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ABSTRACT: Nucleoside diphoshate kinases (NDKs), an evolutionarily conserved family of proteins,
synthesize nucleoside triphosphates from nucleoside diphosphates and ATP. Here, we have characterized
the kinase activity and DNA processing functions of eight human proteins that contain at least one domain
homologous toEscherichia coliNDK. Not all human proteins with NDK-like domains exhibited NDK
activity when expressed as recombinant proteins inE. coli. Human NDK1 (NM23-H1) has been reported
to have 3′ f 5′ exonuclease activity. In addition to human NDK1, we also find that human NDK5,
NDK7, and NDK8 contain 3′ f 5′ exonuclease activity. Site-directed mutagenesis, competition assays
between wild-type and mutant NDK proteins, and NMR studies confirmed that the DNA-binding and
3′ f 5′ exonuclease activity of human NDK1 is an intrinsic activity of the protein. Using double-stranded
DNA substrates containing modified bases, human NDK1 efficiently excised nucleotides from the single-
strand break produced by APE1 or Nth1. When human cells were treated with various DNA-damaging
agents, human NDK1 translocated from the cytoplasm to the nucleus. These results suggest that, in addition
to maintenance of nucleotide pool balance, the human NDK-like proteins may have previously unrecognized
roles in DNA nucleolytic processing.

Nucleoside diphosphate kinases (NDKs)1 have been
characterized as a large family of conserved proteins that
synthesize nucleoside triphosphates from nucleoside diphos-
phates and ATP (1). One of the main functions of the NDKs
is the maintenance of the intracellular nucleoside triphosphate
pools. However, it has been shown that the disruption of
the single NDK genes inEscherichia coli, Saccharomyces
cereVisiae, andSchizosaccharomyces pombehas no effect
on cell growth or morphology (2-4). Some microorganisms
such as mycoplasma species andThermotoga maritimalack
an NDK gene altogether (1). E. coli strains with a disrupted
NDK gene show a mutator phenotype, which is thought to
be due to imbalances in nucleotide pools (4, 5).

It has become recognized that some NDK proteins have
additional or different roles, in particular in mammals. These
genes and their corresponding proteins are referred to here
as NDKs, but the mammalian homologues have also been
named NM23-H or NME genes based on the first discovery
of a mouse gene that showed strongly reduced expression
in metastatic mouse melanoma cell lines (NM23 stands for

“nonmetastatic clone 23”) (6). To date, eight human NDK
homologues have been identified (1). NDK1 (NM23-H1)
seems to be involved in the suppression of tumor metastasis
because low expression of NDK1 has been linked to
increased metastatic potential in many cell lines and tumors
(6-9). The NDK proteins are usually expressed ubiquitously,
but NDK5, NDK7, and NDK8 are mainly found in testis (1,
10, 11). NDK4 and NDK6 are localized predominantly in
mitochondria (12, 13).

There is increasing evidence that some NDK proteins have
DNA-processing functions. In particular, NDK2 has been
shown to be involved in the regulation of transcription, by
binding to and activating a nuclease-hypersensitive element
in the c-mycpromoter (14). Certain NDK proteins, such as
NDK1, NDK2, andE. coli NDK, can cleave DNA sequences
with unusual structuresin Vitro (15-17). A recent study has
shown that NDK1 is involved as the DNA cleavage
component in a complex that promotes cytotoxic T-lymho-
cyte-mediated apoptosis (18) and that this protein has been
characterized biochemically as a 3′ f 5′ exonuclease (19).

Recently, it has been reported thatE. coli NDK possesses
multifunctional base excision repair activities, namely, uracil-
DNA glycosylase, AP-lyase, and 3′-phosphodiesterase activ-
ity, in Vitro (20). However, subsequently, two different
groups have reported thatE. coli NDK does not possess
uracil-DNA glycosylase (21, 22) and AP-lyase activity (21).

Here, we have characterized the NDP kinase activity and
DNA-processing functions of eight human proteins that
contain at least one domain homologous toE. coli NDK.
We report that only human NDK1, NDK2, and NDK4
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contain kinase activity and that human NDK1, NDK5,
NDK7, and NDK8 retain 3′ f 5′ exonuclease activity.

MATERIALS AND METHODS

Reagents and Oligonucleotides.Oligonucleotides for PCR
primers and substrates containing uracil (U) were purchased
from IDT (Coralville, IA). Oligonucleotides containing
thymine glycol (Tg) were kindly provided by Dr. Shigenori
Iwai (Osaka University) and were synthesized as previously
described (23). E. coli uracil DNA glycosylase (UDG) and
restriction enzymes were purchased from New England
Biolabs (Beverly, MA). All chemicals and reagents were
from Sigma (St. Louis, MO).E. coli Fpg and Nth proteins
and human APE1 were purified as previously described (24,
25).

Construction of Plasmids Containing E. coli NDK, Human
NDKs, and Human NDK1 Mutants.A PCR fragment of the
E. coli NDK gene was prepared withE. coli genomic DNA,
Pfu turbo DNA polymerase (Stratagene, La Jolla, CA) and
two primers, forward primer 5′-GGTCGGGATCCGATG-
GCTATTGAACGT (with theBamHI site underlined) and
reverse primer 5′-GTGCTCGAGTTAACGGGTGCGCGG
(with the XhoI site underlined). To construct plasmids
containing human NDKs, human NDK cDNA clones or EST
clones were obtained from the ATCC (Manassas, VA).
Human NDK1 and NDK2 cDNAs were directly subcloned
into plasmid pET-28a(+) (Novagen, Madison, WI). For all
other human NDKs, PCR products containing appropriate
restriction sites were prepared from cDNA clones or EST
clones usingPfu turbo DNA polymerase and specific primers
for in frame insertion. The PCR products were cloned into
plasmid pET-28b(+). The ligated plasmids were transformed
into bacterial-competent cells BL21 (DE3) (Stratagene, La
Jolla, CA). To construct the pET-28a(+) vectors containing
point mutations of human NDK1, the Quikchange site-
directed mutagenesis kit (Stratagene, La Jolla, CA) was used.
The plasmids were isolated and sequenced to confirm the
cDNA sequence. These expression vectors generate an
N-terminal 6×-histidine-tagged NDK open-reading frame.

Purification of Recombinant Human NDK Proteins.Re-
combinant 6×-His-tagged NDK proteins were purified from
E. coli under native conditions using the QIAexpressionist
kit (Qiagen, Valencia, CA). The bound proteins were released
from the Ni-NTA-agarose column with elution buffer (50
mM sodium phosphate at pH 8.0, 0.1% Triton X-100, 500
mM NaCl, and each of 100, 150, and 250 mM imidazole,
respectively). Purified NDKs were dialyzed against storage
buffer (20 mM HEPES at pH 7.9, 20 mM KCl, 5 mM
â-mercaptoethanol, and 40% glycerol).

DEAE sepharose (Amersham Pharmacia Biotech) chro-
matography was used for additional purification of the NDK
proteins. The 250 mM imidazole fractions of human NDKs
were dialyzed overnight at 4°C against loading buffer (20
mM Tris-HCl at pH 8.2, 0.5 mM EDTA, 5 mMâ-mercap-
toethanol, and 5% glycerol). Bound proteins were eluted with
a linear gradient of 0-500 mM NaCl in loading buffer. The
eluted human NDK proteins were dialyzed against storage
buffer. For human NDK1, additional gel-filtration chroma-
tography was carried out with ACA54 columns (Amersham
Pharmacia Biotech).

Phosphoenzyme and Enzyme-Coupled Kinase Assay.Puri-
fied E. coli NDK, human NDKs, and human NDK1 mutants

were tested for kinase activity. For phosphoenzyme forma-
tion, 500 ng of each NDK was used in an autophosphoryl-
ation reaction with 1µM [γ-32P]ATP for 10 min at 37°C in
10 µL of reaction buffer (20 mM HEPES at pH 7.9, 20 mM
KCl, 2 mM MgCl2, and 20% glycerol). The reaction was
stopped by adding SDS gel-loading buffer, and the samples
were loaded onto a 15% SDS-polyacrylamide gel. After
electrophoresis, the wet gel was autoradiographed and then
stained with Coomassie blue.

The kinase activity of NDKs and human NDK1 mutants
was determined by an enzyme-coupled assay as previously
described (16, 17, 20, 26). Briefly, 1 mL reactions in buffer
containing 50 mM Tris-HCl at pH 7.4, 50 mM KCI, 6 mM
MgCl2, 0.1 mM phosphoenolpyruvate, 0.1 mg/mL NADH,
2 units of pyruvate kinase, 2.5 units of lactate dehydrogenase,
and 1 mg/mL BSA (bovine serum albumin) in plastic
disposable cuvettes were incubated at room temperature in
the presence of ATP as the donor of phosphate and dTDP
as the phosphate acceptor nucleotides. The reaction was
initiated by the addition of 200 ng of purified NDKs. NADH
oxidation, which produced a decrease in absorbance at 340
nm, was measured by UV spectrophotometry. NDK activity
of the NDKs was determined by calculation of the decreasing
value of absorbance per minute at the initial rates where a
typical reaction rate is produced.

Exonuclease Assays.The exonuclease activities of purified
recombinantE. coli and human NDKs were tested with a
standard 30-mer single-stranded oligonucleotide, 5′-CTCGT-
CAGCATCATGATCATACAGTCAGTG-3′. To verify the
substrate specificity, various oligonucleotide substrates were
tested (27). The oligonucleotide sequences were 5′-TTGA-
GGCAGAGTCC (O-1), 5′-GGACTCTGCCTCAA (O-2),
5′-GGACTCT-GCCTCAAG (O-3), 5′-GGACTCTGCCT-
CAAGACG (O-4), 5′-CACGTTGACTA-CCGTC (O-5),
5′-GGACTCTGCCTCAAGACGGTAGTCAA-CGTG (O-
6), and 5′-GATGTCAAG-CAGTCCTAAGTTTGAGGCA-
GAGTCC (O-7). The 5′-end labeling of each top strand was
carried out with T4 polynucleotide kinase and [32P]ATP. The
end-labeled oligonucleotides were annealed to their comple-
mentary bottom strands in annealing buffer (10 mM Tris-
HCl at pH 8.0, 1 mM EDTA, 30 mM NaCl, and 40 mM
KCl). The standard assay was performed in a 30µL volume
with reaction buffer (20 mM HEPES at pH 7.9, 20 mM KCl,
and 2 mM MgCl2), 5 pmol of DNA, andE. coli or human
NDKs (100 ng of protein) at 37°C for 1 h. The exonuclease
activity of human NDK1 mutants was tested with the 5′-
end-labeled single-stranded 30-mer in a standard assay as
described above. For competition assays between the wild
type and the catalytically inactive mutants, 0.5-5 µg of
human NDK1 mutants E5A, E5Q, E129A, and E129Q was
preincubated with the 5′-end-labeled single-stranded 30-mer
in reaction buffer (20 mM HEPES at pH 7.9, 20 mM KCl,
and 2 mM MgCl2) at room temperature for 20 min. After
0.5µg of wild-type protein was added, an additional reaction
was carried out at 37°C for 30 min. The reaction was
terminated by phenol/chloroform extraction and ethanol
precipitation. The DNA pellet was dissolved in formamide
loading dye. The cleavage of the oligomers was analyzed
by 16% denaturing polyacrylamide gel electrophoresis.

To test the processing of substrates containing modified
bases, double-stranded oligonucleotides containing U/A or
Tg/A pairs were used. The 30-mer top strand oligonucleotides

Exonuclease Activity of Human NDKs Biochemistry, Vol. 44, No. 48, 200515775



were 5′-CTCGTCAGCATCA-(U-or-Tg)GATCATACAGT-
CAGTG-3′, where “U or Tg” stands for uracil and thymine
glycol, respectively. The 5′-labeled top strands were annealed
to the bottom strands, and the double-stranded oligonucleo-
tides containing uracil were first incubated withE. coli UDG
(10 units) or human UDG (50 ng) for 20 min at 37°C. After
human APE1 (50 ng) was directly added, the mixtures were
incubated for an additional 20 min at 37°C. The reaction
mixtures were split into two further reactions with hNDK1,
direct incubation with hNDK1, or incubation with hNDK1
after removing UDG and hAPE1 by phenol/chloroform
extraction and ethanol precipitation. The samples were
incubated for an additional 30 min at 37°C. The cleaved
DNA was analyzed as described above.

Cell Lines and Antibodies.HeLa cervical carcinoma and
ARPE-19 retinal epithelial cell lines were purchased from
ATCC and grown in DMEM with 10% fetal bovine serum,
2 mM glutamine, 100 units/mL penicillin, and 100 mg/mL
streptomycin. Rabbit antisera against human NDK1, HDAC2,
â-tubulin, H-CAM, normal rabbit IgG and HRP-conjugated
goat anti-rabbit IgG, mouse mAb against hNDK1, horserad-
ish peroxidase (HRP) conjugated donkey anti-mouse IgG,
normal mouse IgG, and protein A and G plus-agarose were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit anti-human UDG (Imgenex, San Diego, CA), mouse
anti-human APE1 (Trevigen, Gaithersburg, MD), and rabbit
anti-human NTH1 (Novus Biologicals, Littleton, CO) were
used for Western blot analysis.

Immunohistochemistry and Western Blot Analysis.HeLa
cells were grown on glass coverslips (40-50% confluence)
and treated with various DNA-damaging agents such as H2O2

(1 or 5 mM, 20 min at 37°C), cisplatin (5-20 µM, 20 min
at 37 °C), solar-simulated UV radiation for 5 or 10 min
emitted from a 1000 W solar UV simulator (Oriel Inc.), UVB
light emitted from sunlamps (556 J m-2 min-1), and UVA
light emitted from two 360 nm black lights (Sylvania 15W
F15T8; 1.13 kJ m-2 min-1). The UV dose emitted from the
UV lamps was measured with a UVX radiometer (Ultraviolet
Products, Upland, CA). For DNA-damaging agent treatment,
the medium was removed and cells were treated in PBS.
After treatment, the DMEM culture medium was replaced
and cells were incubated for an additional 20 min or 24 h.
Cells were fixed in 3.7% (v/v) paraformaldehyde in PBS
for 10 min at room temperature and were then washed with
PBS. Cells were permeabilized with 0.2% Triton X-100 in
PBS for 15 min at room temperature and incubated in
blocking buffer (PBS containing 1% BSA and 0.2% Tween
20) for 1 h atroom temperature. Rabbit anti-human NDK1
(0.2µg/mL) was added in blocking buffer and incubated for
1 h at room temperature. Cells were washed 3 times with
PBS containing 0.2% Tween 20 for 5 min each. Alexa Fluor
488-conjugated anti-rabbit secondary antibody (1µg/mL;
Molecular Probes, Eugene, OR) was added to the cells and
incubated in blocking buffer for 1 h at room temperature
followed by 3 washes as described above. Nuclear counter-
staining was performed with 0.2µg/mL 4′,6′-diamidino-2-
phenylindole (DAPI) in PBS for 20 min. The cells were
washed 5 times with PBS, mounted with Fluoromount G
(Southern Biotechnology Associates, Birmingham, AL), and
visualized with a fluorescence microscope (Olympus IX81).

For Western blot analysis, HeLa and ARPE-19 cells
(1-2 × 106 cells) were treated with various DNA-damaging

agents such as solar-simulated UV irradiation, H2O2, cis-
platin, UVB irradiation, and UVA irradiation. Using a nuclear
extract preparation kit (Chemicon, Temecula, CA), cellular
and nuclear extracts were prepared from DNA-damaging
agent treated cells. Equivalent amounts (approximately 10
µg) of prepared cellular and nuclear extracts were mixed with
SDS loading buffer and heated at 95°C for 5 min. The
proteins were separated on a 15% SDS-polyacrylamide gel
and transferred to a PVDF membrane. The blots were probed
with polyclonal antibodies against human NDK1, HDAC2,
andâ tubulin followed by appropriate secondary antibodies
conjugated with HRP. The signals were detected using ECL-
Plus (Amersham).

NMR. The 15N-labeled NDK1 protein sample was dis-
solved in 90% H2O/10% D2O containing 10 mM phosphate
buffer at pH 7.0 (final concentration of the monomer protein
was approximately 0.5 mM). Then, a sample of 20 mM
unlabeled DNA was titrated to the protein to a molar ratio
of 2:1. The DNA molecule was a single-stranded 30
oligomer, which was the same as the one used as standard
substrate in the exonuclease activity assays. The NMR
spectra were acquired at 25°C on a Brucker Avance 600
spectrometer equipped with a cryoprobe. The NMR data were
processed with NMRPipe (28) and analyzed with NMRView
(29).

RESULTS

Purified Human NDK1, NDK5, NDK7, and NDK8 Contain
3′ f 5′ Exonuclease ActiVity. Genome database searches and
a review of the literature (1) indicated that the human genome
contains at least eight homologues ofE. coli NDK. The eight
human genes were obtained from cDNA or EST clones and
were sequenced. Figure 1A indicates the degree of homology
between the NDK domains. Human NDKs 1-4 are most
closely related to theE. coli protein. NDK7 has a duplicated
NDK domain (Figure 1B). NDK8 is a fusion protein
composed of a thioredoxin domain and two and a half
tandemly repeated NDK domains and has also been described
as SPTRX2 (11).

E. coli NDK and the eight human proteins were expressed
and purified as recombinant histidine-tagged proteins from
E. coli (Figure 2A). We tested the recombinant NDK proteins
for potential NDK activity, both by gel-based detection of a
phosphohistidine intermediate (Figure 2B) and by enzymatic
assays (Figure 2C). OnlyE. coli NDK and human NDK1,
NDK2, and NDK4 displayed measurable NDK activities.
NDK8 showed autophosphorylation but was inactive in the
standard dNDP substrate assay. The lack of NDP kinase
activity in the other recombinant NDKs indicates that these
proteins intrinsically lack such activity or that improper
folding or lack of posttranslational modifications precluded
its detection.

To search for exonuclease activity in the recombinant
proteins, we used a 30-mer single-stranded oligonucleotide
substrate that was labeled at its 5′ end. Interestingly, only
human NDK1, NDK5, NDK7, and NDK8 showed pro-
nounced 3′ f 5′ exonuclease activity (Figure 3A). The DNA
laddering observed is suggestive of the removal of one
nucleotide at a time by these enzymes. Human NDK2
showed evidence for internal cleavage of the oligonucleotide.
However,E. coli NDK and other human NDKs exhibited
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little or no exonuclease activity (Figure 3A). We found that
human NDK1 required 1-2 mM Mg2+ for optimal reaction.
Exonucleolytic cleavage increased as a function of time and
NDK1 concentration, and a relatively high amount of hNDK1
(50 ng or more per reaction with 5 pmol of DNA) was
required to observe exonucleolytic cleavage of single-
stranded DNA substrates (data not shown; see also below,
Figure 7C).

Because the proteins were purified as recombinants from
E. coli, we were concerned that the enzyme preparations were
potentially contaminated withE. coli proteins having exo-
nuclease activity. To exclude this possibility, we purified
human NDK1, NDK5, and NDK7 through subsequent steps
consisting of Ni-NTA-agarose, DEAE sepharose, and gel-

filtration columns. In all cases, the NDK proteins, detected
on SDS gels, exactly copurified with the 3′ f 5′ exonuclease
activities (Figure 3B for human NDK1; human NDK5 and
NDK7 data not shown).

The 3′ f 5′ Exonuclease ActiVity of Human NDK1 Is
Confirmed by Site-Directed Mutagenesis, Competition, and
NMR Studies.To confirm the exonuclease activity of human
NDKs, we created and purified several human NDK1
mutants and tested their exonuclease activity. Because acidic
amino acids, in particular Asp (D) and Glu (E), having
carboxylic acid residues commonly associated with divalent
cation binding, are often essential for nuclease activity (27,
30), we chose the four acidic amino acid residues, E5, D54,
D121, and E129, which are the most highly conserved in

FIGURE 1: Human proteins with domains homologous toE. coli NDK. (A) Sequence alignment ofE. coli NDK protein and the NDK
domains found in eight human homologues is shown. Alignment was performed with the Clustal W program. For NDK7, the N-terminal
NDK domain was used for alignment, and for NDK8, the central domain was used. (B) Domain structures ofE. coli NDK and the human
NDK domain proteins. Additional domains indicated are a Dpy30 motif (probably formed of twoR helices) in NDK5, a DM10 motif
(unknown function) in NDK7, and a thioredoxin domain in NDK8.
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the NDK domain (Figure 1). We also converted three
additional amino acids, F33, K12, and H118. F33 is also a
highly conserved amino acid in the NDK domain. In previous
studies, K12 was critical for both the kinase activity and
DNA-cleaving activity of human NDK2 (17) and the H118F
mutation prevented the formation of a phosphorylated
intermediate required for kinase activity (26). A total of nine
human NDK1 mutants along with the wild-type protein were
employed to test the exonuclease activity and kinase activity.
The purified mutants are shown in Figure 4A. Several of
these mutants almost completely lost the 3′ f 5′ exonuclease
activity (Figure 4B). The E5Q and H118F mutants showed
approximately 20% of wild-type enzyme activity, but other
mutants contained less than 10% of wild-type activity.
However, the NDK activity among these mutants was

differently affected by the mutations compared to the
exonuclease activity (Figure 4C). Whereas some mutants
such as K12Q, H118F, E129A, and E129Q completely lost
kinase activity, D54A, E5A, and E5Q still retained significant
NDP kinase activity. These data confirm that the 3′ f 5′
exonuclease activity of human NDK1 is not due to contami-
nation by bacterial nucleases but is an intrinsic activity of
this protein. Moreover, the active site and critical amino acids
for the kinase and exonuclease activities appear to be
different (Table 1). For example, D54A showed kinase
activity close to that of the wild-type protein but almost
completely lost the exonuclease activity.

Because inactive mutants are suspected to lose their
activity in either of two ways, a defect in substrate binding,
loss of cleavage activity, or both (30), we performed a

FIGURE 2: Purified recombinant human NDK proteins and NDK assays. (A) Recombinant proteins, obtained after Ni-NTA-agarose and
DEAE sepharose chromatography, were resolved on an SDS-polyacrylamide gel and stained with Coomassie Blue. Preparations of NDK2,
NDK3, and NDK6 contained a contaminant of 45 kDa, which could not be separated from the NDK proteins. (B) Phosphoenzyme assay.
Catalytically active NDKs contain a histidine phosphotransferase activity. This could be demonstrated forE. coli NDK and human NDK1,
NDK2, NDK4, and NDK8. (C) Enzymatic assay for NDK activity. A decrease in absorbance at 340 nm is indicative of the presence of
enzymatic activity. This could be demonstrated forE. coli NDK and human NDK1, NDK2, and NDK4.

FIGURE 3: Exonuclease activity of purified human NDK proteins and coelution of human NDK 1 with exonuclease activity. (A) Single-
stranded 30-mer oligonucleotide (5 pmol) was labeled at the 5′ end. Purified recombinantE. coli NDK and human NDKs (100 ng each)
were tested for exonuclease activity. No, no enzyme. (B) Ni-NTA column-purified human NDK1 was eluted from a DEAE sepharose
column, and the fractions were assayed for exonuclease activity (top panel) and protein content by SDS-PAGE (bottom panel).
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competition assay between four mutants (E5A, E5Q, E129A,
and E129Q) and wild-type human NDK1 with single-
stranded oligonucleotide substrates. If the mutation only
affects catalysis but not substrate binding, then it may inhibit
wild-type enzyme activity at relatively high concentrations
of the mutant. Various amounts (0.5-5 µg) of human NDK1
mutants were preincubated with DNA substrates to allow
them to bind to the substrates, and then wild-type protein
was added to the mixture. As shown in parts A and B of
Figure 5, at a lower concentration of mutants (0.5-1 µg),
there is little inhibitory effect on the wild-type reaction so

that DNA cleavage was similar to the level of the wild-type
alone reaction. Although there is different inhibitory capacity
among the mutants (Figure 5C), at high concentrations (10-
fold excess), all of the mutants severely inhibited the wild-
type activity. These results also provide good evidence to
support the intrinsic exonuclease activity of human NDK1.

To investigate if hNDK1 specifically binds to a DNA
substrate, an NMR study was performed. The interaction
between human NDK1 and a single-stranded oligonucleotide
substrate was characterized by NMR chemical-shift perturba-
tion (Figure 6). Uniformly15N-labeled human NDK1 and
unlabeled DNA were used in this study. When a protein
forms specific interactions with another molecule, such as
DNA, the amino acid residues at the binding interface will
inevitably experience changes of their environments. Such
changes of environment would result in specific changes of
chemical shifts of the nuclei of the amino acid residues at
the binding interface. The amino acid residues that are not
located at the binding interface would not experience such
changes of environment and thus would not exhibit any
changes of chemical shifts.1H-15N heteronuclear single-
quantum coherence (HSQC) experiments were used to
investigate whether human NDK1 binds specifically to the
DNA substrates. Before the titration, both the protein and
DNA were in an identical buffer at identical pH, to ensure
that the pH of the solution remains unchanged during the
titration. The resonances in the1H-15N HSQC spectra of
human NDK1 in the presence or absence of DNA were very
broad and not well-resolved in the central region, which is
consistent with previous findings that human NDK1 forms
an oligomer in solution (31). However, regions of the spectra
contain well-resolved resonances. Figure 6 shows such a
region of the superimposed1H-15N HSQC spectra of human
NDK1, free and when bound to DNA. Most of the reso-
nances of human NDK1 did not show any changes of
chemical shifts, as shown by the good overlay of most cross-
peaks. This suggests that binding the DNA does not cause a
global conformational change in the protein. However,
specific chemical-shift changes occurred upon the titration
with DNA, and the changes are linearly related to the amount
of DNA titrated to the protein sample. Thus, these chemical-
shift changes, as shown in Figure 6, indicate that human
NDK1 binds specifically to the DNA substrate. The NMR
data lend support to the notion that DNA binding of human
NDK1 is an intrinsic activity of the protein.

To further substantiate the exonuclease activity present in
human NDK proteins, we used a series of oligonucleotide
substrates containing double-stranded, single-stranded, or
partially single-stranded DNA. Human NDK1, NDK5, and
NDK7 were tested in these assays, and they all exhibited
significant exonuclease activity (see Figure 7 for data with
no protein control and NDK1; NDK5 and NDK7 produced
very similar cleavage patterns, data not shown). The 3′ f
5′ exonuclease activity was most pronounced with single-
stranded DNA substrates or substrates containing 3′ single-
strand overhangs. We noticed that a substrate with a
3′-terminal mismatch (S4) was cleaved only slightly better
than a substrate without mismatch (S3) (Figure 7B), sug-
gesting that this exonuclease probably does not have a major
role in supporting proofreading activity.

Human NDK1, NDK5, and NDK7 Show Highly Specific
Exonuclease ActiVity in Concert with UDG, Human APE1,

FIGURE 4: Exonuclease and NDP kinase activity of purified human
NDK1 mutants. (A) Ni-NTA column-purified human wild-type and
mutant NDK1 proteins on an SDS-PAGE gel. (B) Exonuclease
activity of purified human wild-type and mutant NDK1 proteins
was tested with a single-stranded 30-mer oligonucleotide and equal
amounts (100 ng) of purified proteins. (C) Enzymatic assay for
NDK activity. D54A, E5Q, and E5A mutants retained relatively
high kinase activity.

Table 1: Activities of Human NDK1 Mutants

protein exonuclease activity NDPK activity

WT ++++a ++++b

E5A - +++
E5Q ++ +++
K12Q + -
F33A + +
D54A - +++
H118F ++ -
D121A - ++
E129A - -
E129Q - -

a As determined from Figure 4B.b As determined from Figure 4C.
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and NTH Proteins.Previous studies indicated that the
purified E. coli NDK protein may possess AP-site cleavage
activity, although this activity was not fully characterized
and is controversial (20, 21). A recent study has also reported
that human NDK1 is involved as the DNA cleavage
component in a protein complex (SET complex) that
promotes cytotoxic T-lymphocyte-mediated apoptosis (18).
Interestingly, human APE1 has also been found as one of
the components of the SET complex (18). On the basis of
these findings, we hypothesized that the 3′ f 5′ exonuclease
activity of human NDK proteins might be involved in DNA-
processing events in concert with other repair proteins,
particularly with human APE1 functioning in base excision
repair. To test this hypothesis, we investigated human NDK1
activity in the presence of DNA glycosylase or AP lyase
enzymes and hAPE1. First, we found that human NDK1 by
itself has very weak or no activity toward cleaving abasic
sites (data not shown). We used a double-stranded oligo-
nucleotide containing U/A or Tg/A base pairs as base
excision substrates (Figure 8). Human orE. coli UDG was
incubated with oligonucleotide substrates containing U/A to
produce an abasic site (Figure 8A). Human APE1 was then
added to the mixture to cleave the abasic site followed by
the addition of human NDKs. In the other reaction (Figure
8B), E. coli Nth protein was incubated with an oligomer
substrate containing Tg/A, followed by the addition of human
NDKs. Human NDK1 efficiently cleaved the double-stranded
oligonucleotide substrate to produce a 3′ f 5′ exonuclease
cleavage pattern initiated from the AP cleavage site produced

FIGURE 5: Competition assay between human NDK1 wild type and mutants with a single-stranded oligonulceotide substrate. (A) Competition
effect of E129A and E129Q mutants on wild-type NDK1 exonuclease activity is shown. Various amounts of E129A and E129Q proteins
were preincubated with the single-stranded oligonucleotide substrate followed by incubation with 0.5µg of wild-type human NDK1. (B)
E5A and E5Q mutants were used for the competition assay. (C) Increasing amounts of wild-type NDK1 were used with the same substrate.
(D) Quantified data of the competition effects by human NDK1 mutants. The cleaved substrates were quantified by phophoimager analysis
and converted to percentage values relative to wild-type NDK1.

FIGURE 6: NMR study with purified human NDK1 and a single-
stranded oligonucleotide substrate. Overlay of a well-resolved region
of the 1H-15N HSQC spectra of NDK1, free and bound to DNA.
Resonances in black correspond to the spectrum of free NDK1,
while those in red correspond to the DNA-bound protein when the
protein/DNA ratio is 1:2. The cross-peak that shows a specific
chemical-shift change in this region is indicated by a blue arrow.
Two other cross-peaks in this region disappeared upon binding to
DNA, suggesting that chemical perturbation also occurs in these
resonances.
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by hAPE1 or Nth (parts A and B of Figure 8). The substrate
incised in the presence of APE1 was more efficiently
processed than the Nth cleavage product. Even at very low
concentrations (2-4 ng of protein/30µL reaction), human
NDK1 appeared to be sufficient to initiate cleavage of this
substrate. The use ofE. coli or human UDG made no
difference (Figure 8C). Human NDK5 and NDK7 proteins
also showed efficient exonuclease activity in this concerted
reaction (Figure 8C). The activity in the concerted reaction
was much more efficient than when human NDK1 was used
alone in reactions with single- or double-stranded oligo-
nucleotide substrates (Figures 3A and 7). With NDKs alone,
50-100 ng of purified NDK proteins were required to detect
a significant cleavage with both single- and double-stranded
substrates. A substrate with a simple nick (substrate S12 in
Figure 7) was cleaved far less efficiently than the base
excision repair intermediates, which have a single-strand
break bracketed by 3′-hydroxyl and 5′-deoxyribose-5-
phosphate (5′-dRp) termini (Figure 8). In addition, when
UDG and hAPE1 proteins were removed by phenol/
chloroform extraction, the exonuclease activity of human
NDK1 was significantly lower than that in the presence of
UDG and hAPE1 (Figure 8D). These findings suggest that,

for optimal exonuclease activity, human NDKs might require
the coordination with other proteins such as a DNA glyco-
sylase and human APE1.

Nuclear Translocation of Human NDK1.If human NDK1
has exonuclease activities related to apoptosis and/or DNA
repair, this protein should be localized in the nucleus. What
is puzzling in this regard is that a predominantly cytoplasmic
localization has been reported for several of the mammalian
NDKs (1). However, it is possible that the NDKs are
transported to the nucleus upon a stimulus and carry out
repair and/or other DNA-processing reactions only under
specific circumstances.Arabidopsis thalianaNDK1a is
present in the nucleus and in the cytosol and is induced by
UVB irradiation (32). Human NDK1/NM23-H1 is found in
an ER-associated complex with hAPE1 and other proteins
and is translocated to the nucleus upon a pro-apoptotic
stimulus triggered by cytotoxic T lymphocytes (18), where
it carries out a DNA cleavage reaction.

On the basis of these findings and the data described
above, we hypothesized that when cells are treated with
DNA-damaging agents, human NDKs may be translocated
from the cytosol to the nucleus. To investigate NDK1 nuclear
localization, we carried out Western blot and immunohis-

FIGURE 7: Exonuclease activity of human NDK 1 protein with various substrates. Oligonucleotide substrates with single-stranded, double-
stranded, or partially single-stranded configurations were incubated with no protein (control) or human NDK1 (200 ng). The cleavage
products were separated on polyacrylamide gels. (A) Composition of the substrates. The asterisks indicate the positions of the label. (B)
Cleavage assays. The exonuclease activity of human NDK1 was most pronounced with single-stranded substrates or with substrates containing
single-stranded 3′ overhangs. Similar data were obtained with human NDK5 and NDK7 (data not shown).
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tochemistry studies for human NDK1. HeLa cervical carci-
noma and ARPE-19 retinal epithelial cells were treated with
various DNA-damaging agents including cisplatin, H2O2, and
different sources of UV radiation. Cytoplasmic and nuclear

extracts were prepared from DNA-damaging agent treated
cells. Nuclear translocation of NDK1 was analyzed by
immunoblot of cytosolic and nuclear fractions with anti-
hNDK1 antibody and control antibodies (HDAC2 for the

FIGURE 8: Enzymatic activity of human NDK1 protein in the presence of base excision repair proteins. (A) Cleavage of an abasic site-
containing oligonucleotide by the combined reaction with UDG, human APE1, and human NDK1 proteins. The abasic site was created by
eUDG that excised uracil from a double-stranded oligonucleotide containing a U/A mispair. The abasic site was then cleaved by human
APE1 followed by the reaction with human NDK1 protein. Human NDK1 showed specific exonuclease activity emanating from the cleaved
abasic site. (B) Cleavage of an abasic site-containing oligonucleotide by the combined reaction with eNth and human NDK1 proteins. The
double-stranded oligonucleotide containing a Tg/A mispair was preincubated with eNth followed by the addition of human NDK1 protein.
(C) Cleavage of an abasic site-containing oligonucleotide by the combined reaction withE. coli UDG or human UDG, human APE1, and
human NDK1, NDK5, or NDK7 proteins. eUDG (lane 3-4) or hUDG (lane 1-2 and 5-8) were preincubated with double-stranded
oligonucleotides containing U/A followed by adding hAPE1. Human NDKs were then added to the reaction mixture. (D) Exonuclease
activity of human NDK1 in the presence or absence of UDG and hAPE1. The reaction conditions were as described in A. Preincubated
hUDG and hAPE1 were removed by phenol/chloroform extraction, and then human NDK1 protein was added (lanes 7-10). The exonuclease
activity of human NDK1 was much higher in the presence of UDG and hAPE1 (lanes 3-6).
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nuclear fraction andâ tubulin for the cytoplasmic fraction).
Figure 9 shows that most of the NDK1 protein was
predominantly but not exclusively in the cytoplasm before
treatment in both cell types. Interestingly, nuclear localization
of NDK1 was significantly increased when cells were treated
with DNA-damaging agents. Dependent upon the cell type
and DNA-damaging agent used, the nuclear translocation
levels were different. The nuclear localization was more
significantly increased in ARPE-19 cells than in HeLa cells
(up to 8.9-fold relative to untreated cells with solar-simulated
UV). While simulated solar UV and UVA irradiation were
relatively more effective in ARPE-19 cells (Figure 9B),
cisplatin and solar UV light were most effective in HeLa
cells (Figure 9A).

The nuclear translocation of NDK1 was also detected by
immunohistochemistry with anti-hNDK1 antibody and fluo-
rescence microscopy. Consistent with the Western blot
analysis, in untreated cells, most human NDK1 is localized
in the cytoplasm (Figure 10, no treatment). However, when
cells were treated with DNA-damaging agents, the anti-
hNDK1 antibody stained both cytoplasmic and nuclear
regions (Figure 10). In some cells treated with damaging
agents, a focal or dot signal in the nucleus was detected.
Time-course experiments indicated that NDK1 was trans-
located to the nucleus within 20 min after DNA-damage
treatment and persisted there for at least up to 24 h (Figures
10 and 11). These results indicate that in response to DNA
damage, human NDK1 might participate in DNA-processing
reactions in the nucleus. However, the treatment conditions
used did not produce any evidence for apoptotic DNA
cleavage, either in the form of nuclear fragmentation detected
by DAPI staining (Figures 10 and 11) or by DNA laddering
detected by agarose gel analysis (not shown).

DISCUSSION

We show here that several human proteins that contain
NDK domains are in fact devoid of NDK activity, at least
when tested as recombinant proteinsin Vitro. In mammalian
cells, NDK1 (NM23-H1) and NDK2 (NM23-H2) have been

reported to possess nuclease activities (14-17). Moreover,
human NDK1 has been implicated in cytotoxic T lymphocyte-
initiated apoptotic DNA fragmentation (18). However, the
detailed reaction mechanism of the nuclease activity of NDK
proteins is still unclear.

In this paper, we have demonstrated that the 3′ f 5′
exonuclease activity of human NDK1 is intrinsic and is
unlikely a contamination by bacterial nucleases. This conclu-
sion is based on the following findings: (1) human NDK1
tightly copurifies with the 3′ f 5′ exonuclease activity
through several column chromatographic procedures; (2) a
series of NDK1 catalysis-defective mutants show no exo-
nuclease activity (Table 1); (3) competition assays with wild-
type and mutant NDK1 proteins indicate that mutant proteins
can compete with the wild type; (4) NMR studies indicate
specific binding of NDK1 protein to DNA; and (5) the
exonuclease activity of NDK1 is particularly pronounced
when the reaction is part of a base excision repair step
involving a DNA glycosylase and APE1.

The specific activity of NDK1 is much lower than that of
DNA-polymerase-associated exonuclease activities. It is
consistent, however, with that of other autonomous 3′ f 5′
exonucleases, which require higher enzyme concentrations
for activity. For example, WRN exhibits significant DNA
cleavage activity only when analyzed at concentrations in
the nanomolar range (33, 34). One possible explanation is
that these exonucleases normally function in concert with
other proteins that may modulate their activity. In the case
of NDK1, we have shown that the presence of base excision
repair proteins enhances the exonuclease activity of NDK1
substantially (Figure 8).

The data obtained thus far suggest that NDK1 (and
possibly other NDK proteins) may be involved in DNA repair
processes. Thein Vitro data point to a role of NDK1 in base
excision repair, although an involvement of NDK1 in base
excision repairin ViVo remains to be proven, a task that may
be difficult because of the expected redundancy of NDK
exonucleases. A prevalent 3′ f 5′ exonucleolytic excision
step in base excision repair has not been described. However,

FIGURE 9: Western blot analysis of human NDK1 in HeLa and ARPE-19 cells. (A) Cytoplasmic and nuclear extracts from DNA-damaging
agent-treated HeLa cells were separated on SDS-PAGE. Endogenous human NDK1 in both cytoplasmic (C) and nuclear extracts (N) was
detected with anti-human NDK1 antibody. HDAC2 was used as a control for the nuclear protein fraction and as a loading standard.â
tubulin was used as a cytoplasmic-specific and loading control. Cells were lysed 20 min after DNA damage induction. The “increased
ratio” refers to the relative increase in the percentage of nuclear-localized protein in damaging agent-treated cells relative to untreated cells,
corrected for the values of the loading controls. (B) Localization analysis of human NDK1 in untreated and DNA-damaging agents-treated
ARPE-19 cells.
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this may be due to limitations in the sensitivity of the assays
employed and because of the predominant use of cell extracts
rather thanin ViVo assays. Such excision extending 5′ to the
incised damage site could provide a facilitated entry point
for DNA polymerases sealing the gap. There are other 3′ f
5′ exonucleases that may participate in base excision repair
processes such as TREX (35) and WRN (36). APE1 has a

3′ f 5′ exonuclease activity itself (37-41) and can
potentially degrade DNA substrates that mimic BER inter-
mediates. However, the exonuclease activity of APE1 is
inhibited by 5′-dRP at nicks and gaps and is enhanced only
after the 5′-dRP is removed by Polâ (38, 39).

The strongest activity of NDK1 for substrate cleavage was
observed with single-stranded substrates or substrates having
3′ single-stranded overhangs. This raises the possibility that
NDK proteins may potentially function in double-strand
break repair processes where they may be involved in
trimming 3′ single-stranded overhangs before ligation can
occur. This possibility requires further investigation.

Although we have not detected apoptotic cells under the
conditions that we used (where NDK1 is translocated to the
nucleus; Figures 10 and 11), we cannot currently exclude
the possibility that NDK1, under certain circumstances, may
function as an apoptotic nuclease in response to DNA
damage. Human NDK1 has been implicated in cytotoxic T
lymphocyte-initiated apoptotic DNA fragmentation (18).
Cytotoxic T lymphocytes release the serine protease granzyme
A, which triggers a caspase-independent apoptotic pathway
in which DNA is damaged by single-strand nicks and not
oligosomal fragmentation (42, 43). Granzyme A targets a
270-420-kDa ER-associated complex (SET complex), which
contains APE1 and NDK1/NM23-H1 (18). In this process,
APE1 is cleaved proteolytically after Lys31 (44). In addition,
it has been shown that both APE1 (45) and NDK1 (this

FIGURE 10: Immunohistochemistry of human NDK1 in HeLa cells. Untreated and DNA-damaging agents-treated HeLa cells were fixed
and stained with anti-human NDK1 antibody 20 min after DNA damage induction. The stained signals were visualized by Alexa Fluor
488-conjugated secondary antibody (middle). Control nuclear staining was performed with DAPI (left). Merged images are also shown
(right).

FIGURE 11: Persistence of human NDK1 in the nuclei of HeLa
cells after DNA damage. Untreated and H2O2-treated HeLa cells
were fixed and stained with anti-human NDK1 antibody 24 h after
DNA damage induction. The NDK1 signals were visualized in the
right panels. Control nuclear staining was performed with DAPI
in the left panels.
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study) move to the nucleus upon DNA damage. Others have
reported that an N-terminally truncated form of APE1
(AN34) arises in apoptotic cells and has endonuclease as
well as 3′ f 5′ exonuclease activity (46). Thus, it can be
speculated that APE1 and NDK1, acting together, can
provide a functional module in DNA-damage-induced DNA
fragmentation. In this case, the DNA lesions themselves
would provide the signal for apoptotic processing via
recruitment of a base excision repair and nuclease complex
including NDK1.

Additional studies are warranted to further characterize
the role of mammalian NDK proteins in DNA repair and in
DNA-damage-induced apoptosis pathways and to determine
whether they function in one or both pathways perhaps
dependent upon the level of DNA damage.
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