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The Arabidopsis thaliana L. genome contains 58 membrane
proteins belonging to the mitochondrial carrier family. Two
mitochondrial carrier family members, here named A/NDT1
and AtNDT2, exhibit high structural similarities to the mito-
chondrial nicotinamide adenine dinucleotide (NAD™) carrier
ScNDT1 from bakers’ yeast. Expression of AINDT1 or AtINDT2
restores mitochondrial NAD™ transport activity in a yeast
mutant lacking ScNDT. Localization studies with green fluores-
cent protein fusion proteins provided evidence that AtNDT1
resides in chloroplasts, whereas only AtNDT2 locates to mito-
chondria. Heterologous expression in Escherichia coli followed
by purification, reconstitution in proteoliposomes, and uptake
experiments revealed that both carriers exhibit a submillimolar
affinity for NAD™ and transport this compound in a counter-
exchange mode. Among various substrates ADP and AMP are
the most efficient counter-exchange substrates for NAD™.
Atndtl- and Atndt2-promoter-GUS plants demonstrate that
both genes are strongly expressed in developing tissues and in
particular in highly metabolically active cells. The presence of
both carriers is discussed with respect to the subcellular local-
ization of de novo NAD™* biosynthesis in plants and with respect
to both the NAD*-dependent metabolic pathways and the
redox balance of chloroplasts and mitochondria.

Nucleotides are metabolites of enormous importance for all
living cells. They are the essential building blocks for DNA and
RNA synthesis, energize most anabolic and many catabolic
reactions, and fulfill critical functions in intracellular signal
transduction (1, 2). Moreover, nucleotides serve as cofactors for
a wide number of enzymes and are, with water, the most highly
connected compounds within the metabolic network (3).
Among these co-factors nicotinamide adenine dinucleotides
are widely used for reductive/oxidative processes, playing
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important roles in the operation and control of a wide range of
dehydrogenase activities. Accordingly, nucleotides are essen-
tial in nearly all cell organelles, and transport of these solutes
into mitochondria, plastids, the endoplasmic reticulum, the
Golgi apparatus, and peroxisomes has been observed (4-7).

Two types of nucleotide transport proteins have been iden-
tified to date at the molecular level: nucleotide transporter
(NTT)? type carriers and members of the mitochondrial carrier
family. The former transporters occur in plastids from all plants
(8) and in a limited number of intracellular pathogenic bacteria
(9). Most NTT-type carrier proteins catalyze an ATP/ADP+DP,
counter-exchange mode of transport (10-13), but several bac-
terial NTT proteins mediate either H* /nucleotide transport or
NAD*/ADP counter-exchange (12, 14, 15). With the exception
of the bacterial NAD"/ADP carrier (14), all NTT proteins
exhibit 12 predicted trans-membrane domains, whereas none
of the NTT proteins share structural or domain similarities to
members of the mitochondrial carrier family (11).

Carriers belonging to the mitochondrial carrier family
(MCEF) represent the second group of nucleotide transporters
(16, 17). The most prominent member is the mitochondrial
ADP/ATP carrier AAC (4), but MCEF-type nucleotide trans-
porters have also been identified in peroxisomes (7, 18), in plas-
tids (19, 20), and in the endoplasmic reticulum of higher plants
(21). The transport modes catalyzed by MCF-type adenylate
nucleotide transporters range from typical ADP/ATP counter-
exchange in mitochondria (4) to ATP/AMP exchange in per-
oxisomes (7, 18) and in Arabidopsis mitochondria (22) range
from ADP-glucose/ADP exchange in maize endosperm amylo-
plasts (23) to unidirectional adenylate export from plastids
(20, 23).

Recently, the first NAD™ transporting MCF type carrier was
identified in bakers’ yeast (24). This carrier, named ScNDT,
resides in the mitochondrial envelope, exhibits a high affinity
for NAD™, and presumably provides the mitochondrial matrix
with NAD™ to meet the requirements of several luminal
enzymes (24). The bakers’ yeast genome harbors two NDT iso-

2 The abbreviations used are: NTT, nucleotide transporter; GFP, green fluores-
cent protein; GUS, -B-glucuronidase; MCF, mitochondrial carrier family;
PIPES, 1,4-piperazinediethanesulfonic acid; NDT, nicotineamide adenine
dinucleotide transporter.
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forms, but to date transport specificity was only determined for
ScNDT1 (24). Interestingly, although NAD™ transport into
purified plant mitochondria has long been observed (25-27),
the corresponding carrier protein has not yet been identified at
the molecular level. Moreover, plant plastids also harbor NAD™-
dependent enzymes (28), and similarly to the situation for plant
mitochondria, no corresponding transport protein has been
defined that would be capable of delivering NAD™ to these
organelles.

The Arabidopsis genome harbors as many as 58 genes coding
for MCF-type carrier proteins and three genes coding for NTT
type proteins (29-31). In recent years several of these trans-
porters have been cloned and investigated at the molecular and
biochemical level (22, 31-34). These studies revealed that some
members of the MCF in plants can be present in the plastid
membranes (35-37). However, despite the research efforts of
many laboratories, the transport functions of most members of
the family remain, as yet, unknown.

The three Arabidopsis NTT type carriers have been docu-
mented to catalyze adenylate transport but do not accept
NAD™ as substrate (Ref. 38 and data not shown). For this rea-
son, we screened the Arabidopsis genome for the presence of
homologues to the S(NDT proteins and performed localization
using GFP fusions to two candidate genes as well as character-
ization of their biochemical properties after proteoliposome
reconstitution. To the best of our knowledge, this report docu-
ments the first molecular description of the plant proteins pro-
posed to be responsible for NAD™ uptake into both mitochon-
dria and plastids and as such identify enigmatic transporters of
vast importance for both metabolic and redox-mediated con-
trol of cellular processes.

EXPERIMENTAL PROCEDURES

Plant Material and Growth Conditions—Arabidopsis plants
were grown on soil in a greenhouse for a relatively short pho-
toperiod (10 h light at 23 °C/14 h dark at 20 °C) under low light
(100 wmol of photons m ™2 s~ ) and at 40 — 65% relative humid-
ity. A short photoperiod and low light intensities are mandatory
for large Arabidopsis plants.

Sequence Analysis—Multiple alignments of amino acid
sequences from ScNDT1 and ScNDT2 and the plant homo-
logues available at ARAMEMNON (30) were obtained using
ClustalX2 (39).

Cloning and Transient Expression of GFP Fusion Constructs—
The green fluorescent protein fusion constructs were pre-
pared by amplification of the complete coding region of
Atndtl and Atndt2 using forward primer SK43-Xbal 5’'-
CGTTCAGATTCTAGAGATGTCCG-3' (Atndt2, SK45-Xbal
5"-TTCTAGGGTCTAGAGATGATTGAA-3') and reverse
primer SK44-Xhol 5'-GAGCTTTGCTCGAGAGGTATATG-3'
(Atndt2, SK46-Xhol 5'-TTTATTTGCTCTCGAGAGGG-
ATAT-3’), respectively. Both primers included restriction sites
for an “in-frame” insertion into pGFP2 (40).

Protoplasts were prepared from tobacco plants (Nicotiana
tabacum cv. W38) grown under sterile conditions as described
previously (40). Protoplasts were transformed with column-pu-
rified plasmid DNA (30 ug/0.5 X 10° cells). After 18 or 36 h of
incubation in the dark at 22 °C, protoplasts were analyzed for
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green fluorescence using a Zeiss Axiovert 200M fluorescence
microscope (Carl Zeiss AG, Jena, Germany). GFP was excited at
488 nm, and emission was detected using a Zeiss digital camera
AxioCam-MRm equipped with a 505-530-nm bandpass filter
and a Plan Neofluar 40X/1.3 oil objective.

Generation of Promoter-B-glucuronidase (GUS) Plants and
Staining for GUS Activity—For generation of promoter-GUS
constructs, the promoter regions of about 1100 bp of the
Atndtl and Atndt2 genes (including 15 bp of the coding
region) were amplified by PCR from genomic DNA, and the
obtained PCR products were subcloned in T7 orientation
into Smal restricted pBSK (Stratagene). Both pBSK con-
structs were restricted with HindIII and Smal, and the pro-
moter inserts were further introduced in-frame into the binary
vector pGPTV (41). For the Atndtl construct, the following
primers were used: 5'-ATGGTTATCGATGTCAAAGTTGT-
GATATG-3' (forward) and 5'-GGAGGATGAGAATCCCGG-
GACATCTCTTGG-3 (reverse); for the Atndt2 construct,
primers 5 -GAATCGAGTGAAGCTATTTCCATAAGC-3’
(forward) and 5'-ATACTCCGGTAATCCCGGGTAGAGTT-
CCCA-3’ (reverse) were used. The Atndtl- and Atndt2-pro-
moter-GUS plasmids were used for Agrobacterium tumefaciens
transformation. Transformation of Arabidopsis thaliana (eco-
type Columbia) was conducted according to the floral dip
method (42).

Seedlings or tissues from transgenic Atndtl- or Atndt2-pro-
moter-GUS plants were collected in glass scintillation vials
filled with ice-cold 90% acetone and incubated for 20 min at
room temperature. For histochemical localization of GUS
activity, the plant material was infiltrated for 30 min with 2 mm
5-bromo-4-chloro-3-indolyl-B-glucuronic acid in staining
buffer medium and subsequently stained according to a stand-
ard protocol (43). Images were taken using a Leica MZ10F ste-
reo microscope (Leica Microsystems, Wetzlar, Germany)
equipped with a Leica digital camera DFC 420 C.

Bacterial Expression and Purification of AtNDT1 and
AtNDT2—The coding sequences of At2g47490 for AINDT1
and At1g25380 for AENDT?2 (accession numbers NM_130317 and
NM_102349, NCBT RefSeq, respectively) were amplified by PCR
from A. thaliana root cDNA preparation. The oligonucleotide
primers were synthesized corresponding to the extremities of the
coding sequences, with additional BamHI and HindIII (for
AINDT1) or Ndel and EcoRI (for AtNDT2) restriction sites as
linkers (AtNDT1, TAGGGATCCATGTCCGCTAATTCT-
CATCCTCC (forward) and CGAAAGCTTTTAAAGTATAGA-
GCTTTGCTCAGAAGGTATAT (reverse); AINDT2, TGAGG-
ATCCCATATGATTGAACATGGGAACTCTACC (forward)
and CGAGAATTCTTATTTGCTTCCAAGAGGGATATG (re-
verse)). The amplified products were cloned into the Escherichia
coli pRUN expression vector and transformed into E. coli DH5«
cells. Transformants were selected on 2X YT plates containing
ampicillin (100 pg/ml) and screened by direct colony PCR. The
sequences of inserts were verified.

The expression of recombinant proteins was carried out at
37 °C in E. coli strain C0214(DE3) (44). Control cultures with
the empty vector were processed in parallel. Inclusion bodies
were purified on a sucrose density gradient (45) and washed at
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4.°C, first with TE buffer (10 mm Tris/HCl, 1 mm EDTA, pH
7.0), then twice with a buffer containing Triton X-114 (3%,
w/v),1mm EDTA, and 10 mm PIPES, pH 7.0, and finally with 10
mM PIPES, pH 7.0. The proteins were solubilized in 1.6% sar-
kosyl (w/v). Small residues were removed by centrifugation
(258,000 X g for 20 min at 4 °C). Proteins were separated by
SDS-PAGE and stained with Coomassie Blue dye. The N ter-
mini were sequenced, and the yield of purified proteins was
estimated by laser densitometry of stained samples (44).

Reconstitution of AINDT1 and AtNDT2 into Liposomes and
Transport Measurements—The recombinant proteins in sarko-
syl were reconstituted into liposomes in the presence of sub-
strates, as described previously (46). External substrate was
removed from proteoliposomes on Sephadex G-75 columns,
pre-equilibrated with 50 mm NaCl and 10 mm PIPES at pH 7.0
(buffer A). The amount of protein incorporated into liposomes
was measured as described previously (44). Transport at 25 °C
was started by adding [’H]NAD (PerkinElmer Life Sciences) or
[**C]JAMP (Amersham Biosciences) to substrate-loaded pro-
teoliposomes and terminated after the desired time by the ad-
dition of 20 mm pyridoxal 5’-phosphate and 20 mm batho-
phenanthroline. In controls, the inhibitors were added at the
beginning together with the labeled substrate. Entrapped radio-
activity was quantified (46). The experimental values were cor-
rected by subtracting control values.

The initial transport rate was calculated from the radioactiv-
ity taken up by proteoliposomes in the linear range of substrate
uptake. For efflux measurements, proteoliposomes containing
2 mM NAD " or AMP were labeled with 5 um PH]NAD* or
["*C]JAMP by carrier-mediated exchange equilibration (46).
After 30 min for AtNDT1 and 10 min for AtNDT?2, the external
radioactivity was removed by passing the proteoliposomes
through Sephadex G-75 columns. Efflux was started by adding
unlabeled external substrate or buffer A alone and terminated
by the addition of the inhibitors indicated above.

Complementation of a Yeast Mutant Lacking Mitochondrial
NAD™ Transport Capacity (AndtlAndt2) by AtNDTI and
AtNDT2—The pYES2-AtNDT1 and pYES2-AtNDT2-short
(lacking the last 47 C-terminal amino acids) plasmids were con-
structed by cloning the coding sequences of both carriers into
the yeast pYES2 expression vector (Invitrogen) under the con-
trol of the inducible Gall promoter. Andt1Andt2 Saccharomy-
ces cerevisiae cells (24) were transformed with the above plas-
mids and grown in liquid synthetic minimal medium or
synthetic complete medium supplemented with 2% ethanol
and with auxotrophic nutrients. Mitochondria were isolated as
described previously (24) from cells grown until an optical den-
sity of 1.0 was reached, and the intramitochondrial NAD™ was
assayed by a standardized method (47).

RESULTS

Identification of Two Homologues to SCNDT in A. thaliana—
The Arabidopsis genome harbors 58 genes coding for MCF-
type carrier proteins (29, 31). A detailed search for proteins in
Arabidopsis exhibiting structural homology to the NDT type
carriers previously identified in bakers’ yeast revealed that two
transporters show a substantial degree of similarity. AtNDT1
(At2¢47490) comprises 312 amino acids in length leading to a
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calculated molecular mass of 33.9 kDa. AtNDT1 exhibits 52%
similar- and 34% identical amino acids when compared with
the NAD™ carrier NDT1 form yeast (Fig. 1). The isoform
AINDT2 (At1g25380) comprises 363 amino acids in length,
leading to a calculated molecular mass of 39.5 kDa. AtNDT2
exhibits 46% similar and 28% identical amino acids when com-
pared with SC(NDT1 (Fig. 1).

Bioinformatics analysis revealed that the amino acid
sequences of the two novel Arabidopsis proteins show the main
characteristics of all members of the mitochondrial carrier fam-
ily, namely a hydropathy profile of a six transmembrane pro-
tein (according to transmembrane prediction programs,
TmMulticon, (30)) and the presence of a 3-fold repeated METS
domain representing mitochondrial energy transfer signatures
(assessed by Interpro analysis) (Fig. 1). These signature motifs
are also present in the two NDT homologues in bakers’ yeast
(24). Moreover, the occurrence of NDT carriers is not limited to
the dicotyledonous species A. thaliana as homologous proteins
are also present in the monocotyledonous species Oryza sativa
(Fig. 1).

Before the first predicted transmembrane domains, both
AINDT1 and AtNDT?2 exhibited comparable short N-terminal
extensions (Fig. 1). The N-terminal extension of AtNDT?2 is,
according to the ChloroP_V1.1 prediction server, proposed to
represent a putative mitochondrial transit peptide, whereas in
the case of AtNDT1, a localization in the plant endomembrane
system may be assumed (30). The C-terminal extension of
AINDT1is45 amino acids shorter than that of AfINDT2 (Fig. 1).
Without considering these 45 residues, AtNDT1 and AtNDT2
share 61% identical amino acids.

Bacterial Expression of AINDT1 and AtNDT2—Reconstitu-
tion of recombinant proteins in proteoliposomes is a method
frequently used to identify transport properties of uncharacter-
ized carrier proteins. Thus, we expressed the open reading
frames of At2g47490 and At1g25380 in E. coli CO214(DE3)
cells (see supplemental Fig. 1, lanes 4 and 7, respectively). The
gene products of At2g47490 and At1g25380 accumulated as
inclusion bodies and were purified by centrifugation and wash-
ing. The apparent molecular masses of the purified proteins
were about 35.0 and 40.5 kDa for AtNDT1 and AtNDT2 (sup-
plemental Fig. 1, lanes 5 and 8; yield 60— 80 mg/liter), in good
agreement with their respective molecular masses. The identi-
ties of both recombinant proteins were further confirmed by
N-terminal sequencing. The recombinant proteins were not
detected in bacteria harvested immediately before induction of
expression (supplemental Fig. 1, lane 3 for AtNDT1 and lane 6
for AEINDT?2) nor in cells harvested after induction but lacking
the coding sequence in the corresponding expression vector
(supplemental Fig. 1, lane 2 for AtNDT1, and data not shown
for AINDT?2).

Identification of Counter-exchange Substrates for AtNDT1
and AtNDT2—In the search for potential substrates of
AINDT1 and AtNDT?2, we based our choice of metabolites on
the fact that these proteins are related to S(NDT1, which has
been demonstrated to be the NAD™ transporter in mitochon-
dria from bakers’ yeast (24). Proteoliposomes reconstituted
with recombinant A(NDT1 and A(NDT2 catalyzed an
PH]NAD"/NAD* homo-exchange that was completely inhib-
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FIGURE 1. Alignment of the predicted amino acid sequences of AtNDT1 and AtNDT2 with NDT homo-
logues. The residues identical or similar among all family members are indicated by black shading, and the
residues conserved by three proteins are indicated by gray shading. Solid black bars underline six putative
membrane-spanning helices (H1-H6). Three conserved mitochondrial energy transfer signatures (mitochon-
drial energy transfer signature = PX(DE)XX(RK)X(RK)) after each odd membrane-spanning helix are marked by
white bars. Boxes above the sequences indicate part a and part b of the 3-fold repeated signature motive (syn-
thetic minimal medium) characteristic of the MCF proteins. The numbers indicate the amino acid positions.
AtNDT1, nicotinamide adenine dinucleotide transporter 1 from A. thaliana (NCB accession no. AAC62861);
AtNDT2, nicotinamide adenine dinucleotide transporter2 from A. thaliana (NCB accession no. AAP42759);
OsNDT1, nicotinamide adenine dinucleotide transporter1 from O. sativa (NCB accession no. AAV43947.1); Os-
NDT2, nicotinamide adenine dinucleotide transporter2 from O. sativa (NCB accession no. BAD73272.1);
ScNDTI1, nicotinamide adenine dinucleotide transporter1 from S. cerevisiae (NCB accession no. NP_012260);
ScNDT2, nicotinamide adenine dinucleotide transporter2 from S. cerevisiae (NCB accession no. NP_010910).

ited by a mixture of pyridoxal 5’'-phosphate and bathophenan-
throline (data not shown). However, they did not catalyze
homo-exchanges of pyruvate, malate, oxoglutarate, glutamate,
or carnitine (data not shown). Importantly, no [PH]NAD"/
exchange activity was detected when A(NDT1 or
AtNDT?2 had been inactivated by boiling before incorporation
into liposomes or when proteoliposomes were reconstituted

NAD*
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with sarkosyl-solubilized protein
from bacterial cells either lacking
the expression vector for AtINDT1
or AINDT2 or harvested immedi-
ately before induction of expression.

The substrate specificities of re-
constituted AtNDT1 and A(NDT2
were examined in depth by meas-
uring the rates of [PH]NAD™ uptake
into proteoliposomes that had been
preloaded with various potential sub-
strates (Fig. 2). With both proteins,
[PHINAD™" exchanged not only with
itself (homo-exchange) but also with
some intraliposomal NAD™ ana-
logues (i.e. nicotinic acid adenine
dinucleotide, nicotinamide mono-
nucleotide, and nicotinic acid
mononucleotide; hetero-exchange)
and several nucleotides of the bases
A, G, C, U, and T (Fig. 2). In con-
trast, the uptake of radioactively
labeled NAD™ was low in the pres-
ence of internal a-NAD™, NADH,
and cAMP. Both carriers accept
FAD and FMN as poor counter-ex-
change substrates (Fig. 2), but pyro-
phosphate is solely used by AtNDT1
and not by AtNDT2 (Fig. 2). Negli-
gible NAD™" uptake rates were
measured with internal NADP™,
NADPH, nicotinamide, nicotinic
acid, adenosine, thiamine mono- or
diphosphate, inorganic phosphate,
coenzyme A, folate, NaCl (Fig. 2),
and (not shown) malate, malonate,
citrate, fumarate, aspartate, gluta-
mate, S-adenosylmethionine, lysine,
arginine, and ornithine did not
serve as suitable counter-exchange
substrates. Among intraliposomal
nucleotides, adenine nucleotides
were exchanged more effectively than
those of the other bases. For each type
of nucleotide, nucleoside mono- and
diphosphates were more effective
than nucleoside triphosphates, es-
pecially in the case of AINDT2 (Fig.
2B). It is worth mentioning that
similar results were obtained by
measuring the uptake of [**C]AMP

instead of [PH]NAD ™" under the same experimental conditions
of Fig. 2 (data not shown).

Effect of Inhibitors on AtNDTI- and AtNDT2-mediated
NAD™ Transport—The [PHINAD*/NAD™" exchange reactions
catalyzed by reconstituted AtNDT1 and AZNDT2 were inhibited
strongly by pyridoxal 5'-phosphate, bathophenanthroline, and
mercurials (HgCl,, mersalyl, p-hydroxymercuribenzoate, and
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FIGURE 2. Dependence on internal substrate of the transport properties of proteoliposomes reconstituted with recombinant AtNDT1 (A) and AtNDT2
(B). Proteoliposomes were preloaded internally with various substrates (each concentration 10 mm). Transport was started by adding 0.6 mm and 0.15 mm
PHINAD™ for AtNDT1 and AtNDT2, respectively. The reaction time was 2 min (AtNDT1) and 45 s (AtNDT2). Data are the means * S.D. of at least three
independent experiments. Adenos, adenosine; ADP-rib, ADP-ribose; NA, nicotinic acid; ThMP, thiamine monophosphate; ThPP, thiamine pyrophosphate; NM,

nicotinamide.

p-hydroxymercuribenzoate sulfonate), inhibitors of several
mitochondrial carriers, and partially by bromcresol purple and
tannic acid (inhibitors of the glutamate carrier (48)) as well as
by N-ethylmaleimide (Fig. 3). In contrast, little inhibition was
observed with butylmalonate, 1,2,3-benzenetricarboxylate, and
bongkrekate (powerful inhibitors of other mitochondrial carri-
ers). It is notable that carboxyatractyloside and a-cyano-4-hy-
droxycinnamate, at concentrations that completely inhibit the
mitochondrial ADP/ATP- and the pyruvate carrier, respec-
tively, had a small effect on the activity of AZINDT1 and a slightly
greater effect on the activity of AZINDT2 (Fig. 3). The inhibitor
sensitivity of AINDT1 and AtNDT2, therefore, resembles that
of S(NDT1 but is not identical.

Kinetic Characteristics of Recombinant AtNDTI- and
AtNDT?2 Proteins—In Fig. 4, A and B, the [*’H]NAD™ trans-
port kinetics are compared for proteoliposomes measured
either as uniport (in the absence of internal NAD™) or as
exchange (in the presence of 10 mm internal NAD™). The
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exchange reactions catalyzed by both AtNDT1 and A¢{NDT?2 fol-
lowed first-order kinetics, isotopic equilibrium being ap-
proached exponentially (Fig. 4, A and B). The rate constants and
the initial rates of NAD ™ exchange deduced from the time-courses
(46) were 0.04 and 0.18 min~ " and 0.90 and 3.78 mmol/min X g
protein for AtNDT1 and for AfNDT2, respectively. In contrast, the
uniport uptake of NAD ™ by both carriers was negligible (Fig. 4, A
and B).

The uniport mode of transport was further investigated by
measuring the efflux of [’H]NAD™" or [**C]AMP from proteo-
liposomes preloaded with these compounds. This experimental
approach provides a more sensitive assay for unidirectional
transport (46). With both reconstituted carriers, AtfNDT1 and
AINDT?2, little efflux of PHINAD™ or [**C]AMP was observed
in the absence of external substrate, whereas substantial efflux
occurred upon the addition of external NAD™ or AMP (Fig. 4,
C-F). Both efflux processes, i.e. those with and without external
substrate, were prevented completely by the presence of the
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Inhibitor
CAT
BKA
CCN
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p-HMB —
MER —

HgCly
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FIGURE 3. Effect of inhibitors on the [P HINAD*/NAD* exchange by recon-
stituted AtNDT1 and AtNDT2. Proteoliposomes were preloaded internally
with 10 mm NAD™. Transport was initiated by adding 0.6 and 0.15 mm
PHINAD™ for AtNDT1 (white bars) or AtNDT2 (black bars), respectively. The
reaction time was 2 min (AtNDTT) and 45 s (AtNDT2), respectively. Thiol
reagents were added 2 min before the labeled substrate; the other inhibitors
were added together with the labeled substrate. The final concentrations of
the inhibitors were 20 mm (PLP, pyridoxal 5’'-phosphate; BAT, bathophenan-
throline), 0.2 mm (MER, mersalyl; p-HMB, p-hydroxylmercuribenzoate;
p-HMBS, p-hydroxymercuribenzensulfonate), 25 um HgCl,, 2 mm (BM, butyl-
malonate; BTA, 1,2,3-benzenetricarboxylate), 0.3 mm (BrCP, bromcresol pur-
ple), 1 mm (NEM, N-ethylmaleimide; CCN, a-cyano-4-hydroxycinnamate),
0.2% (TAN, tannic acid), and 10 um (BKA, bongkrekic acid; CAT, carboxyatrac-
tyloside). The extents of inhibition (%) for each carrier from a representative
experiment are given.

inhibitors bathophenanthroline and pyridoxal 5’-phosphate
(Fig. 4, C-F).

The kinetic constants of recombinant purified AZINDT1 and
AINDT2 were determined from the initial transport rates at
various external [PH]NAD™ concentrations in the presence of a
constant saturating internal NAD™ concentration of 10 mm.
The half-saturation constant (K,,) and specific activity (V,,.,)
values for NAD*/NAD™ exchange at 25 °C were 0.24 * 0.04
mM and 1.41 * 0.18 mmol/min X g protein for AtfNDT1 and
0.15 * 0.01 mMm and 4.76 = 0.75 mmol/min X g protein for
AINDT2, respectively (mean values of more than 60 experi-
ments). The V. of AfINDT2 was, therefore, 3.4-fold greater
than that of AtNDT1, and the K,, of AfINDT2 for external
NAD™ was nearly half that of AINDT1.

Several external substrates were competitive inhibitors of
AINDT1 and AtINDT?2 (Table 1), as they increased the apparent
K,, without changing the V, . of the [PHJNAD'/NAD
exchange (not shown). These results demonstrate that
AtNDT1 has a greater affinity than AZINDT?2 for all nucleotides
of the purine and pyrimidine bases investigated herein. The
inhibition constants (K;) of AMP and ADP for both AtNDT1
and AtINDT2 were lower than those of the other purine and
pyrimidine nucleotides. Moreover, the K; of AtINDT1 and
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FIGURE 4. Kinetics of exchange reactions catalyzed by AtNDT1 and
AtNDT2. Proteoliposomes were reconstituted with the recombinant AtNDT1
(A, C, and E) or AtNDT2 (B, D, and F). A and B, 0.6 mm [*HINAD was added to
proteoliposomes containing 10 mm NAD* (M) or 10 mm NaCl (@). Similar
results were obtained in three independent experiments. C, D, E, and F, the
internal substrate of proteoliposomes (2 mmNAD™ in Cand D or 2 mm AMP in
E and F) was labeled with [PHINAD (C and D) or ['"*CIAMP (E and F) by carrier-
mediated exchange equilibration. After removal of the external substrate by
Sephadex G-75, the efflux of [*HINAD (C and D) or ['*CJAMP (E and F) was
started by adding buffer A alone (@), 5 MM NAD™ (A), 5 mm AMP (Hl) or 5 mm
NAD™, 20 mm pyridoxal 5’-phosphate, and 20 mm bathophenanthroline in
buffer A (CJ). Similar results were obtained in three independent experiments.
S.E. was always below 8% of the given value.

AINDT2 for FMN and FAD (about 0.6 and 1.2 mM, respec-
tively) were lower than those expected on the basis of their
modest ability (at 10 mM concentration) to exchange with
NAD™ (see Fig. 2). The latter findings suggest that these flavin
adenine dinucleotides either have a rather high affinity for
AINDT1 and A(INDT?2, although they are poorly transported,
or exert an inhibitory effect on these proteins at high concen-
trations. In addition, in agreement with the results of Table 1,
no inhibition was observed by the simultaneous addition of 5
mM CTP, UTP, TTP, or pyrophosphate with the labeled sub-
strate on the A{NDT2-reconstituted [*H]NAD/NAD™"
exchange activity measured under the conditions described in
Table 1.

Complementation of the Yeast Andtl1Andt2 Double Mutant
with AtNDT1 and AtNDT2—The S. cerevisiae ndtlAndt2
strain lacks mitochondrial NAD ™" uptake capacity and showed
a growth delay on nonfermentable substrates which was more
pronounced in the synthetic minimal medium than in the

VOLUME 284 -NUMBER 45+NOVEMBER 6, 2009



TABLE 1

Competitive inhibition by various substrates of [>H]NAD* uptake
into proteoliposomes reconstituted with AtNDT1 and AtNDT2

The K, values were calculated from Lineweaver-Burk plots of the rate of "H]NAD*
versus substrate concentrations. The competing substrates at appropriate constant
concentrations were added together with 45-2000 um [PHJNAD™ to proteolipo-
somes containing 10 mm NAD™. The values are the means of at least three inde-
pendent experiments. ND, not determined.

K;
Substrate (’
AINDT1 AINDT2
mm
AMP 0.12 0.02 0.38 0.04
ADP 0.36 0.05 1.50 0.10
ATP 0.70 0.10 6.80 0.80
3'-AMP ND ND 2.10 0.30
GMP 0.80 0.20 3.00 0.50
GDP 1.20 0.10 3.10 0.40
GTP 3.10 0.50 9.20 1.70
CMP 1.10 0.20 3.20 0.50
(ein)y 2.00 0.30 3.90 0.50
CTP 3.40 0.50 >10.00
UMP 0.90 0.10 7.80 1.20
uDP 1.90 0.20 7.20 1.00
UTP 3.20 0.40 >10.00
TMP 0.28 0.04 4.70 0.60
TDP 0.60 0.10 4.90 0.70
TTP 2.50 0.50 >10.00
FMN 0.60 0.10 0.70 0.10
FAD 1.20 0.20 1.10 0.20
NAAD 0.50 0.10 1.80 0.30
NMN 1.30 0.30 3.30 0.40
Pyrophosphate 2.80 0.40 >10.00

yeast-peptone medium (24). We, therefore, checked whether
the introduction of each of the two Arabidopsis genes,
At2g47490 (AINDT1) or At1g25380 (AINDT2), in S. cerevisiae
AndtiAndt2 double mutant strain reversed the growth defect.

The AndtiAndt2 cells transformed with the empty pYES2
vector and grown on synthetic minimal medium supplemented
with 2% ethanol exhibited a lower exponential growth rate
(resulting in a 3-fold increase in doubling time) and a lower
growth plateau at the stationary phase as compared with wild-
type cells transformed with the same empty vector (data not
shown). The growth parameters were completely recovered
when the double mutant cells were transformed with the vector
carrying the Arabidopsis carrier AtNDT1 or A(tNDT2-short
(without the 47 C-terminal amino acids) (data not shown).
With full-length A2INDT2 only a partial recovery of the growth
rate and the doubling time of the yeast mutant were obtained.
The different effect between the full-length and truncated ver-
sion of AtNDT2 is probably due to a toxic effect of the corre-
sponding C-terminal extension. This possibility is substanti-
ated by the finding that AndtIAndt2 cells transformed with
AtNDT?2 (but not with AZNDT2-short) did not grow on syn-
thetic complete medium supplemented with 2% glucose or 2%
galactose (data not shown).

Subsequently, we checked whether AtNDT1 or A:NDT2
short expression was able to increase the mitochondrial NAD™
content of the AndtlAndt2 strain, which is much lower than
that of the wild-type yeast strain (24). The mitochondrial
NAD™ content of the double mutant strain increased sever-
alfold upon expression of Arabidopsis AtNDT1 or AtNDT2
short (Fig. 5). Taken together these results indicate that both
Arabidopsis carriers are able to complement the phenotype
of the S. cerevisiae cells devoid of their NAD ™ mitochondrial
transporters.
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FIGURE 5. Effect of AtNDT1 and AtNDT2 expression on the mitochondrial
NAD™ content of the Andt71Andt2 double mutant yeast cells. Mitochon-
dria were isolated from wild-type + pYES2 (black bar), Andt1Andt2 + pYES2
(gray bar), Andt1Andt2 + pYES-AtNDT1 (hatched bar), and Andt1Andt2 +
pYES-AtNDt2 short (dotted bar) cells grown on synthetic complete medium
supplemented with 2% ethanol and 0.4% galactose. Data are the means *
S.D. of at least three independent experiments. The asterisk indicates signifi-
cant differences in the mitochondrial NAD " content as compared with that of

Andt1Andt2 + pYES cells.
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FIGURE 6. Localization of AtNDT1- and AtNDT2-GFP proteins in tobacco
leaf protoplasts. Tobacco protoplasts were prepared as given under “Exper-
imental Procedures” and transformed using polyethylene glycol. Fluores-
cence was visualized after 18 h of incubation by fluorescence microscopy.
Chloroplasts were visualized by their autofluorescence. A, shown is localiza-
tion of AtINDT1-GFP. B, shown are localization of AtNDT2-GFP and cotransfor-

mation with SKL-DSred. C, shown is the localization of AtNDT2-GFP and coin-
cubation with the Mito Tracker dye.

Subcellular Localization of AtINDT1-GFP and AtNDT2-GFP—
To provide experimental evidence on the subcellular localiza-
tion of both carrier proteins, we generated corresponding GFP
fusions and expressed these recombinant proteins in tobacco
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mesophyll protoplasts. The AtINDT1-GFP protein locates to
the chloroplast membrane (Fig. 6A, left panel). This interpreta-
tion is based on the observation that the large green fluorescing
organelle is fully congruent with the red autofluorescence of the
chloroplasts (Fig. 6A, middle panel) and is further confirmed by
the merge (Fig. 64, right panel).

In the case of AINDT2-GFP, the green fluorescence appears
in organelles clearly smaller than the large red fluorescing
chloroplasts (Fig. 6B, left panel). By use of further GFP fusion
proteins we moreover excluded that AtfNDT2-GFP resides in
either Golgi vesicles or the endoplasmic reticulum (data not
shown). To verify whether these small organelles represent
either mitochondria or peroxisomes, we additionally ex-
pressed a GFP derivate carrying the peroxisomal targeting
signal SKL (SKL22::DsRed, kindly provided by Dr. Ian Small)
and used the Mito Tracker dye. A comparison between the
AtNDT2-GFP fluorescence (Fig. 6B, left) and the GFP-SKL
fluorescence in peroxisomes (Fig. 6B, middle panel) shows
that AINDT2-GFP does not reside in peroxisomes (Fig. 6B,
middle and right panels). However, AtNDT2-GFP caused
fluorescence (Fig. 6C, left), and the Mito Tracker labeled
organelles (Fig. 6C, middle) merged perfectly (Fig. 6C, right)
further underlining the mitochondrial localization of this
carrier.

Expression Pattern of the Atndtl and Atndt2 Gene—To eval-
uate the expression pattern of the Atndt1 and Atndt2 genes, we
constructed corresponding promoter-GUS reporter plants. For
each construct we generated 25 independent transgenic lines;
representative data are shown in Fig. 7A-L. Atndt1-promoter-
GUS activity is comparably high in young leaf mesophyll cells
(Fig. 7, A and B), absent in developing siliques and seeds (Fig.
7C), low in all flower tissues (Fig. 7D), and high in root tips and
at the branches of adventitious roots (Fig. 7E). Atndt2-promoter-
GUS activity is remarkably high in the rapidly developing young
meristematic shoot area (Fig. 7G), in vascular bundles (veins)
from young and old leaves (Fig. 7, G and H), in developing
siliques including the funiculi structures (Fig. 71), in petal veins
(Fig. 7)), in developing pollen (Fig. 7K), and in the central cyl-
inder of Arabidopsis roots (Fig. 7L).

DISCUSSION

Two different types of NAD™ transporting carrier proteins
have been identified to date; the are the bacterial NTT-type
carrier NTT4 from the bacterium Protochlamydia amoe-
bophila and the MCF type carriers S(NDT1/2 from bakers’
yeast cells (14, 24). NTT4-type carriers represent a subgroup of
NTT proteins residing in intracellular bacteria or plant plastids,
and they all exhibit between 10 to 12 predicted transmembrane
domains. By contrast, the Arabidopsis carriers AtINDT1 and
AtNDT?2 clearly belong to the large MCF proteins. The reason
for this conclusion lies not only in the fact that they show a high
degree of overall similarity to the MCF carriers SC(NDT1 and
ScNDT?2 (Fig. 1) but also because they exhibit a 3-fold repeated
signature motif (Fig. 1). The presence of the 3-fold repeated
signature motif, each representing the mitochondrial energy
transfer signature (METS, Fig. 1), is a typical feature of trans-
port proteins belonging to the mitochondrial carrier family
(29, 49).
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FIGURE 7. Histochemical localization of GUS expression under control of
the Atndt1 and Atndt2 promoter in A. thaliana. Plants were grown as
described under “Experimental Procedures.” A, shown is Atndt1-promoter-
GUS activity in a 10-day-old seedling. B, shown is Atndt1-promoter-GUS activ-
ity in a juvenile leaf from a 7-week-old plant. C, shown is Atndt1-promoter-GUS
activity in developing siliques. D, shown is Atndt1-promoter-GUS activity in
flowers. Eand F, shown are Atndt1-promoter-GUS activity in root tips and root
branches. G, shown is Atndt2-promoter-GUS activity in 2-week-old seedlings.
H, shown is Atndt2-promoter-GUS activity in a mature leaf. /, shown is Atndt2-
promoter-GUS activity in developing siliques. J, shown is Atndt2-promoter-
GUS activity in flowers. K, shown is Atndt2-promoter-GUS activity in anthers.
L, shown is Atndt2-promoter-GUS activity in roots.

The name mitochondrial carrier family proteins already indi-
cates that it was assumed that transporters belonging to this
protein group reside in the mitochondrial envelope (50). How-
ever, today we know that the presence of MCF proteins is by no
means restricted to mitochondrial membranes (51). The recent
discovery of MCF-type nucleotide transporters in peroxisomes
(7,18, 52), plant plastids (19, 20, 23), and the endoplasmic retic-
ulum of Arabidopsis (21) strikingly demonstrates that several
organelles, especially in plant cells, exploit the large pool of
MCEF proteins to facilitate cross-membrane nucleotide trans-
port. Thus, with our observation that AfINDT1-GFP resides in
the chloroplast envelope (Fig. 6), we provide a further example
of a MCF protein that does not locate to mitochondria.

In this context it is somewhat surprising that AtNDT1 does
not exhibit an N-terminal-located transit peptide (Fig. 1)
usually required for insertion into the plastid envelope (53).
However, in recent years multiple examples of chloroplast
envelope-located membrane proteins lacking N-terminal-
located transit peptides have been reported (54), and about
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15% of all proteins, which clearly locate to chloroplasts, lack
such N-terminal transit peptide (55). Moreover, truncation
experiments showed that the N-terminal-located extension
of the plastid triose-phosphate transporter TPT is not
required for proper direction into the inner envelope mem-
brane as the required target information is located in the first
hydrophobic domain (56).

Clearly, the experimentally conducted subcellular localiza-
tion of AtNDT1 in chloroplasts (Fig. 6A4) contradicts the obser-
vation that recombinant expression of this carrier, similar to
AfNDT2, complements the absence of NAD™ transport activ-
ity in the yeast mutant Andt1Andt2 (Fig. 5). In fact, there are
several examples that expression of recombinant carriers in
yeast might lead to import into a membrane that differs to the
authentic situation; e.g. the barley carrier protein HvSUT2 and
the Arabidopsis carrier AtSUT4 are located in the plant vacuo-
lar membrane (57), but both carriers mediate sucrose transport
across the plasma membrane when heterologously synthesized
in bakers’ yeast (58, 59). Alternatively, the expression of the
plastid triose-phosphate carrier from spinach leads to accumu-
lation of the recombinant protein in yeast endomembranes
(60). Obviously, the expression of carriers residing in plant
membranes which are absent in yeast cells may provide false
information on the subcellular localization. Moreover, it is not
totally without precedence that an experimentally confirmed
subcellular location of a MCF type carrier differs from that pre-
dicted bioinformatically. For example the Brittlel carrier from
Arabidopsis was predicted to reside to mitochondria but
locates, similar to the homologue in maize, in the plastid enve-
lope (19, 23).

Most, but not all (61), mitochondrial solute carriers in yeast
and humans lack N-terminal-located transit peptides. In con-
trast, MCF homologues in plants show such extensions to their
amino acid sequences (62). Although the N-terminal extension
of AINDT2, located in front of the first proposed transmem-
brane domain, is quite short (Fig. 1); the prediction programs
locate this protein with high probability to the mitochondrial
envelope (consensus prediction: 5.4 mitochondria to 0.5 endo-
membranes, no chloroplast prediction (30)). Thus, our experi-
mental data suggesting that AINDT2-GFP resides in mitochon-
dria (Fig. 6, B and C) confirms the predicted subcellular
localization of the authentic protein. In sum, we cannot as yet
explain how the plant ensures correct targeting of AZINDT1 and
AINDT?2 into their final cellular destinations, but is seems likely
that internal domains in the structural parts of the carriers
influence this process.

Without considering the 45-amino acid extension at the
C-terminal end of A{INDT2 (Fig. 1), both carriers share 61%
identical amino acids. However, it is not possible to make reli-
able assumptions on the substrate specificity or on the trans-
port modes on basis of the amino acid similarity. Therefore, we
decided to analyze the biochemical properties of both proteins
in a reconstituted system. Similar to a range of other MCF car-
riers, AINDT1 and AfNDT?2 appear as inclusion bodies after
recombinant synthesis in E. coli (supplemental Fig. 1, lanes 4
and 7). Such inclusions, however, are advantageous because
they allow the enrichment of corresponding carriers to appar-
ent homogeneity by centrifugation and washing (supplemental
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Fig. 1, lanes 5 and 8). Both AtNDT1 and A¢{NDT2 transport
NAD™ in a counter-exchange mode across the liposomal mem-
brane (Figs. 2 and 4, A-F). This counter-exchange mode of
transport, which prefers NAD™ to its structural homologue
a-NAD™ (Fig. 2), resembles that observed for the yeast homo-
logue S(NDT1 (24). Given that NADH appeared as a low effi-
cient counter-exchange substrate (Fig. 2) and knowing that cel-
lular NAD™ levels exceed those of NADH several-hundredfold
(63—65), binding of NADH to both types of carriers will only
occur very rarely, excluding the importance of NADH trans-
port under physiological conditions.

AINDT1 and AtNDT?2 share a number of similar transport
properties; for example, both proteins accept AMP and ADP as
highly efficient counter-exchange substrates for NAD " as well
as, although at a lower extent, all other RNA nucleotides tested
but not NADP*, NADPH™, nicotinamide (NM), or nicotinic
acid (NA) (Fig. 2), and they both respond similarly to all inhib-
itors tested (Fig. 3). Their transport affinities (K,,) for NAD™"
are lower than that of SctNDT1, and their specific activities
(Vinax) values are similar or higher than those displayed by most
mitochondrial carriers characterized so far (16, 17). However,
AINDT1 and A(NDT2 differ for their kinetic constants,
AINDT?2 being more active and exhibiting a lower affinity for
purine and pyrimidine nucleotides (Table 1). A major individ-
ual feature of the chloroplast carrier AfNDT1 is the acceptance
of pyrophosphate as a counter-exchange substrate for NAD ™"
(Fig. 2). In the case of chloroplasts, a slow import of pyrophos-
phate has been observed (66) which is supposed to provide net
phosphate into young plastids during increase of their volume.
The K; value (2.8 mm) of AtINDT1 for pyrophosphate (Table 1)
is in line with a substantial cytosolic pyrophosphate level found
in plant tissue (67). It remains to be shown whether AtNDT1
imports pyrophosphate during plastid development.

The close biochemical similarities between A({NDT1 and
AINDT?2 are understandable given the commonality of their
gene structures; both genes (Atndt1 and Atndt2) share a highly
similar exon/intron structure (30). Therefore, we assume that
they derive from a common molecular ancestor which would
additionally explain similarities in their biochemical properties.
However, it appears likely that after gene duplication, inde-
pendent cellular evolution took place allowing the development
of individual properties such as the different subcellular local-
ization (Fig. 6, A and B) and different affinities for pyrophos-
phate and nucleotides (Fig. 2 and Table 1).

In plants, de novo synthesis of NAD™ takes place in the
cytosol (68). Thus, newly synthesized NAD™ must enter cell
organelles to supply NAD™ required for many enzymatic reac-
tions. The need for NAD™ availability in mitochondria is clear
from the presence of dehydrogenase-containing pathways like
the tricarboxylic acid cycle or glycine oxidation as well as the
highly active formate dehydrogenase (1). However, the require-
ment for the presence of NAD™ is not limited to mitochondria
as many NAD*-dependent reactions are located in the chloro-
plast. As just one example, chloroplasts from both C3 and CAM
plants possess an active NAD *-malate dehydrogenase (28) that
together with the NAD™-dependent chloroplastic glyceralde-
hyde dehydrogenase (69) forms a highly active enzyme couple
during the dark period (70). The subcellular location of
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AINDT1 and AtNDT?2 (Fig. 6, A and B) observed here and the
demonstrated ability of both carriers to transport NAD ™ (Fig. 2,
Table 1), thus, fits with the requirement for net NAD ™ import
in both types of organelles.

AtNDT1land AtNDT2 are both able to catalyze a low unidi-
rectional transport (uniport) of NAD™ (Fig. 4, C, and D) in
addition to a fast counter-exchange reactions with a number of
substrates (Figs. 4, A and B, and 2). However, we assume that in
planta a counter-exchange, as opposed to a unidirectional
mode of transport, takes place. In the chloroplast stroma, AMP
or ADP is available as a counter-exchange substrate because de
novo biosynthesis of adenylates is located in this compartment
(71). The efflux of AMP or ADP via AtNDT1 would allow
NAD™ import into the stroma. In mitochondria, adenylates can
be imported unidirectionally by the recently identified carrier
ADNT1 (22) and then be exchanged for NAD™ via A{INDT2
(Fig. 2). In this context it appears worth mentioning that the
bacterial NAD" transporter NTT4 from P.amoebophila,
although structurally totally unrelated to A(NDT1 and
AINDT2, also transports NAD" in counter-exchange with
ADP (14). It will be interesting in the future to identify the
micro-domains in both types of carriers (NTT and NDT)
responsible for substrate binding.

Utilizing NAD"/NAD™ homo exchange as an experimental
approach to study biochemical properties of both carriers in
more detail, we were able to estimate apparent NAD ™ affinities
of 0.24 mm for AtNDT1 and 0.15 mMm for A(INDT?2. These affin-
ity values are similar to the yeast carrier S(NDT1 (24) and are
almost identical to the NAD™ affinity measured in isolated
potato tuber mitochondria (26). In yeast cells NAD* and
NADH sum up to concentrations of between 1 and 3 mm (72),
but it should be kept in mind that it is assumed that 90% of all
nicotinamide dinucleotides are protein-bound (63). Thus, the
apparent K, , values measured for AINDT1 and AZINDT2 can be
predicted to allow a substantial influx into the corresponding
organelles under in vivo conditions.

According to the subcellular location (in either chloroplasts
or mitochondria) and to the proposed function of NDT pro-
teins in Arabidopsis, we have to propose that both carriers must
be active in cells exhibiting either high metabolic activities or
exhibiting high rates of division. The promoter-GUS reporter
plants clearly indicate that the Atndtl gene expression is high
throughout the whole leaf (Fig. 7, A and B). Photosynthetically
active leaves represent a tissue with an extraordinary high num-
ber of chloroplasts which is in line with the subcellular localiza-
tion of AtNDT1 (Fig. 6A). However, as yet we do not have an
explanation as to why Atndtl gene expression is additionally
remarkably high at the branches of adventitious roots (Fig. 7E).
The Atndt2 gene is highly active in young cells and in cells
belonging to the vascular bundles. The need for high AtNDT2
activity in young cells is obvious, as in these cells organelles
divide rapidly followed by a regain of organelle volume, pro-
cesses that require vast quantities of NAD™ to support biosyn-
thetic reactions. Vascular bundles are mainly comprised of
phloem cells, companion cells, phloem parenchyma cells, and
xylem tubes (73). Xylem tubes represent dead cells, and living
phloem (sieve) cells do not possess functional mitochondria.
Therefore, we speculate that Atndt2 gene expression is most
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likely high in companion cells. These cells exhibit a surprisingly
high metabolic activity to allow active import of assimilates
proposed for long distance transport (73), and it is long known
that plant mitochondria must import NAD™ to exhibit high
metabolic activities (26).

This speculation is strongly supported when the tissue-spe-
cific expression of the NDTs is compared with that of genes
encoding enzymes of the de novo and salvage pathways of pyr-
idine biosynthesis (Genevestigator). Recent studies of Arabi-
dopsis knock-out mutants of the constituent enzymes of these
pathway as well as of the external NAD(P)H dehydrogenases
have highlighted the importance of pyridine nucleotides in a
broad range of processes including germination (74), bolting
(75), adaptation to osmotic stress (76), and senescence (77),
suggesting that the NDTs may also play an important role in
these processes.
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