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The X-ray structure of a point mutant of nucleoside
diphosphate kinase (NDP kinase) from Dictyostelium
discoideum has been determined to 2.2 A resolution.
The enzyme is a hexamer made of identical subunits with
a novel mononucleotide binding fold. Each subunit con-
tains an /3 domain with a four stranded, antiparallel
(-sheet. The topology is different from adenylate kinase,
but identical to the allosteric domain of Escherichia coli
ATCase regulatory subunits, which bind mononucleotides
at an equivalent position. Dimer contacts between NDP
kinase subunits within the hexamer are similar to those
in ATCase. Trimer contacts involve a large loop of
polypeptide chain that bears the site of the Pro — Ser
substitution in Killer of prune (K-pn) mutants of the highly
homologous Drosophila enzyme. Properties of Drosophila
NDP kinase, the product of the awd developmental gene,
and of the human enzyme, the product of the nm23 genes
in tumorigenesis, are discussed in view of the three-
dimensional structure and of possible interactions of NDP
kinase with other nucleotide binding proteins.
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Introduction

Nucleoside diphosphate kinase (NDP kinase) exchanges a
~v-phosphate between nucleoside tri- and diphosphates:
XTP + YDP = XDP + YTP, through a ping—pong
mechanism. XTP phosphorylates a histidine, which in turn
phosphorylates YDP (Parks and Agarwal, 1973). The
enzyme, which is found in all cells, shows little specificity
towards the X and Y bases and accepts nucleotides and
deoxynucleotides as substrates. Thus, it is the source of most
of the RNA and DNA precursors, except ATP.

As a major source of GTP, NDP kinase occupies a central
position in the control of cell functions and in development.
Eukaryotic NDP kinases have been proposed to interact with
heterotrimeric G proteins (Kimura and Shimada, 1990;
Wieland et al., 1991; Lacombe and Jakobs, 1992). Gilles
et al. (1991) have shown that the human NDP kinase
is coded by nm23, a gene originally characterized as a
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suppressor of metastasis in a tumour cell line (Steeg e? al.,
1988). In Drosophila, NDP kinase is coded by awd, a gene
involved in morphogenesis (Dearolf et al., 1988; Rosengard
et al., 1989; Biggs et al., 1990). The Killer of prune (K-pn)
mutation (Sturtevant, 1956) is located in awd (Dearolf et al.,
1988) and substitutes a serine for a proline in Drosophila
NDP kinase (A.Shearn, personal communication; Lascu
et al., 1992). K-pn is a dominant lethal mutation (Orevi and
Falk, 1975) in flies carrying the prune eye colour mutation,
which suggests that the product of awd interacts with
that of prune. .

We describe here the 2.2 A resolution X-ray structure of
a point mutant of the NDP kinase from the slime mould
Dictyostelium discoideum, which is highly homologous to
the human and Drosophila enzymes (Wallet et al., 1990;
Gilles et al., 1991). The 100 kDa protein is a symmetrical
hexamer. Its subunit structure, novel for a kinase, does not
contain the classical mononucleotide binding fold (Schultz,
1992) found in p21® and in adenylate kinase. Instead, it
bears a remarkable similarity to the allosteric domain of
Escherichia coli aspartate carbamoyltransferase (ATCase),
which binds ATP and CTP as NDP kinase does, and at a
site close to the putative active site of NDP kinase. The X-ray
structure provides a structural interpretation of the K-pn
mutation, which affects subunit contacts in the hexamer.
Reported properties of the human Nm23 protein and possible
interactions of NDP kinase with other nucleotide binding
proteins are also discussed.

Results and discussion

The H122C mutant protein
Wild type Dictyostelium NDP kinase cloned and expressed
in E. coli (Lacombe et al., 1990), crystallizes in ammonium
sulphate, yielding hexagonal crystals with two 17 kDa
subunits in the asymmetric unit (Dumas et al., 1991).
Due to difficulties in finding heavy atom derivatives in a
protein devoid of cysteine, a sulfhydryl group was introduced
in the protein by site directed mutagenesis. The target residue
was His122, homologous to the residue that has been
shown to be phosphorylated during catalysis in human NDP
kinase (Gilles et al., 1991). We checked that His122 is
phosphorylated in the Dictyostelium enzyme (Wallet, 1992).
The H122C protein was expressed with a high yield in
E.coli as a soluble protein. It was stable and although
catalytically inactive, as expected, it could be purified and
crystallized under the same conditions as the wild type. It
was identical to wild type Dictyostelium NDP kinase on the
following criteria. The N-terminal sequence was the same,
except for the removal of the terminal methionine during
expression in E.coli. It bound ATP and ADP with
dissociation constants of 1 uM and 40 uM respectively, as
measured by competition with 2’,3'-trinitrophenyl ADP.
Five different monoclonal antibodies raised against the
wild type enzyme, two of which inhibit its activity, were
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found to react with the H122C protein with affinities similar
to the wild type.

The H122C protein gave two distinct crystal forms
growing in the same batches. One is isomorphous to
wild type crystals, the other belongs to the same hexagonal
space group, but the unit cell is smaller and the asymmetric
unit contains one 17 kDa subunit rather than two (Table I).
These crystals, which diffract to better than 2 A, were used
for this study. Diffraction data were recorded on the wiggler
line of LURE-DCI (Orsay) using an image plate system and
0.98 A synchrotron radiation. Substitution with Hg yielded
a single site isomorphous derivative. Owing to the strong
anomalous signal of Hg at this wavelength, the electron
density map derived from these data was of sufficient quality
for most of the polypeptide chain to be traced. Solvent
flattening and partial model phasing were applied to improve
the map quality. A complete model of the 155 residue long
polypeptide chain was built, except for residues 1—7, which
were disordered. The present model has an R factor of 20%
at 2.2 A resolution and excellent stereochemistry. A
representative part of the electron density map is shown in
Figure 1.

The NDP kinase fold

Like other NDP kinases reported so far, the Dictyostelium
enzyme is a hexamer with M; = 100 kDa. It has dihedral
three-fold (D3) symmetry—a crystallographic symmetry in
this case—as expected for a hexamer. Its shape is compact,
~70 A in diameter and 50 A thick (Figure 2). In each
17 kDa subunit, residues 8 —138 form a globular o/ domain
and residues 139—155, an extended outer segment (Figure
3). The (3-sheet is four-stranded, antiparallel and the strand
order is 2.3.1.4. Helix a1, connecting 31 to 32, and helix
o3, connecting 83 to B4, cover the face of the [(3-sheet
towards the core of the hexamer. The other face of the
B-sheet is only partly covered by helix o4 and connecting
loops. The active site of the enzyme was marked by Cys122,
which replaced the phosphorylated histidine. It belongs to

Table 1. Statistics on crystallographic analysis

Native? Hg
Diffraction data
Resolution (A) 2.2 2.2
Measured intensities 82 562 132 562
Unique reflections 9012 8824
Completeness (%) 99.3 97.1
<I>/<dl> 60.5 69.6
Roerge (%)° 4.6 4.2
Phases
Resolution limits (A) 20-2.5
Mean isomorphous difference (%) 18.4
Mean anomalous difference (%) 5.5
r.m.s. Fy/residual 2.6
r.m.s. F, /residual 4.1
Average figure of merit, SIRAS phases 0.72
Average figure after solvent flattening 0.85

Crystals are space group P6;22, a = b = 72.7 A, ¢ = 107.5 A,
a =8 =90° y = 120°, with one 17 kDa subunit per asymmetric
unit.
ZlIihy; — <Ithy>|
bR [ R ——
merge r <I(h)y>
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Fig. 1. Electron density near Pro100. Section of the map calculated
with 2F, —F_,;. Fourier coefficients and phases calculated from the
current model. The map is contoured at lo. Prol00 is equivalent to
Pro97 mutated to serine in the K-pn mutant of Drosophila. Lys35 is
from a neighbouring subunit in the hexamer. Its N{ atom hydrogen
bonds to the carbonyl oxygens of Prol00 and Gly113. Drawn with

FRODO (Jones, 1985).

Fig. 2. The Dictyostelium NDP kinase hexamer. Views along the
three-fold axis (top) and in a direction orthogonal to it (bottom).
Spheres mark the position in each subunit of the active site residue
122, a histidine in wild type enzyme mutated here to a cysteine.
Drawn with MANOSK (Cherfils er al., 1988).



strand 34 and its side chain points outwards in a cleft running
orthogonal to the 3-strands. One edge of the cleft is helix
a4, the other, a loop (residues 51 —59) inserted between 32
and o2. The cleft is easily accessible from the outside and
we have preliminary crystallographic evidence demonstrating
that it contains the binding site for nucleotides. Details of
the active site are relevant to the wild type enzyme structure
to be reported later.

The presence of an /3 domain is a common feature of
most kinases. The overall appearance of the NDP kinase
subunit is not unlike adenylate and guanylate kinase, which
are of comparable size and carry similar reactions. But
their mechanism is different, and phosphate transfer from
ATP to AMP or GMP is direct rather than through a
phosphorylated enzyme intermediate. Adenylate kinase,
guanylate kinase and the small GTP-binding protein p21™
contain the classical ‘mononucleotide-binding fold’, an
a/B motif with a parallel 8-sheet (Schulz er al., 1986;
Schulz, 1992). The NDP kinase fold, which is based on an
antiparallel 3-sheet, is clearly different. It is nevertheless
not uncommon. An examination of recently determined
three-dimensional structures shows that the four-stranded
B-sheet of NDP kinase and its helix connections are present
in the RNA-binding domain of Ul small nuclear ribo-
nucleoprotein A (Nagai ez al., 1990), in the activation
domain of procarboxypeptidase B (Coll ef al., 1991) and in
acylphosphatase (Pastore et al., 1992). These proteins are
unrelated to each other and to NDP kinase in their
amino acid sequence.

An early example of this topology is found in the allosteric
domain of r (regulatory) subunits of E.coli ATCase; r
subunits form dimers and carry the effector site for ATP
and CTP (reviewed in Kantrowitz and Lipscomb, 1988). The
suggestion that they are related to NDP kinase was made
by Kuo (1991). It is fully supported by the present X-ray

X-ray structure of nucleoside diphosphate kinase

structure, although no sequence homology is detected. Figure
4 shows that the structural similarity extends beyond the
B-sheet to the nucleotide position, which falls near residue
122 in NDP kinase when the two structures are super-
imposed, and also to subunit contacts (see below). The
a-helices do not superimpose as well and NDP kinase has
no equivalent to the second domain of the r subunit, which
binds a zinc ion.

The NDP kinase subunit, the allosteric domain of ATCase
and possibly the RNA-binding domain of the Ul protein,
have structural and functional properties in common
suggesting that they belong to a novel family of nucleotide
binding proteins, of which more examples may be found in
the near future.

Subunit contacts and the Kpn loop
Subunits in the NDP kinase hexamer form dimers and
trimers. The subunit contacts are extensive and cover
2200 A% per subunit, or 27% of its surface. Dimer
contacts, which cover 750 A2, involve helix 1 and strand
32 from one subunit running antiparallel to their counterparts
in the other subunit (Figure 3b). This type of contact,
common in oligomeric a/f proteins, also occurs between
the corresponding a-helices and (3-strands of the allosteric
domain in the r subunit dimer. NDP kinase trimer contacts
cover 1450 A? per subunit. They involve the extremities of
helices a1 and a3, the C-terminal residues 152—155 and
a large loop (residues 99 —118) connecting helix 3 to strand
34. Loops from three subunits come together at the centre
of the trimer and on top of the equivalent region from the
other trimer, thus filling the central cavity of the hexamer
(Figure 2).

We call loop 99—118 the Kpn loop, as it contains Pro100,
which is homologous to the proline residue (Pro97) mutated
to a serine in K-pn mutants of Drosophila (Lascu et al.,

Fig. 3. The NDP kinase fold. (a) Ribbon diagram (Priestle, 1988) of the NDP kinase monomer. Residues 1 —7 are disordered. The o/ domain
(residues 8—138) has a four-stranded antiparallel 3-sheet. Strand 34 at the far end carries residue 122 at the active site, which opens towards the top
of the figure between helix a4 and loop 5159 on the left. Loop 51—59, which connects 32 to a2, includes a turn of distorted helix. The
C-terminal residues 139—155 form an extended appendix. (b) Connectivity diagrams of adenylate kinase and NDP kinase. Triangles pointing up or
down are B-strands running in opposite directions. Dashes represent dimer contacts in NDP kinase. The active site cleft is located between loop

51—-59 and helix o4.
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Fig. 4. Comparison with the allosteric domain of E.coli ATCase. Stereo diagram of Ca chains in a NDP kinase dimer (residues 8—138, full lines)
viewed along its two-fold symmetry axis. The bottom subunit is superimposed with the allosteric domain (residues 8—99, dashes) of the r subunit of
E.coli ATCase complexed with ATP. The nucleotide is drawn with dark bonds. In the H122C mutant protein, the Sy atom of Cys122 (dot) is 6 A
from the B-phosphate of ATP. The imidazole of His122 in the wild type would be in direct contact. Atomic coordinates for the ATCase—ATP

complex (Gouaux et al., 1990) are from Protein Data Bank file 4AT1. A fit based on 40 equivalent Ca atoms yields a r.m.s. distance of 2.4 A; the
B-sheets alone fit to within 1 A. Part of the second allosteric domain (residues 23—42) in the r dimer is drawn to emphasize the similarity in subunit

contacts.
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Fig. 5. Amino acid sequence and secondary structure assignment. The Dictyostelium sequence (Lacombe et al., 1990) is aligned with Drosophila
Awd (Rosengard ef al., 1989) and the human A and B chains (Gilles et al., 1991).

1992; A.Shearn, personal communication). Within the /8
domain (residues 8 — 138), the Drosophila and Dictyostelium
sequences are 65% identical (Figure 5). This implies very
similar tertiary and quaternary structures, with an expected
distance between equivalent main chain atoms of <1 A
(Chothia and Lesk, 1986). The sequence homology being
high in the Kpn loop, conclusions drawn from the
Dictyostelium enzyme structure can safely be extended to
Drosophila. Pro100 is directly implicated in trimer contacts.
Its carbonyl group hydrogen bonds to the amino group of
Lys35 (Figure 1) from a neighbouring subunit. Both Lys35
and Prol00 are fully buried, and Lys35 is conserved in
Drosophila. The Kpn NDP kinase is a hexamer, it has
normal enzymic activity, but it is less stable towards heat
or urea (Lascu et al., 1992). This suggests that the amino
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acid substitution perturbs the structure of the loop and/or
its interactions with neighbouring subunits. K-pn is dominant
lethal: heterozygous individuals carrying it together with a
prune mutation die even though they also produce wild type
NDP kinase. The sequence of the prune gene may be related
to that of GTPase activating proteins (Teng et al., 1991).
The unusual K-pn phenotype cannot be attributed to a loss
of enzymic activity or to the relative instability of mutant
subunits. Rather, we suggest that in hybrid hexamers mutant
subunits can impose a conformation change to wild type
subunits through altered contacts between Kpn loops.

The human Nm23 protein
The human NDP kinase has two types of chain, A and B,
which readily form hybrid hexamers (Gilles et al., 1991).



The two chains are the product of the genes now called
nm23-HI and nm23-H2 (Stahl et al., 1991). They are 88%
identical to each other and within the /8 domain they are
67% identical to Dictyostelium NDP kinase, again implying
that their three-dimensional structures are very similar. Low
levels of nm23-HI expression have been linked to the
increased metastatic potential of some cell lines and tumours
(Rosengard et al., 1989; Hennessy et al., 1991; Leone
et al., 1991). Yet, the A chain product of nm23-HI is
overexpressed in highly proliferative cells (Keim et al.,
1992) and in a variety of invasive human tumours (Francis
et al., 1989; Hailat e al., 1991; Lacombe et al., 1991;
Sastre-Gareau et al., 1992). Thus, its role in metastasis
control is disputable.

It has been suggested that the Nm23 sequence contains
a leucine zipper motif and that NDP kinase is a transcription
factor controlling cell proliferation (Stahl et al., 1991). This
suggestion is not supported by the three-dimensional
structure. The proposed leucine repeat is in a conserved
region of the o/ domain, but not in c-helices and the leucine
side chains point inwards. If the A chain has a regulatory
function other than through nucleotide triphosphate
production, it should implicate the few places where its
sequence differs from the B chain. Non-conservative
substitutions occur at sites equivalent to loop 51 —59 and
to the C-terminal segment of Dictyostelium NDP kinase.
Both locations are highly accessible at the protein surface
on the periphery of the hexamer. They are plausible
candidate sites for interactions of NDP kinase with other
nucleotide-binding proteins, which would be responsible for
the reported properties of the human enzyme.

Materials and methods

Protein preparation and crystallization

The H122C mutant was prepared by applying the technique described by
Kunkel et al. (1987) to the Dictyostelium gene cloned by Lacombe e al.
(1990). The following 25mer was used: 5'-GAAACATCATCTGCG-
GTTCTGATTC-3'. Mismatched nucleotides are underlined. No additional
mutation was found upon resequencing the entire coding sequence.

The mutant protein expressed in E.coli was purified following a protocol
similar to that reported by Wallet er al. (1990) for wild type NDP kinase.
The sonicated bacterial extract was centrifuged and the supernatant passed
through a DEAE Sephacel column at pH 8.5. This eliminated most of the
contaminant proteins, including bacterial NDP kinase. The flow-through
was loaded on a Blue Sepharose column. Elution with 1.5 mM ATP yielded
a pure H122C protein, as verified by SDS—PAGE. Crystallization was
performed in hanging drops over pits containing 2 M ammonium sulphate.
The drops contained 5—10 mg/ml protein in 30 mM Tris—HCI, pH 7.2,
1 M ammonium sulphate and 20 mM MgCl,; 1 mM dithiothreitol was
added to protect Cys122 from oxidation.

Functional characterization

Nucleotide binding to the H122C protein was measured by competition with
2',3'-trinitrophenyl ADP. The chromophore was synthesized as described
by Hiratsuka and Uchida (1973). Its absorption spectra near 490 nm shifts
upon binding to NDP kinase (Aey; = 3000). Dissociation constants for
ADP and ATP were derived as described by Robinson ez al. (1981). Binding
of monoclonal antibodies and their affinity for the H122C protein was
measured in solution by the competition method of Friguet et al. (1985).

Crystallography

A heavy atom derivative was obtained by co-crystallization of the H122C
protein with 5 mM Hg acetate. One native and one derivative crystal, kept
at 4°C, were used for data collection. Data extending to 2.2 A resolution
were collected on the W32 station at the LURE-DCI synchrotron (Orsay,
France) using a photosensitive plate system. The wavelength was 0.98 A,
near the absorption edge of Hg. With the native crystal, 80° of rotation
were recorded about ¢ and 30° about a second axis at a rate of 1° per 30 s
exposure and per image. Intensities were evaluated with MOSFLM as
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adapted for the image plate system (Leslie er al., 1986). Further processing
using the CCP4 program suite (CCP4, Daresbury Laboratory, Warrington,
UK). The Hg position was obvious on both isomorphous and anomalous
Patterson difference maps.

A SIRAS map calculated from the Hg position showed the molecular
envelope and most of the secondary structure. The map was subjected to
solvent flattening (Wang, 1985; Leslie, 1987) and the polypeptide chain
was traced with the BONES option of FRODO (Jones, 1985; Jones and
Thirup, 1986). After 85% of the side chains were placed in density, calculated
phases were combined with the original SIRAS phases using SIGMAA
(Read, 1986). Refinement by simulated annealing with X-PLOR (Briinger
et al., 1987) reduced the R-factor from 0.42 to 0.26 at 2.5 A resolution.
After minor rebuilding, further X-PLOR refinement was done using only
conjugate gradient minimization. The current R-factor is 0.203 for 8697
reflections (99.7% of expected) between 7.0 and 2.2 A. The current model
contains 1118 protein atoms and 28 solvent molecules. RMS deviations from
ideal values are 0.010 A for bond lengths, 1.3° for bond angles, 2.3° for
improper dihedral angles (planarity). Only one non-glycine residue, Ile 120,
has main chain dihedral angles outside permitted regions of the
Ramachandran diagram.
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