unbuffered) was supplemented with 2 mm
L-glutamine, 2 mM sodium pyruvate, and 10 mMm glucose,
whereas the medium (pH 7.35, unbuffered) for glycolysis func-
tion measurements was supplied with 2 mm L-glutamine only.
Following the addition of assay medium, the microplate was
incubated for 1-2 h in a CO,-free incubator (XF Prep Station,
Seahorse Biosciences) at 37 °C, to remove CO, from the plate
and medium. The assay reagents were diluted in assay medium.
For mitochondrial respiration analysis, the final concentrations
were 3 uM oligomycin, 0.5-1 um CCCP, 1 uM rotenone, and 1
mM antimycin A. For analysis of glycolysis, we used 10 mm glu-
cose, 3 uM oligomycin, and 100 mm 2-deoxyglucose (Seahorse
Biosciences). To assess the impact of pyruvate on cellular
metabolism, cells were starved for pyruvate for two passages
before performing a basic OCR with ranging concentrations of
pyruvate or methyl pyruvate (0, 2, or 10 mm in the assay
medium.

Following analysis, for normalization to cell number, the cells
were fixed in 4% (v/v) formaldehyde solution with 0.5 ug/ml
Hoechst 33342. The microplates were stored at 4 °C, before the
nuclei were imaged on a BD Pathway 855 Bioimager (BD Biosci-
ences, 3 X 3 montage, 10X objective, excitation filter 380/10 and
emission filter 435LP). To count the cells, the images were pro-
cessed and segmented using the CellProfiler Software. The nuclei
were counted in a fixed subregion of each well. Thereafter the
nuclei count for each well was divided by the average number from
untreated control wells, giving a scaling factor applied to the XF
data to correct for the differences in cell number.

HPLC Analysis—Nucleotides were extracted from cell sus-
pensions by the addition of 1 M ice-cold perchloric acid fol-
lowed by neutralization with 3 M KHCO3. After centrifugation
and filtration, supernatants were subjected to HPLC analysis on a
Prominence HPLC system (Shimadzu) using a Nucleosil 3005
C18 column (250 X 4.6 mm, 5mkn, Macherey-Nagel). Solvent A
was composed of potassium phosphate buffer (50 mm, pH 5.8) and
tetra-n-butyl-ammonium bromide (2 mm). Solvent B consisted of
50% acetonitrile (v/v), potassium phosphate buffer (100 mm, pH
5.8), and 2 mM of tetra-un-butyl-ammonium bromide. Chromato-
grams were recorded at 258 and 338 nm.

Results

Heterologous Expression of Plant or Yeast Mitochondrial
NAD™ Transporters Increases Mitochondrial NAD™ Availabil-
ity in Human Cells—Because the exact mechanism of mito-
chondrial NAD generation has remained unknown, specific
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modulation of this pool through influencing NAD biosynthetic
pathways is currently not feasible. Based on the recent identifi-
cation of yeast and plant mitochondrial NAD™ transporters
(19, 20), we reasoned that their heterologous expression in
human cells could mediate increased NAD™ contents in these
organelles. To test this hypothesis, the ORFs encoding the plant
AtNDT2 or yeast ScNDT1 NAD™ transporters were expressed
in human cells. As shown in Fig. 14, expression of these trans-
porters resulted in the expected localization of the proteins, as
indicated by their co-localization with the mitochondria-spe-
cific dye MitoTracker. To determine whether overexpression
of these transporters in human cells had an influence on mito-
chondrial NAD™ contents, we made use of the previously
established PARAPLAY system (23, 30). This system is based
on the accumulation of immunodetectable PAR mediated by
mitoPARP, a mitochondrially targeted fusion protein consist-
ing of an enhanced GFP (EGFP) portion and the catalytic
domain of PARP1, which converts mitochondrial NAD™ to
PARina concentration-dependent manner (23, 29). In HEK293
cells (subsequently referred to as 293 cells) transiently express-
ing mitoPARP, the PAR signal is readily detectable (Fig. 1B).
Importantly, the signal was strongly increased in cells tran-
siently co-expressing either S(NDT1 or AtNDT2 along with
mitoPARP (Fig. 1B, two right lanes). These observations estab-
lished that both NAD™ transporters were expressed as func-
tional proteins and were able to substantially enhance NAD™
availability in mitochondria.

Notably, the presence of the transporters increased mito-
chondrial NAD™ contents, even though the NAD ™ concentra-
tion is already constitutively higher in mitochondria than in the
cytosol (8). This is in accordance with findings in yeast cells
overexpressing the mitochondrial NAD™ carrier protein
ScNDT1, yielding an increased mitochondrial NAD™ content
(33). Preincubation of 293 cells, overexpressing mitoPARP and
AINDT2, with the PARP inhibitor 3-aminobenzamide further
substantiated that the increased mitochondrial NAD™ influx
was dependent on the transporter activity. Upon release of the
inhibition, PAR was produced far more readily in cells co-ex-
pressing the transporter compared with the cells expressing
mitoPARP alone (Fig. 1C). This result indicated that the
mitoPARP construct had access to more NAD ™ when the plant
NAD™ carrier AfNDT2 was expressed. That is, mitochondrial
NAD™ content was considerably increased upon overexpres-
sion of the carrier.

In view of the highly sensitive detection of mitochondrial
NAD™ import using the PARAPLAY system, we decided to test
whether known or predicted human mitochondrial transport-
ers might mediate mitochondrial NAD™ transport. First, we
considered the mitochondrial carrier SLC25A32 (Uniprot
number Q9H2D1), which is the closest human relative to
Sc(NDT1 and A(NDT2 (12, 22). SLC25A32 shares ~30%
sequence identity with A¢tNDT2 (Fig. 2) and was previously
described as a human mitochondrial folate transporter (34).
According to a recent report, SLC25A32 does not mediate
mitochondrial NAD™ import (12). Indeed, overexpressed
SLC25A32 localized to the mitochondria (Fig. 34) but did not
affect mitochondrial PAR formation, indicating no influence on
mitochondrial NAD™ levels (Fig. 3B). Given this result, we also
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FIGURE 1. Heterologous expression of mitochondrial NAD* transporters in human cells increases mitochondrial NAD* availability. A, established mitochon-
drial NAD* transporters from A. thaliana (AtNDT2) and S. cerevisiae (SCNDT1) were expressed with a C-terminal FLAG epitope in HeLa S3 cells and detected by FLAG
immunocytochemistry. The images show the nuclei (DAPI) and mitochondrial structures (MitoTracker) and the overexpressed proteins (FLAG). The merged images
reveal co-localization of the recombinant NAD " transporters with mitochondria. Scale bar, 10 um. B, 293 cells were co-transfected with a vector encoding mitoPARP
and plasmids encoding the indicated mitochondrial NAD ™" transporters or a control plasmid. Cell lysates were subjected to PARimmunoblot analyses. The intensity of
the PAR immunoreactivity reflects the mitochondrial NAD* content. The expression of the transporters (FLAG) and mitoPARP (EGFP) was confirmed, and B-tubulin
served asaloading control. C, 293 cells were co-transfected with a vector encoding mitoPARP and either a vector encoding AtNDT2 or a control plasmid in the presence
of the PARP inhibitor 3-aminobenzamide (1 mm). 24 h after transfection, PARP inhibition was released by medium exchange. At the indicated time points, cells were
lysed and subjected to immunoblot analysis. The intensity of the PAR immunoreactivity reflects the mitochondrial NAD™ content. The expression of the transporter

(FLAG) and mitoPARP (EGFP) was confirmed, and B-tubulin served as a loading control. Ctrl, control.

tested SLC25A33 (Uniprot number Q9BSK2) and SLC25A36
(Uniprot number Q96CQ1), the next two human proteins most
closely related to the mitochondrial NAD™ carriers from yeast
and plants (Fig. 2). Although SLC25A36 shares ~30% identity
with SL25A32, SLC25A33 in turn is ~61% identical to
SLC25A36 (21). SLC25A33 has previously been described as
pyrimidine nucleotide carrier (PNC1) involved in mitochon-
drial pyrimidine nucleotide import (26), and for SLC25A36 a
similar function has been suggested (22). When overexpressed
in HeLa S3 cells, the two proteins co-localized with Mito-
Tracker (Fig. 3A). However, when co-expressed with
mitoPARP, PAR levels were unchanged compared with control
cells, indicating that none of these proteins influenced mito-
chondrial NAD™ levels (Fig. 3B).

Stable Expression of the Mitochondrial NAD™ Transporter
AINDT?2 in 293 Cells Results in Constitutively Increased Mito-
chondrial NAD™ Availability and Reduced Cell Proliferation—
Having established a tool to redistribute cellular NAD™ such
that mitochondrial NAD " levels are elevated, we wished to test
whether this change may also have physiological consequences
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for the cell. We generated stably transfected 293 cells overex-
pressing the mitochondrial NAD* transporter AINDT2 or, as a
control cell line, the human SLC25A32 protein, designated
293A(NDT2 and 293SLC25A32 cells, respectively. The ORFs of
the two proteins were subcloned into a suitable vector system for
stable transfection (see “Experimental Procedures”), which did not
affect the subcellular localization of the expressed proteins (Fig.
4A). Monoclonal, stably transfected cell lines were selected, and
homogenous expression of the recombinant protein in all cells was
confirmed by immunocytochemistry and Western blot analysis
(Fig. 4, B and C). To verify that mitochondrial NAD" was also
elevated in stably transfected 293A/NDT2 cells, as would be
expected from the transient overexpression (Fig. 1B), the gener-
ated cell lines were transfected with the vector encoding
mitoPARP. MitoPARP expression led to a strongly increased PAR
signal in 293AtNDT2 cells compared with control 293 cells (Fig.
4D), indicating that these cells had a constitutively elevated mito-
chondrial NAD™ content. On the other hand, PAR formation in
mitoPARP-transfected 293SLC25A32 cells was indistinguishable
from that observed in untransfected cells (Fig. 4D).
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FIGURE 2. Protein sequence alignment of SCNDT1 and AtNDT2 with closest human relatives. The alignment was carried out using JALVIEW (31). The level
of conservation is indicated by shades of blue, with darker blue corresponding to a higher level of conservation.

We noticed that 293A(NDT?2 cells appeared to proliferate at
a slower rate than the control 293 and 293SLC25A32 cells.
Quantitative measurement of the cellular growth revealed that
the proliferation rate of 293A(NDT2 cells was reduced by as
much as ~50% compared with the control cells (Fig. 54). This
finding was rather surprising, because one would expect a ben-
eficial effect from a robustly maintained mitochondrial NAD ™"
pool.

293AtNDT?2 Cells Are Desensitized toward Inhibition of NAD
Biosynthesis—To rule out that the cause for the reduced cell
growth of 293A/NDT?2 cells was related to a deficiency of the
overall cellular NAD supply, we repeated the proliferation
experiment in the presence of an alternative NAD precursor,
NA. Nicotinamide, present in all standard culture media, is
converted to NAD™ via NMN, whereas NA enters the Preiss-
Handler pathway (35) and is transformed into NAD ™ via nico-
tinic acid mononucleotide and nicotinic acid adenine dinucle-
otide. That is, except for the dinucleotide formation step, both
pathways proceed independently from one another. Even
though NA alone is sufficient to maintain NAD™ levels and cell
survival in 293 cells (23, 36, 37), treatment with NA did not
improve proliferation of 293AtNDT?2 cells, indicating that the
low growth rate was not due to insufficient cellular NAD avail-
ability (Fig. 5B). We then tested the sensitivity of the cells to
FK866, a potent inhibitor of NamPRT, the rate-limiting enzyme
of NAD™ biosynthesis from nicotinamide in mammalian cells.
Inhibition of NamPRT leads to NAD depletion and subsequent
cell death of 293 cells (Fig. 5, C—F) (23). Strikingly, 293AtNDT2
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cells were far less sensitive to FK866 treatment than control
cells (Fig. 5, C, D, and F). The difference was even more dra-
matic in comparison to 293mitoPARP cells, which were most
sensitive to the induced NAD depletion (Fig. 5E). Taken
together, these data suggest that the cellular NAD supply is not
impaired in 293A(NDT2 cells. Moreover, the increased mito-
chondrial NAD™ availability in these cells appears to provide
remarkable protection toward FK866-mediated cell death.
Altering Mitochondrial NAD™ Levels Evokes a Metabolic
Shift from Oxidative Phosphorylation to Glycolysis—293mito-
PARP cells were previously found to display increased medium
acidification compared with control 293 cells (29). Unexpect-
edly, when culturing 293AtNDT2 cells, we also observed an
accelerated color shift of the pH indicator phenol red, indicat-
ing that medium acidification occurred faster in these cells
compared with controls and prompted us to monitor lactate
concentration in the cell culture medium. Fig. 64 shows that
lactate production in 293AtNDT2 cells was almost two times
faster compared with control cells. Accordingly, despite the
presence of a buffer, the pH value of the culture medium from
293AtNDT?2 cells dropped faster than in control cells (Fig. 6B).
Next, we assessed mitochondrial respiration and glycolytic
rate using a Seahorse XF analyzer (see “Experimental Proce-
dures”). Strikingly, the OCR during both basal and maximal
(upon the addition of the uncoupler CCCP) respiration was
much lower in 293A(NDT2 compared with control cells (Fig. 7,
A and B). 293mitoPARP cells showed a similar, but less drastic
shift in the OCR. Interestingly, the comparison of basal respi-
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FIGURE 3. Human SLC25A32, SLC25A33, and SLC25A36 proteins do not exhibit mitochondrial NAD™ transporter activity. A, HelLa S3 cells were tran-
siently transfected with plasmids encoding C-terminally FLAG-tagged human SLC25A32, SLC25A33, and SLC25A36 proteins. The images show the nuclei
(DAPI) and mitochondrial structures (MitoTracker) and the overexpressed proteins (FLAG). As revealed by the merged images, the recombinant proteins
co-localize with mitochondria. Scale bar, 10 um. B, 293 cells were transiently co-transfected with a vector encoding mitoPARP and either control vectors or
vectors encoding the indicated transporter. Cell lysates were subjected to PARimmunoblot analyses. The presence of AtNDT2 strongly increases polymer (PAR)
formation indicative of elevated mitochondrial NAD ™. The expression of the transporters (FLAG) and mitoPARP (EGFP) was confirmed, and B-tubulin served as

a loading control. Ctrl, control.

ration and respiratory capacity revealed that 293A/NDT2 cells
have a slightly higher respiratory reserve (Fig. 7C). As indicated
by the oligomycin sensitivity, all cell lines tested appeared to
dedicate a similar proportion of basal respiration to ATP pro-
duction, suggesting that ATP synthase activity is not impaired
in 293mitoPARP or 293AtNDT2 cells. However, the differ-
ences in oligomycin-sensitive basal respiration indicated that
absolute ATP production from oxidative phosphorylation was
apparently lower in 293A(NDT2 cells. In addition, measure-
ments of OCR after addition of the complex I inhibitor rote-
none was similar in all cell lines, suggesting that complex II did
not compensate for reduced respiration. Conversely, measure-
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ments of the ECAR, an indicator of the cellular glycolytic rate,
showed that 293AtNDT?2 cells had a strongly elevated glycolytic
rate in comparison with the other investigated cells (Fig. 7, D
and E). Because the maximum glycolytic capacity was not
altered, these cells used a higher proportion of their glycolytic
capacity under basal conditions, leading to a reduced glycolytic
reserve (Fig. 7F). Again, 293mitoPARP cells showed a similar
trend in these experiments, but to a lesser extent. These results
indicate that alterations of mitochondrial NAD™ availability
lead to a metabolic shift that favors glycolysis and reduces res-
piration. Surprisingly, this shift was detected in the two cell
lines with opposite alterations of the mitochondrial NAD™
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FIGURE 4. Stable expression of plant NAD* transporter AtNDT2 in 293 cells constitutively increases the mitochondrial NAD* content. A, subcellular
localization of AtNDT2 and human SCL25A32 in HelLa S3 cells transiently transfected with the vector for stable transfection. AtNDT2 and SLC25A32 are detected
by their FLAG epitope, nuclei are stained with DAPI, and mitochondrial structures are stained with MitoTracker. Scale bar, 10 wm. B, fluorescence micrographs
of stably transfected monoclonal 293 cells expressing C-terminally FLAG-tagged AtNDT2 (293AtNDT2) or SLC25A32 (293SLC25A32). AtNDT2 and SLC25A32 are
detected by their FLAG epitope, and nuclei are stained with DAPI. All cells exhibit immunoreactivity toward the FLAG antibody. Scale bar, 10 um. C, FLAG
immunoblot analysis of 293AtNDT2 and 293SLC25A32 cell lysates. B-Tubulin served as a loading control. D, lysates from parental 293 cells and monoclonal
293AtNDT2 and 293SLC25A32 cells transiently transfected with the vector encoding mitoPARP (detected via its EGFP portion) were subjected to PAR immu-

noblot analyses. The level of PAR immunoreactivity reflects the mitochondrial NAD* content. B-Tubulin served as a loading control.

pool, namely increased (293AtNDT2) or decreased (293mito-
PARP) mitochondrial NAD " content. This metabolic shift was
also reflected in the nucleotide content of the stably transfected
cells (Table 1). Although the overall cellular NAD ™ content of
293A(NDT2 cells was increased by ~50% compared with
parental 293 cells, the ATP levels were dramatically reduced to
~25%. ADP levels were also reduced, although to a lesser
extent. Interestingly, NADP™, which is synthesized from
NAD™ mainly in the cytosol, was decreased as well. In contrast,
AMP levels in these cells were increased. These results further
support the shift from a highly efficient ATP-producing meta-
bolic pathway such as respiration to a much less effective one,
glycolysis.

One possible reason for this metabolic shift in 293A/NDT2
cells could be the lack of supply of glycolytic product pyruvate
for mitochondrial respiration. We therefore repeated the

NOVEMBER 13, 2015-VOLUME 290-NUMBER46  SASBMB

ECAR and OCR analyses in the absence and presence of pyru-
vate. Indeed, supplementation with 2 mMm pyruvate moderately
but significantly increased mitochondrial respiration in
293AtNDT?2 cells (Fig. 84). Both basal respiration and respira-
tory capacity (maximal respiration) were increased in
293AtNDT?2 cells, whereas 293 cells only showed a slightly ele-
vated basal respiration rate (Fig. 8B). Similar results were also
obtained by supplementation with higher concentrations of
pyruvate (up to 10 mm) or methyl pyruvate (data not shown).
The Presence of NMNAT3 in Mammalian Mitochondria Sug-
gests Autonomous, NAD™ Carrier-independent Generation of
the Mitochondrial NAD" Pool—A mammalian mitochondrial
NAD™ transporter has not been identified (12, 21, 22). In fact,
the data presented here indicated that the presence of a func-
tional mitochondrial NAD " transporter, similar to those found
in yeast and plants, could actually be harmful for human cells.
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FIGURE 5. Stable expression of AtNDT2 reduces proliferation of 293 cells and attenuates cell death induced by inhibition of NAD biosynthesis. A and
B, cell proliferation of 293AtNDT2, 293SLC25A32 and 293 parental cells was measured in the absence (A) and presence (B) of 100 um NA. The results show the
averages of three independent experiments (means = S.D.). C-F, cell proliferation was measured in the indicated cell lines in the absence and presence of the
NamPRT inhibitor FK866 (2 um) or its solvent DMF. The results show the averages of three independent experiments (means *+ S.D.).

Nonetheless, given that in mammalian mitochondria virtually
all processes are dependent on, associated with, or regulated by
NAD, the nucleotide needs to be continuously supplied to these
organelles. Therefore, we wished to verify whether intramito-
chondrial biosynthesis of NAD might be mediated by endoge-
nous NMNAT3. We decided to apply a newly available mono-
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clonal NMNATS3 antibody (D-10; Santa Cruz Biotechnology).
The immunoblot analysis revealed a single band, which
migrated at a position corresponding to a molecular mass of
~28 kDa (Fig. 94), a value expected from the calculation of the
theoretical molecular mass of endogenous NMNATS3 residing
in the mitochondrial matrix.
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FIGURE 6. Redistribution of NAD™" to mitochondria of 293AtNDT2 cells leads to increased acidification of the culture medium because of enhanced
lactate production. A, the lactate concentration in cell culture supernatants of the indicated cell lines was determined during growth for 6 days in culture (DIC)
without medium exchange. The results were normalized to cellular protein concentration and are shown as the averages of three independent experiments
(means = S.D.). B, the pH was measured in the medium collected in A. The results are shown as the averages of three independent experiments (means = S.D.).
The inset shows representative culture dishes of the indicated cell lines after growth for 6 days in culture without medium exchange.

To assess the specificity of the antibody, we performed
immunoblot analyses using recombinant FLAG-tagged human
NMNAT3 and NMNAT1. As shown in Fig. 94, the antibody
was highly selective for NMNAT3 and did not recognize
NMNAT1. Subcellular fractionation experiments confirmed
that endogenous NMNAT3 was exclusively present in the
mitochondrial fraction (Fig. 9B). Interestingly, the expression
level of NMNATS3 protein seemed unaffected by changes in
the mitochondrial NAD™ content. Cell lysates from both
293AtNDT2 (elevated mitochondrial NAD™ levels) and
293mitoPARP cells (lowered mitochondrial NAD™ levels)
showed protein levels for NMNAT3 similar to those found in
the lysates from control cell lines (Fig. 9C).

We reasoned that should the mitochondrial NAD pool
depend on NMNATS3 activity, areduction of NMNAT?3 expres-
sion may affect the metabolic phenotype of the cells. To test
this, we reduced NMNAT3 expression by a siRNA-mediated
knockdown approach.

The knockdown capacity of two NMNAT3 siRNAs was ver-
ified by FLAG immunoblot analysis 24 h after transfection of
siRNA along with plasmid encoding FLAG-tagged NMNAT3
(Fig. 10A4) and by the relative quantification of endogenous
NMNATS3 transcript levels by QRT-PCR in 293 cells after 48 h
of siRNA transfection (Fig. 10B). The presence of NMNAT3
siRNA1 reduced NMNAT3 expression to ~40% (Fig. 104) and
30% (Fig. 10B), whereas siRNA2 was not effective. Next, to
ensure maximal efficiency of the knockdown, NMNAT3
siRNA1 was used to transiently transfect parental 293 cells four
consecutive times over 8 days with 48-h intervals. Subsequent
metabolic analysis of these NMNAT3 knockdown cells using
the Seahorse Analyzer showed a reduction in mitochondrial
respiration similar to that observed in 293mitoPARP cells (Fig.
10, C and D). There was, however, no significant effect on the
glycolytic rate of these cells (Fig. 10, E and F).

Taken together, these observations demonstrate that
NMNATS3 is present within mitochondria of all human cell
lines used in this study and that under physiological conditions,
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the mitochondrial NAD™ pool is likely to be maintained by
autonomous NAD™ generation rather than import from the
cytosol.

Discussion

In the present study, we demonstrate the possibility of redis-
tributing cellular NAD™ from the cytosol into mitochondria by
heterologous overexpression of yeast or plant NAD ™ transport-
ers in human cells. Constitutive redistribution of the cellular
NAD™ pool from the cytosol to mitochondria, achieved by sta-
ble expression of the plant NAD ™ transporter AtNDT?2, results
in lower sensitivity toward NAD™ biosynthesis inhibition, but
surprisingly, also in slower cell proliferation and a metabolic
shift from respiration toward glycolytic fermentation. Overex-
pression of human proteins most closely related to the yeast
and plant NAD™ transporters has no detectable effect on mito-
chondrial NAD™ content. We further substantiate the hypoth-
esis of intramitochondrial NAD™ biosynthesis upon uptake of
cytosolic NMN, rather than NAD™ import, by providing evi-
dence of the presence of NMNATS3 in human mitochondria, a
protein known to catalyze NAD™ synthesis from NMN and
ATP in vitro.

Modulation of Mitochondrial NAD™ Levels—In a previous
study, it was noted that 293mitoPARP cells have a constitu-
tively lower NAD™ content, because of the mitochondrial
NAD™ consumption introduced by the mitoPARP construct
(29). 293mitoPARP cells exhibited a higher lactate production
rate and lowered mitochondrial membrane potential but did
not have any obvious deficiencies. Here, we succeeded in estab-
lishing a model system that is characterized by a considerable
increase of mitochondrial NAD " levels. Expression of the yeast
and plant NAD™ transporters led to strongly increased mito-
chondrial PAR formation as detected by the PARAPLAY
reporter assay visualizing the availability of intramitochondrial
NAD™ far beyond the level of control cells. The fact that the
transporters presumably work against a concentration gradient
raises the question of the driving force, such as the possibility of
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FIGURE 7. Subcellular distribution of cellular NAD* determines the metabolic fate of cells. The activity and integrity of glycolysis and mitochondrial
respiration in 293AtNDT2 cells were determined by extracellular flux analysis and compared with parental 293 cells and 293 cells stably expressing mitochon-
drial EGFP (293mitoEGFP) or the mitoPARP construct (293mitoPARP). A, mitochondrial respiration was assessed by measuring OCR after sequential addition of
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experiments. B, quantification of the mitochondrial respiration data obtained in A. The rate determined after the addition of antimycin A was subtracted as
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TABLE 1
Relative nucleotide content of 293 parental and 293AtNDT2 cells

Relative nucleotide content

NAD" ATP ADP AMP NADP"
%
293 100 = 1.1 100 = 3.3 100 = 3.4 100 = 4.6 100 = 6.9
293A(NDT2 151.7 £ 5.5 257 £12.8 74.8 = 4.5 1259 £ 3.8 304 £7.6
A B
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FIGURE 8. Pyruvate supplementation partially restores mitochondrial respiration in 293AtNDT2 cells. A, mitochondrial respiration was assessed by
measuring OCR in 293 and 293AtNDT2 cells incubated in the absence (—Pyr) or presence (+2 mm Pyr) of pyruvate, after pyruvate starvation. The figure shows
results from a representative experiment. *, p < 0.05. B, quantification of the relative pyruvate-dependent induction of basal and maximal respiration

(respiratory capacity) in 293 and 293AtNDT2 cells. n.i., no induction.

a counter exchange with a gradient in the opposite direction.
Segregated NAD™ pools have also been demonstrated in other
organelles such as peroxisomes, the Golgi apparatus, and endo-
plasmic reticulum (30). So far, only for human peroxisomes, a
membrane protein with described NAD™ transporter activity
could be identified (38). However, whether modulations of
NAD™ within these organelles by similar mechanisms are pos-
sible remains to be investigated.

The Presence of NMINAT3 in Mitochondria Suggests Autono-
mous NAD™ Synthesis within These Organelles—Given that
previous studies have failed to identify and describe a mito-
chondrial transporter for NAD™ or its precursor NMN in
mammalian cells, the question of how the mitochondrial
NAD™ pool is established has remained unanswered. When we
overexpressed the closest human relatives to the plant and yeast
NAD™ transporter proteins, SLC25A32, SLC25A33, and
SLC25A36, we did not detect any increase in mitochondrial
PAR formation, which indicated that these proteins do not
exhibit NAD™ transporter activity. These observations are in
accordance with a previous study showing that SLC25A32 does
not influence mitochondrial NAD™ (12). Moreover, during the
preparation of this manuscript, an in-depth characterization of
SLC25A33 and SLC25A36 was published that identified these
two proteins as (deoxy-) pyrimidine nucleotide transporters
essential for mitochondrial DNA homeostasis and also con-
firmed their lack of NAD™ transport activity (39).

Although all these observations seem to argue against a
direct import of NAD " into mammalian mitochondria, auton-
omous intramitochondrial NAD™ biosynthesis would at least
require NMNAT activity to form the dinucleotide from NMN
and ATP. Recombinantly expressed human NMNAT3 has
been localized to the mitochondrial matrix (23). However,
whether endogenous NMNAT3 is indeed present in human
cells has been disputed because of the lack of experimental evi-
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dence. So far, the presence of endogenous NMNAT3 protein
has only been verified in human and mouse red blood cells (40,
41), as well as in rat neurons (42). In this regard, our demon-
stration that endogenous NMNAT3 is indeed present in mito-
chondria of human cells represents an important step toward
the mechanistic understanding of human NAD metabolism.
Moreover, NMNAT3 knockdown in 293 cells led to a reduction
of mitochondrial respiration, indicating that NMNATS3 is not
only present but functional in human mitochondria. Collec-
tively, these results support the conclusion that the mitochon-
drial NAD™ pool in mammalian cells is likely established by
autonomous synthesis, which involves NMNAT3.

Metabolic Consequences of Altered Mitochondrial NAD™
Levels—A surprising finding of the present study is the shift
from oxidative phosphorylation to glycolysis in human cells
stably expressing A(INDT?2 and the ensuing suppression of cell
growth. This metabolic change was evident from both monitor-
ing medium lactate levels, the nucleotide content of the cells
and, in more detail, measuring oxygen consumption and glyco-
lytic rates.

In principle, these alterations could suggest an impairment of
the oxidative phosphorylation system. For example, the low-
ered NADP content might cause a decreased capacity to coun-
teract oxidative damage to the respiratory chain. However, the
presence of the transporter AfINDT?2 is also likely to result in a
decrease of cytosolic NAD™, because of the redistribution of
the dinucleotide from the cytosol into the mitochondria. Under
conditions of a diminished cytosolic NAD™ pool (note that
AtNDT?2 transports NAD™" rather than NADH (19)), mainte-
nance of glycolysis would require a higher rate of NADH reoxi-
dation. This regeneration of NAD™ is catalyzed by lactate de-
hydrogenase and would lead to increased lactate production as
measured in these cells. Another intriguing aspect of such a
mechanism would be the diversion of pyruvate into lactate pro-

JOURNAL OF BIOLOGICAL CHEMISTRY 27655



NAD* Compartmentalization and Cellular Energy Metabolism

A B

NMNAT3-FLAG - + - &

FLAG-NMNAT1 - - +

kDa
37—

25— ” it

NMNAT3

NMNAT3
SOD2

B-tubulin

FLAG
25— A

0| G | i

C
R R v
" & & QO K
S § & & &
& ST RS
SN o of o oF

o S P PSP
»— |- o e |NMNAT3
37 — -— FLAG
55— — GFP (mitoEGFP)
75— — | GFP (mitoPARP)
50 — B-tubulin

FIGURE 9. NMNAT3 is present in mitochondria of human cells, and its expression level is unaffected by changes in the mitochondrial NAD* content.
A, Western blot detection of endogenous and overexpressed NMNAT3 in 293 cells with a monoclonal NMNAT3-specific antibody. The monoclonal antibody
detected both the endogenous protein and the overexpressed FLAG-tagged recombinant NMNAT3. No cross-reactivity of the monoclonal antibody with
NMNAT1 was observed. B-Tubulin served as a loading control. B, whole cell lysate (WCL), cytosolic and mitochondrial fractions from 293 cells were subjected
to immunoblot analysis using the monoclonal NMINAT3-specific antibody. Superoxide dismutase (SOD2) served as a control for the purity of mitochondrial
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Hisgs-tagged human NMNAT3 (47).

duction rather than being used as substrate for mitochondrial
respiration. In line with such a potential mechanism, recent
findings in mammalian cells showed that DNA damage-medi-
ated activation of PARP1 leads to inhibition of glycolysis and
subsequent mitochondrial respiratory failure (43, 44). Impor-
tantly, this phenotype could be reversed by the addition of
pyruvate to the culture medium, indicating that impaired mito-
chondrial function was caused by stalling glycolysis and
reduced availability of pyruvate produced by glycolysis. High
supplement of pyruvate increased respiration in 293AtNDT2
cells (Fig. 8), indicating that such a mechanism contributes to
the metabolic phenotype in our system as well. However,
because no full restoration of mitochondrial respiration was
achieved, there may be other factors involved. For example, the
countersubstrates for NAD ™ import, which are preferably ADP
and AMP for the AINDT?2 transporter, could accumulate in the
cytosol and mediate an increase in glycolysis. However, this
would not explain the dramatic changes of mitochondrial res-
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piration, especially for the maximal respiration in the presence
of the uncoupler CCCP.

Moreover, increased mitochondrial NAD™ could potentially
change acetylation patterns because of altered activity of mito-
chondrial sirtuins and thus influence reactions for example
involved in the Krebs cycle. Preliminary results indicate that the
global acetylation state of 293AtNDT?2 cells is not changed
(data not shown). Whether specific sirtuin targets, both mito-
chondrial and cytosolic/nuclear, are affected by the NAD™
redistribution remains to be elucidated.

Strikingly, 293mitoPARP cells, although seemingly opposite
in terms of mitochondrial NAD" modulation displayed the
same metabolic shift. A plausible explanation for the reduced
oxidative phosphorylation in this cell line appears to be the
limited availability of mitochondrial NAD™. This is supported
by the NMNAT3 knockdown, which changed mitochondrial
respiration of parental 293 cells similar to that of the
293mitoPARP cells (Fig. 10). In turn, the deficiency in mito-
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chondrial respiration is compensated by the observed increase
of the glycolytic rate and lactate production in 293mitoPARP
cells.

Interestingly, similar observations have been made in yeast
cells (33). Here, upon deletion as well as overexpression of
mitochondrial NAD™ carriers, ATP production was lowered,
and under conditions where cellular metabolism was fully res-
piratory, both mutant strains showed a low biomass yield,
indicative of impaired energetic efficiency (33).

Even though both 293A:NDT2 and 293mitoPARP cells
accelerate glycolysis to cope with the deficient oxidative phos-
phorylation, the difference in their proliferation is striking. Pos-
sibly, the permanent drainage of NAD™ from the cytosol by
expression of AtNDT2 lowers the capacity to produce acetyl-
CoA from pyruvate to an extent that severely affects cell growth
and proliferation. The moderate but significant rescue effect
of pyruvate supplementation on the respiratory rate of
293AtNDT?2 cells in our experiments supports this possibility.
On the other hand, the continuous mitochondrial NAD™ con-
sumption in the 293mitoPARP cells can be sufficiently com-
pensated by enhanced glycolysis to maintain the proliferation
rate. The different consequences of opposing alterations in
mitochondrial NAD™ levels evoked in 293A/NDT2 and
293mitoPARP cells are also reflected by the disparate responses
to inhibition of NAD™ synthesis by treatment with the Nam-
PRT inhibitor FK866. Although increased mitochondrial
NAD™ turnover in 293mitoPARP cells seems to make the cells
even more vulnerable to FK866 treatment, mitochondrial accu-
mulation of NAD™ in 2934sNDT?2 cells seems to be protective.
The slow proliferation rate of these cells might be accompanied
by a lower NAD™ consumption enabling longer survival in the
presence of FK866. Indeed, it has been previously reported that
decreased NAD™ consumption by inhibition of PARP1 resulted
in prolonged cell survival in the presence of FK866 (13, 23, 45).

Taken together, our data show that dramatic changes in the
distribution of cellular NAD ™ have deleterious effects on major
metabolic pathways. Considering our demonstration of the
presence of the NAD™ biosynthetic enzyme NMNAT3 within
mitochondria, we reason that a mitochondrial NAD™ trans-
porter may not only be unnecessary but might in fact be harm-
ful to human cells. Because of the deleterious effects observed
upon expression of AtNDT2, we would predict that, if a human
mitochondrial NAD™ carrier exists, it would have very different
properties (e.g. structural, counter substrate, kinetic behavior,
etc.), and its expression would have to be low and highly regu-
lated to avoid a similar phenotype as observed in 293AtNDT2
cells. This would also explain the difficulties encountered in its
identification. Furthermore, it is worth noting that yeast and
A. thaliana express mitochondrial NAD™ transporters but lack
an NMNAT3 homolog. Conversely, for the Jerusalem artichoke
(Helianthus tuberosus 1.) a mitochondrial NMNAT isoform
has been described (46), whereas we were unable to find a gene
encoding a putative mitochondrial NAD™ transporter homolog
in a BLAST search. Therefore, it would appear that mitochon-
drial NAD™ import and autonomous NAD synthesis are two
independently occurring mechanisms to maintain this impor-
tant organellar pool, which needs to be accurately regulated to
obtain an optimal bioenergetic efficiency.
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