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ABSTRACT NM23-H2, a presumed regulator of tumor me-
tastasis in humans, is a hexameric protein with both enzymatic
(NDP kinase) and regulatory (transcriptional activation) activ-
ity. While the structure and catalytic mechanisms have been well
characterized, the mode of DNA binding is not known. We
examined this latter function in a site-directed mutational study
and identified residues and domains essential for the recognition
of a c-myc regulatory sequence. Three amino acids, Arg-34,
Asn-69, and Lys-135, were found among 30 possibilities to be
critical for DNA binding. Two of these, Asn-69 and Lys-135, are
not conserved between NM23 variants differing in DNA-binding
potential, suggesting that DNA recognition resides partly in
nonconserved amino acids. All three DNA-binding defective
mutant proteins are active enzymatically and appear to be stable
hexamers, suggesting that they perform at the level of DNA
recognition and that separate functional domains exist for
enzyme catalysis and DNA binding. In the context of the known
crystal structure of NM23-H2, the DNA-binding residues are
located within distinct structural motifs in the monomer, which
are exposed to the surface near the 2-fold axis of adjacent
subunits in the hexamer. These findings are explained by a model
in which NM23-H2 binds DNA with a combinatorial surface
consisting ofthe "outer" face ofthe dimer. Chemical crosslinking
data support a dimeric DNA-binding mode by NM23-H2.

Altered nm23 gene expression is associated with a multitude
of phenotypes including inhibition of tumor metastasis (1-5),
oncogenesis (6, 7), cellular proliferation (8, 9), development,
differentiation (10-14), and apoptosis (14). Although nm23
was discovered a decade ago, there are still no molecular or
biochemical explanations for these data. The nature of these
observations suggest, however, that NM23 is involved in the
regulation of other genes important to cell growth and differ-
entiation. Indeed, such a role for human NM23-H2 has been
recognized in c-myc gene transcription (15-17).
nm23 genes encode the 17-kDa subunits of nucleoside

diphosphate kinases (NDPKs), housekeeping enzymes that
catalyze the transfer of y-phosphates between nucleoside tri-
and diphosphates (18). The nm23 gene family is large and
highly conserved among species (19). Human nm23-HI (1) and
nm23-H2 (3) are 88% homologous and are closely linked on
chromosome 17q21 near the BRCA-1 gene locus (20). The
NM23-H1 protein is more closely associated with metastasis
inhibition and signal transduction (1, 2, 21), has an acidic pI,
and is also known as NDPK-A (22). The second variant,
NM23-H2 (3), is a basic protein identical to NDPK-B (22) and
to the human PuF factor, a transcriptional activator of the
c-myc protooncogene (23, 24). A third gene located on chro-
mosome 16, known as DR-nm23, is 70% identical to Hi andH2
and may play a role in normal hematopoiesis and in the induction
of apoptosis (14). Overexpression of all three human nm23 genes
is postulated to contribute to differentiation arrest.

The 3-dimensional structures of several NM23/NDPKs are
known and the catalytic mechanisms have been well character-
ized (25-29). All eukaryotic NM23/NDPKs are hexameric, a
conformation which is required for stability as well as for efficient
enzyme catalysis (25-29). In contrast, the biochemical and mo-
lecular bases of the of NM23 regulatory functions are not known.
As the developmental and the metastatic functions of NM23
appear to be independent of the NDPK enzymatic activity (2, 11,
30, 31), it seems likely that at least some of the biological
properties are consequences of the transcriptional function, par-
ticularly because one target of NM23-H2 is the c-myc gene, itself
a regulator of cell proliferation and differentiation (8, 15, 17,
32-34). This notion is partly supported by the finding that DNA
binding and transcriptional activation, at least in vitro, can occur
in the absence of the phosphotransferase activity (35).
To attempt a fuller understanding of the NM23 function, we

have undertaken a study of its transcriptional activity. As a
starting point for this analysis, we examined in a previous study
(35) the relevance of the NDPK activity to the DNA-binding
function and concluded that, whereas a missense substitution
of the catalytic residue (His-118 with phenylalanine) inacti-
vated the phosphotransferase function, the mutation had no
effect on DNA binding or in vitro transcription. Thus, with a
single point mutation we essentially have separated the cata-
lytic and the DNA-binding functions, although the physiolog-
ical consequences of this finding are not known yet. Here we
used a systematic site-directed mutational analysis to identify
residues and domains of NM23-H2 that are involved in DNA
binding. On the basis of these analyses, a model for the
NM23-H2 DNA-binding domain is presented.

MATERIALS AND METHODS
Mutagenesis. Point substitution mutations were introduced

into nm23-H2 cDNA by the Unique Site Elimination method
as described (35). The mutagenic primers were 27-39 bases
long and had a greater than 50% GC content. The sequence
of the oligonucleotides used to generate the DNA-binding
defective mutants were, with-base changes indicated in bold-
face letters, as follows: 5'-gagcagaagggattcgccctcgtggccat-
gaag-3' (R34A); 5'-gcagaagggattcgacctcgtggccatg-3'; (R34D);
5-'cagaagggattcggcctcgtggccatg-3' (R34G); 5'- gggctggtgaag-
tacatgcactcagggccggttgtggcc-3' (N69H); 5'-cagcctatggtttcac-
cctgaagaactggttgac-3' (K135H).

Protein Production and DNA Binding. Mutant and wild-type
proteins were overproduced in Escherichia coli and purified by
ammonium sulfate fractionation and hydroxylapatite chromatog-
raphy as described (15). DNA binding was assessed in gel
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electrophoretic mobility shift assays (15, 24, 35). Standard reac-
tions were carried out with [32P]-end-labeled c-myc fragments
containing the -164 to -110 nuclease-hypersensitive element
(NHE), the known site of interaction with PuF/NM23-H2 (15,
24). One fragment was 105 bp long and generated by PCR (15,
35); the other was a 34 bp double-stranded synthetic oligonucle-
otide with the sequence 5'-ctccccaccttccccaccctccccaccctcccca-
3'. The two DNA fragments provided qualitatively similar results
although, as noted before (24), higher affinities were observed
with the longer probe. Stoichiometric amounts of DNA and
protein (generally 1 ng probe: 200-2000 ng of hexameric protein)
were mixed together in 10-p,l reactions also containing 100 ng
poly(dA-dT) in 0.1 M HM buffer (20 mM Hepes, pH 7.9/5 mM
MgCl2/0.1 mM EDTA/0.1 M KCl/1 mM DTT/20% glycerol/
protease inhibitors; refs. 15 and 24) and incubated 20 min on ice.
The NM23/DNA complexes were resolved on 5% native poly-
acrylamide gels and detected by autoradiography as described
(15, 35).

Size Exclusion Chromatography. The molecular size of
wild-type NM23-H2 was initially determined using a Pharma-
cia FPLC Superose 12 column (29 x 1.5 cm), equilibrated with
0.1 HM buffer and calibrated several times with low and high
molecular weight protein standards (Pharmacia). A standard
curve was constructed by plotting K5V versus log Mr. Ka, was
calculated from the elution volumes Ve, from total column
volume Vt, and from the void volume Vo using the equation K5,,
= Ve - VO/Vt - V0. The void volume (Vo) was determined by
measuring the eluted volume of blue dextran. From the FPLC
column the molecular weight of recombinant NM23-H2 was
determined to be 100,000 + 10,000. Based on the amino acid
sequence (15), the calculated molecular weight of the hexamer
is 105,000 (22). In subsequent experiments, a conventional 27
x 1.5 cm Sephacryl S-200 HR (Pharmacia) column was used,
from which the same Mr was obtained for the wild-type
hexamer. This column was recalibrated frequently and used for
the sizing of the mutant proteins.
NDPK Enzyme Activity. NDPK activity was measured spec-

trophotometrically in a coupled pyruvate kinase-lactate de-
hydrogenase assay and the specific activities calculated as
described (35).

Glutaraldehyde Crosslinking. Wild-type NM23-H2 (200 ng)
was incubated with or without DNA in a standard DNA-binding
reaction, then treated with glutaraldehyde (Sigma) freshly diluted
in water. Crosslinking was allowed to proceed for 30 min at 25°C
and was terminated by the addition of 1 ,ul of 1 M lysine. As
indicated, reactions were treated with 1 unit of DNase (Promega)
for 10 min at 37°C, after which samples were boiled in SDS sample
buffer and electrophoresed in 15% polyacrylamide gels. To detect
DNA associated with proteins, the wet gels were exposed to x-ray
film at 4°C overnight prior to detection of proteins by immuno-
blotting. We used mouse polyclonal anti-NM23-H2 antiserum
and horseradish peroxidase-conjugated secondary antibodies
(Vector Laboratories) as described (15).

RESULTS
Rationales for Designing the Mutations. Because the crystal

structure of NM23 has not suggested a mode of DNA binding
(25-29), the design of mutations was, within the context of the
3-dimensional structure, based on the biochemical and bio-
logical properties of NM23 including: (i) the presence of

FIG. 1. Location of amino acid
substitution mutations in the pri-
mary sequence of NM23-H2/
NDPK. (A) Schematic representa-
tion of NM23-H2 (hatched box)
indicating major secondary struc-
tural features. The "head," the Kpn
loop, and the C- terminal segment
are exposed to the outer surface in
the hexamer (25-29). (B) Partial
amino acid sequence of NM23-H2
showing the mutated residues in
boldface type.

transcription factor motifs in the protein sequence and likely
regulatory domains, (ii) identification of functional domains
using monoclonal antibodies, (iii) a 12% sequence diversity
between NM23-H1 and H2 and the demonstration that Hi
does not bind to c-myc promoter DNA, and (iv) mutations
occurring naturally in nm23 that are associated with cancer or
developmental defects.

Transcription factor motifs as targets ofmutagenesis. nm23-H2
encodes a potential bZIP-like motif involving helices cal and
aA (ref. 3; Fig. 1). Consistent with a heterodimerization-based
transcriptional activation mechanism is the behavior of en-

dogenous PuF/NM23-H2 in HeLa cell fractions (15) and a

Leu -* Val substitution at position 48 (in the middle leucine)
in an aggressive case of childhood neuroblastoma (7). Although
the "basic" region of the putative zipper motif in NM23 is part of
helix al (Fig. 1), which constitutes the protein interface-
oligomerization domain between two adjacent monomers (25-
29), we nonetheless mutated these residues (R18, K26, R27, K31,
R34, and K39) because of the possibility thatDNA may dissociate
the interacting helices prior to binding. A similar model has been
proposed by Janin and coworkers (26).

Because the aA helix contains the leucines (at positions 41,
48, and 55) and because it is ideally located on the surface of
the hexamer (25-29), this helix could be a protein interacting
domain. Alternatively, the caA helix could be considered the
DNA-recognition helix, for it is rich in charged residues that
could stably interact with DNA (e.g., R42, E46, H47, and Q50).
In fact, the caA helix in NM23-H2, unlike in Hi, has an overall
basic charge. Finally, the aiA helix could function in a dual
capacity by binding both protein and DNA.

A H2 HI M kDa

W 43

26

B Hl Hl H2 HZ
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FIG. 2. DNA-binding ac-

tivity of NM23-H2 and Hi.
(A) SDS/PAGE of purified
Hi and H2 proteins used in
DNA binding. Migration of
molecular size markers is
shown on the right in kDa,
with arrow on the left point-
ing to the 17-kDa protein
monomers. Although the
calculated molecular weights
of both proteins are nearly
identical, Hi typically mi-
grates with a higher apparent
molecular weight than ex-

pected. (B) Electrophoretic
mobility-shift assay showing
DNA binding by NM23-H2,
but not by H1; 200 and 1000
ng of each protein was tested
with the 105-bp fragment.
The same result was ob-
tained with the 34-bp probe
(not shown). Arrows on left
indicate migration of the
free probe (P) and the spe-
cific complexes formed (C).
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Table 1. Properties of NM23-H2/NDPK missense mutants

Mutation
Wild type
R18G
K26G
K26Q
R27G
R27Q
R27V
K26G + R27G
K31G
K31A + P101G
R34G
R34A
R34D
K39A
L41M
L41M + R42Q
R42Q
L41M + L48V
L48V
L48V + L55V
L41M + L48V + L55V
S44A
E46L
H47D
Q50E
H51F
Y52V
Stop69
N69H

E79A
E79A + P62A
R88A
P96S
Plols
P101G
R1O5A
R114A
H118F
K124E
K124E + K135H
K135H
Y142A
K143T
H147F
D148N

Expression
and stability DNA
in E. coli* bindingt

+ +

+ +

+ +

+ +

+

+

+_

+_

+ +

+ +
+ +
+ +

+ +
+ +
+ +
+ +

+ +
+ +
+ +
+ +
+ +
_ +

++
+ +

+ +
+ +
+ +
+ +
+ +
+ +
+ +

+ +

++
+ +
+ +

NDPK Oligomeriz
activityt state§

+ Hexamer

Mixed

Hexamer

Hexamer

+

+ Hexamer

+ Hexamer

+

Hexamer

- Ref. 35

+ Hexamer

+ Hexamer

*Normal expression is indicated by +, its absence by -. Reduced or

abnormal protein expression/and or stability is indicated by ±.

tApproximately normal DNA binding measured as specific activity
(intensity of sequence specific shifted complex/amount of protein in
electrophoretic mobility-shift assay) is indicated by +; complete
absence of DNA binding or a residual activity <5 percent of the WT
is indicated by -. All proteins, with the few noted exceptions, showed
wild-type levels of DNA binding.
tNDPK activity was measured in a coupled assay as described (35). +,

specific activities comparable to wild-type levels. See Table 2 for
specific activity values of DNA-binding mutants.
§As determined by SEC. All proteins examined were determined to be
hexameric, with the exception of the K31A/P101G mutant, which was
a mixture of different order oligomers.

Another DNA-binding mode is suggested by the presence of
a potential HTH motif, comprising the aA-turn-a2 structural
domains (Fig. 1). These two helices, referred to as the "head"
of the NM23-H2 molecule (29), in fact protrude on the side
and, although not properly oriented for DNA binding (25),
they could, after minor conformational changes, directly ac-

cess the DNA substrate. In the HTH model, the aA helix
would be considered the probe helix for DNA binding.
Combined functional and immunological approach points to

a2/j33 as involved in DNA binding. As a preliminary step to

mutagenesis we used monoclonal antibodies raised against
NM23-H2 to identify functionally important domains. One
monoclonal antibody, mAb3E4, which inhibited DNA binding
by both HeLa and recombinant NM23-H2, recognized an
epitope consisting of residues 63-79 located to the a2/03
(E.H.P. and C. Ferrone, unpublished results). This finding
further raised interest in the HTH motif and the possibility that
helix a2 is involved in DNA recognition, either alone, or as part
of another as yet unidentified motif.
Sequence diversity between NM23-Hl andH2 may account for

their disparity in DNA binding. The possibility that the closely
related NM23 variants Hi and H2 might differ in their
DNA-binding potential was suggested by their differences in
charge (22), regulation (3), and amino acid sequence of
potential regulatory regions, including helix aA and the ex-
tended C-terminal fragment (25-29). These assumptions were
borne out by experimental evidence. First, we tested purified
human erythrocyte NDPK A/Hi and B/H2 enzymes (22) and
observed significant-differences in terms of their DNA-binding
potential to c-myc promoter DNA (E.H.P., unpublished re-
sults). Second, Hildebrandt et al. (36) reported the absence of
binding by NM23-H1/NDPK-A to a c-myc NHE oligonucle-
otide (unpublished results). Third, we demonstrate in this
report that NM23-Hl does not bind to the - 164 to -110 c-myc
promoter sequence (Fig. 2). We therefore substituted all of the
nonconserved H2 residues with the potential for H-bonding
with DNA, with Hi amino acids, including R42Q, E46L,
H47D, Q50E (aA helix) and K124E, K135H, K143T, H147F,
and D148N (C terminus). Interestingly, one of the uncon-
served residues, Asn-69, located at the 3' end of the a2 helix,
is within the critical DNA-binding epitope recognized by
mAb3E4. Asn-69 is replaced by His-69 in NM23-Hl, is on the
protein surface (26, 28, 29), and is capable of sequence specific
contact with DNA (37). Based on these considerations we made
the Asn-69 -* His-69 substitution a major target of our studies.

Naturally occurring mutations associated with cancer or de-
velopment may have a DNA-binding defect. Because most of the
naturally occurring mutations in the tumor suppressor protein
p53 disrupt DNA-binding interactions (38), we might expect
that similar mutations in NM23, a putative metastasis sup-
pressor, may also be involved in DNA binding. To date, only
a handful of NM23 mutations have been identified that are
associated with cancer or abnormal development. One of
these, discussed above, is the L48V mutation found in neuro-
blastoma (7). Another possibility is the conditional lethal killer
ofprune (kpn) mutation in Awd, the Drosophila NM23 homo-
logue (11). Kpn is a Pro -- Ser substitution at position 97 (P96
in NM23-H2), located within a structural motif called the "Kpn
loop" (named after the mutation). The Kpn loops are consid-
ered critical for trimeric interactions with neighboring subunits
and are exposed on the top and bottom surface of the hexamer
(25-29). The involvement of the Kpn loops in DNA binding
would thus require substantial conformational changes. In
addition to P96S, we also targeted residues R88, P101, and
R114 in the loop, because of their potential, based on charge,
of influencing DNA binding. Another residue of interest was
Ser-44, whose phosphorylation has been associated with the
metastatic phenotype (39), and, although conserved between
Hi and H2, this serine is near the surface of the molecule and
could thus readily make contact with DNA.

Properties of Site-Directed Mutations. A total of 30 indi-
vidual amino acids were targeted for mutagenesis and, includ-
ing double and triple substitutions, over 40 mutant proteins
were examined for DNA-binding activity. Those found rele-
vant or interesting were also examined for NDPK activity and
oligomerization state. The mutations (Table 1) can be classi-
fied according to the following phenotypes: (i) mutations that
have no effect on protein stability and activity (the majority),
(ii) those that affect intrinsic stability and solubility of the
protein (six), and (iii) mutations that disrupt DNA binding
(three). Mutations belonging to category 2 involving residues
K31, Y52, and P96 affected solubility (salting out by ammo-
nium sulfate) and/or stability (hexameric conformation) to

6894 Biochemistry: Postel et al.
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FIG. 3. Electrophoretic mo- A
bility-shift assays showing DNA- otein: Wt R34A PlOlS B p
binding activity of mutant pro- t nB
teins. (A) Titration of R34A and prbe 34bp Protein: Wil'
PlOlS mutants showing the
R34A DNA-binding defect. In- Probe 34bp lOSbp
creasing concentrations of mu-
tant R34A and P1O1S proteins MN 1......
(100, 300, and 1000 ng, respec- ;!kF

tively), and 500 ng ofWT protein C..........-
were tested for DNA binding to 1 M.......
ng of the 34-bp probe. Arrows on
left indicate migration of the free
probe (P) and the specific com- r.
plexes formed (C). The lower
band (complex C) in the R34A p-w
titrations represent the residual P
binding activity of the mutant (<
5%), whereas the upper band appears to be nonspecific binding that sometimes appears with the 34-bp probe. We have seen this signal with other
mutants, as well as with a WT protein preparation that bound DNA poorly (not shown). (B) DNA-binding defect of R34A, N69H, and K135H
mutant proteins showing less than 5% residual activity. Both the WT and the R34A proteins represent different preparations from those used in
A. Five hundred nanograms of protein were used in each reaction. Arrows on left indicate migration of the free probe (P) and the specific complexes
formed (C).

some degree and were therefore difficult to assess for DNA
binding and, although not found defective, they may have
reduced activity. One mutant deficient in catalytic activity
(H118F), but normal with respect to DNA-binding functions,
has already been described (35).

al-fP2-aA mutants. Some of the mutants could not be
produced in E. coli because the substitutions probably desta-
bilized the protein fold (e.g., K26Q and R27G). When proteins
with other substitutions at these positions were produced-
e.g., K26G, R27Q, and R27V-they did bind to DNA normally
(Table 1), suggesting that residues R18, K26, R27, and K31,
and therefore helix al, could not be involved in DNA binding.
These results argue against the validity of the bZIP model and
others using cai as the probe helix for DNA recognition (3, 26).
Mutations in Arg-34, which is located on the edge of the (32 sheet,
on the other hand, severely impaired DNA binding (Table 1 and
Fig. 3). Fig. 3 shows, in a typical electrophoretic mobility-shift
assay, the DNA-binding defect of the R34A protein in compar-
ison to another mutant, PlOlS, and to the wild-type proteins.
Clearly, Arg-34 is essential for DNA binding by NM23-H2.

caA turn a2 mutants. We obtained only one mutant from this
group, N69H, which is defective in DNA binding (Table 1 and
Fig. 3B). Asn-69 is at the C terminus of the a2 helix and was
expected to be involved in DNA binding, both on the basis of
the antibody inhibition experiments and because of the lack of
conservation between Hi and H2 (N is substituted by H in
NM23-H1). Contrary to expectations, however, the other
nonconserved residues, R42, E46, H47, and Q50, that are part
of helix caA and the external head of the molecule, do not
appear to be involved in DNA binding to this c-myc sequence
as judged by our electrophoretic technique. While the involve-
ment or subtle influence of these and the other residues
apparently uninvolved cannot yet be ruled out, we suggest that
caA may be a protein interacting domain instead and that some

Table 2. Summary of properties of important
NM23-H2/NDPK mutants

Oligo-
Expression DNA NDPK merization

Mutation in E. coli binding activity* statet
WT + + + Hexamer
H118F +/ x + - Not tested
R34A + - + Hexamer
N69H + - + Hexamer
K135H + - + Hexamer

*Specific activities in units/ml (35) were 105 (WT), 90 (R34A), 84
(N69H), and 83 (K135H).

tMolecular sizes estimated by SEC were: 102,000 (WT), 105,000
(R34A), 97,000 (N69H), and 98,000 (K135H). See Table 1 legend for
further details. The H118F mutant (35) is listed for comparison.

of these charged residues (through salt bridging), as well as the
leucines (through hydrophobic interactions), may be critical to
the binding of effector molecules modulating NM23 activity.
The overall basic charge of the ciA helix suggests the inter-
acting protein(s) is likely to be acidic.
Kpn loop and C-terminal mutations. We found that neither the

killer-of-prune mutation P96S nor any of the other residues in the
Kpn loop we changed (PlOi, R88, and R114) appear to be
involved in DNA binding (Table 1 and Fig. 3). Of the C-terminal
residues we targeted, only one mutant, K135H, was defective in
DNA binding (Fig. 3 and Table 1). This mutation confirms both
the expectation that unconserved residues are involved in DNA
binding (Lys-135 is substituted with His-135 in NM23-Hl) and the
importance of the C-terminal segment that wraps around the
outer surface of the protein (28, 29). Table 2 summarizes the
properties of the DNA-binding defective mutants.

Glutaraldehyde Crosslinking Suggests NM23-H2 Binds DNA
as a Dimer. The quatemary structure of NM23/NDPK (22, 28,
29), including recombinant NM23-H2 used in these studies, has
been consistently measured as hexameric, a conformation that
appears to be required for stability and NDPK activity (26-28).
Although the importance of the hexameric conformation to DNA
binding is not known yet, in every case we examined, the protein
prior to DNA binding was hexameric (Tables 1 and 2). To study
the oligomeric structure of NM23-H2 that binds to DNA we
performed chemical crosslinking experiments in conjunction
with SDS/PAGE gels and Western blotting. Fig. 4 shows that
in the abscence of DNA, the uncrosslinked protein under
dissociating and denaturing conditions is, as expected, mono-
meric (apparent size 17 kDa). In the presence of 0.01%
glutaraldehyde, however, dimers (apparent size 34 kDa), as
well as some higher order oligomers (trimers, tetramers, and
hexamers) are also formed. In the presence of DNA, the same
protein crosslinking pattern is observed; however, the SDS/
PAGE gels exposed to film prior to Western blotting indicate
that the [32P]-end-labeled DNA fragment is associated almost
entirely with the dimeric subunit (Fig. 4A).

DISCUSSION
We identified three amino acids that are absolutely essential
for DNA binding by NM23-H2: Arg-34, Asn-69, and Lys-135.
Based upon their properties (summarized in Table 2) we
conclude: (i) amino acids involved in DNA recognition are
restricted to regions of the protein that are exposed to the
surface of the hexamer; (ii) two out of three are residues not
conserved between the closely related isotypes NM23-H2 and
Hi, which are 88% homologous but differ in their DNA-
binding potential. This suggests that the DNA-binding speci-
ficity of NM23 resides in part with the nonconserved residues,
but does not rule out the possibility that NM23-Hl may bind

Biochemistry: Postel et al.
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to a different DNA sequence specified by the histidines. (iii)
All three DNA-binding defective mutant proteins are active
enzymatically and appear to be stable hexamers, implying that
Arg-34, Asn-69, and Lys-135 perform at the level of DNA
recognition and not through stabilization of the NM23 fold.
Although the Arg-34 side chain is not fully exposed (ref. 28;
Fig. 5), it could still contact DNA directly after minor con-
formational changes such as an induced curvature on the
protein, or it could make contact with a protruding structural
component of the DNA. Another possibility is that R34 is
important to DNA binding for structural reasons, e.g., by
holding the C terminus in place, as was suggested by Y. W. Xu
and J. Janin (personal communication) on the basis of mod-
elling of Arg-34 side chain interactions with Y142 (C terminus)

FIG. 4. Glutaraldehyde crosslinking of
NM23-H2 to DNA shows dimeric binding. A
glutaraldehyde titration experiment (not
shown), using concentrations between 0.001-
0.1%, indicated that the 0.01% range was op-
timal; at the higher concentrations of glutaral-
dehyde NM23-H2 formed artifactual crosslinks
that resisted electrophoresis and also degraded
the DNA. (A) Autoradiograph of wet SDS/
PAGE gel prior to immunoblotting. Arrows on
left indicate expected positions of monomers
(M) and dimers (D). (B) Immunoblot of the
same gel. Arrows on left indicate the expected
positions of monomers (M), dimers (D), trim-
ers (Tr), tetramers (Te), and hexamers (H)
based on the migration of molecular size mark-
ers (not shown).

and E79 (132). (iv) All three mutants function normally as
NDP kinases, thus confirming our earlier conclusions, drawn
from the properties of the active site H118 mutation, that
there exist two separate functional domains for NM23/
NDPK: a catalytic domain and a DNA-recognition domain.
These data also imply that NDPK activity and DNA binding
are not mutually exclusive functions, thus allowing for a
possible interaction of the two domains in vivo in a capacity
that requires both DNA binding and nucleotide phosphor-
ylation, such as might occur during DNA and RNA synthesis.
Experiments using cell transfection assays (16) are currently
in progress to assess the requirement of the NDPK function
and DNA binding in the transactivation of a c-myc promoter
in the cell.

FIG. 5. Space-filling model of the NM23-H2 hexamer. Residues implicated in DNA binding are in red, GDP bound to the NDPK active site
in cyan (28). The two subunits of the front dimer are shown in green and purple, the other two dimers are in grey. The model was drawn with
the GRASP computer graphics program.
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Although each of the residues critical for DNA binding are
located on separate structural motifs (Arg-34 at the edge of (32,
Asn-69 on the C terminus of the a2 helix, and K135 on the
unstructured C-terminal segment; Fig. 1), they line up along
the equator on the "outer" face of the hexamer (Fig. 5). A
model for these findings is provided on the basis of the known
crystal structure (28, 29). The NM23/NDPK hexamer consists
of three vertical dimers around a 3-fold axis, or two horizontal
trimers along a 2-fold axis. The dimers are held together by two
at helices that are in antiparallel contact with each other.
DNA-binding residues Arg-34, Asn-69, and Lys-135 are clus-
tered around the interface of the dimer (Fig. 5). As our genetic
data exclude the dimer interface from participating in DNA
binding, we suggest a model in which DNA makes contact with
residues of two adjacent monomers near the 2-fold axis and on
the outer surface of the hexamer. This creates a combinatorial
DNA-binding surface with possibly a single active site com-
posed of residues donated by both monomers of a dimer.
We have previously reported that HeLa PuF/Nm23-H2

makes contact with the major groove of DNA (24). The
methylation interference contacts GGGTGGG (repeated 3
times within the c-myc promoter fragments used in these
studies) are consistent with asymmetric binding and the pos-
sibility that some of the DNA-binding residues make contact
with opposite sides of the major groove of DNA. The dimen-
sions of the dimer interface ("30 A) are compatible with
contact by a single turn of B-DNA. However, as the structure
of the c-myc promoter DNA to which NM23-H2 binds is unor-
thodox and is essentially unknown, modelling with B-DNA may
not be fruitful in this case. The structure of a cocrystal of
NM23-H2 with the c-myc promoter sequence should clarify these
interactions and any others not detected by this genetic study.

Chemical crosslinking data support the present model by
suggesting that at least two subunits of NM23-H2, i.e., a dimer,
may be required for making contacts with DNA (Fig. 4);
although on the basis of our present data we cannot rule out the
presence of higher order complexes on the DNA. Photocrosslink-
ing of endogenous NM23-H2 in B-cell extracts (17) have also
indicated that a 34-kDa species (dimer) is making contact with
c-myc DNA, as well as the active component in the deregulation
of the c-myc gene by NM23-H2 in Burkitt lymphoma cells.
The model for DNA binding by NM23-H2 presented here is

inconsistant with theoretical models proposed earlier (3, 26), as
well as being incompatible with a more recent model suggested
by Webb et al. (29), in which DNA binding occurs on the side of
the molecule covered by helices aA and a2 also involving the
C-terminal fragment, and with that of Morera et al. (28), in which
DNA binds to a palm-like domain involving ,3 sheets, helices tA,
a2, and o4. These latter models imply the existence of six
DNA-binding domains and/or require major conformational
changes in the hexamer. The model we present here has an
experimental basis as well as being simpler, in that DNA binding
requires no major conformational changes and the functional
subunit making contact with DNA is the stable dimer. Our model
also implies that in addition to the physical separation of the
catalytic and the DNA-binding domains, these two functions may
be modulated by the oligomerization state of the protein: for
example, DNA binding could be accomplished by the dimer, but
for enzyme catalysis, the hexamer may be the active structure
(30). If the DNA is presented with a hexamer but presumably only
one of the dimers makes contact, this may explain the relatively
high (,tM) dissociation constant that we have observed in all of
our DNA-binding studies.

In summary, we investigated the DNA-binding mechanism
of NM23-H2/NDPK. Our results, based on site-directed mu-
tational analysis, suggest that the DNA-binding specificity of
NM23-H2 resides in nonconserved surface residues located on
a different functional domain from that used for enzyme
catalysis. In our model, NM23-H2 binds DNA as a dimer, with
the DNA-binding region consisting of residues donated by two
adjacent monomers. This provides a combinatorial DNA-
binding surface located on the front "face" and along the

2-fold axis of the dimer (Fig. 5). Chemical crosslinking data
support a dimeric DNA-binding mode.
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We are grateful to F. Hughson for making Fig. 5 and for discussions
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