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Abstract Nm23 was the first metastasis suppressor gene
identified. This gene encodes a NDP kinase that also ex-
hibits other properties like histidine protein kinase and in-
teractions with proteins and DNA. The S120G mutant of
NDPK-A has been identified in aggressive neuroblastomas
and has been found to reduce the metastasis suppressor ef-
fect of Nm23. In order to understand the differences between
the wild type and the S120G mutant, we have determined
the structure of both mutant and wild type NDPK-A in com-
plex with ADP. Our results reveal that there are no signifi-
cant changes between the two enzyme versions even in the
surroundings of the catalytic histidine that is required for
NDP kinase activity. This suggests that the S120G muta-
tion may affect an other protein property than NDP kinase
activity.

Keywords Nm23-H1 · NDPK-A · S120G · Crystal
structure

Abbreviations
NDPK: nucleoside diphosphate kinase
NDPK-A: nucleoside diphosphate kinase isoform A
NDP: nucleoside diphosphate
ADP: adenosine diphosphate
rmsd: root mean square deviation. Human NDPK-A

numbering was used
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Introduction

Nm23 was the first metastasis suppressor gene identified.
At least four catalysis and regulatory functions have been
attributed to proteins of this gene family (Ouatas et al., 2003)
(i) NDP kinase activity via its catalytic histidine, (ii) serine
or histidine protein kinase activities, (iii) interactions with
several proteins and (iv) interaction with DNA (Ma et al.,
2002). Despite numerous trials, the biochemical mechanism
whereby Nm23 protein family suppresses tumor metastasis
remains unknown.

A serine 120 to glycine (S120G) mutation of Nm23-H1
(NDPK-A) has been identified in several aggressive neu-
roblastomas (Chang et al., 1994). Over-expression of wild
type Nm23-H1 suppressed motility in vitro, but S120G site-
directed mutant recombinant protein failed to inhibit motility
(Mc Donald et al., 1996). The Ser120 is strictly conserved in
all prokaryotic and eukaryotic NDP kinases because Ser120
seems directly involved in the catalytic mechanism stabi-
lizing the Glu129 that interacts with the catalytic His118
(Tepper et al., 1994). Biochemical studies showed that this
mutant S120G retained about 50% NDP kinase activity of
the wild-type enzyme and its stability towards denaturation
is decreased (Chang et al., 1996). The altered folding prop-
erties of the recombinant S120G mutant protein leading to
the accumulation of a molten globule intermediate (Lascu
et al., 1997) could suggest that the 3D structure of the mutant
may be also altered. The 3D structure of the NDPK family
is well known (Janin et al., 2000). Recently, the structures of
the wild type without bounded nucleotide (Min et al., 2002)
and of a double mutant H118G/F60W in complex with ADP,
phosphate and calcium ions (Chen et al., 2003) of the human
NDPK-A were reported. To investigate the structural con-
sequence of the S120G mutation, we have over-expressed
the S120G mutant and the wild type versions of the human
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NDPK-A in E. coli, and purified the two proteins. Crystals
were obtained for the two proteins in complex with ADP.
Here, we present the two structures and their comparisons.
Surprisingly, no significant changes were observed on the
overall structure and in the neighbourhood of the mutation.

Experimental

Crystallization

The wild-type and the S120G mutant were expressed using
pET-21 vectors, and purified at 277 K as described else-
where (Lascu et al., 1997; Mocan et al., 2006). Crystals of
wild type and S120G proteins were obtained by the sitting
drop vapor diffusion method at 293 K. Bipyramidal shaped
crystals appeared 1 day after mixing 2 µl of protein sample
(protein 15 mg/ml, DTT 4 mM, ADP 10 mM, MgCl2 20 mM,
Tris/HCl 20 mM pH 7.5) with 2 µl of reservoir solution (am-
monium sulphate 2.4 M, MES 100 mM pH 6.0). Crystals
were cryo-protected by adding 20% glycerol (v/v) to the
mother liquor and flash-frozen in liquid nitrogen.

Data collection

First X-ray diffraction data of the S120G variant were col-
lected at 2.6 Å resolution using a Rigaku RU300 rotating-
anode source operating at 50 kV and 90 mA and a Mar-
Research 345dtb image-plate detector. This data set was
completed by a second one at 2.4 Å resolution at beam-
line BM30a of the ESRF (Grenoble, France). Data of the
wild type protein were collected from a single crystal at
beamline ID29 of the ESRF. All the data were collected at
100 K and processed using MOSFLM (Leslie, 1992) and
CCP4 program suite (CCP4, 1994). Data collection and re-
finement statistics are gathered in Table 1. The structure
was solved using the trimer of the H118G/F60W variant
(pdb 1UCN) of NDPK-A which crystallizes in the same
space group and with similar unit cell parameters (Chen
et al., 2003). Crystallographic refinement and model rebuild-
ing were carried out using REFMAC (Murshudov et al.,
1997) and XtalView (MacRee, 1999) respectively. Figure
was drawn using MOLSCRIPT (Kraulis, 1991).

Atomic coordinates

In the two structures, the asymmetric unit is made of a trimer,
the three protomers are labelled A, B and C. The final model
includes amino acids 2−152, with main and side chains
unambiguously defined in the electron density except for
residues around the catalytic site of protomer A. The N-
terminal Met is missing in the E. coli recombinant protein.
The hexamer can be generated by applying the 2 fold crys-

tallographic operator (1−y, 1−x, 1/2−z) later noted #. The
backbone dihedral angles of all of the non-Gly residues in
each monomer, excepted Ile116, fall in the allowed regions
of the Ramachandran plot. The refined models have been
deposited at the Protein Data Bank.

Results and discussion

The rms deviations of the Cα atoms between chains are less
than 0.4 Å for both proteins with the maximum deviations
occurring within the αA–α2 helices. When the wild type and
the S120G Cα were fitted, the rmsd was 0.35 Å. For the wild
type, the rmsd between the ADP complex and the nucleotide
free (pdb 1JXV) structures was 0.56 Å with the most im-
portant 2 Å movement located again in the loop between αA

and α2.
The mean temperature factors are lower for protomer B

(36.1 Å2) than protomer C (45.0 Å2) and than protomer A
(57.5 Å2). They are obviously correlated with more or less
well defined electron densities. Thus protomer B was taken as
the reference. Such differences have already been observed in
human Nm23-H3 (pdb 1ZS6) and NDPK-A H118G/F60W
variant (Chen et al., 2003) both in complex with ADP. They
cannot be explained by crystal contacts or a too high sym-
metry space group (P41212 instead of P41) but could be the
consequence of slightly lower occupancy of ADP into the
binding site of protomer A. These temperature factor varia-
tions were not observed for the apo protein due to high NCS
restrains (Min et al., 2002). Although Mg2+ was present in
the crystallization solution, only weak density peaks were
observed in the vicinity of α and β phosphate groups of
ADP where such cations are found in available NDP complex
structures. These peaks were attributed to water molecules.

The hydrogen bond between the Oγ atom of Ser120 and
the backbone nitrogen atom of Phe8 (3.13 Å) strengthens the
antiparallel β sheet at the beginning of strand β1 and the end
of strand β4. One of the Oε atom of the Glu129 is coordinated
(i) to the hydroxyl group of Ser120 (2.55 Å) and (ii) to the
Nε of the catalytic His118 (2.77 Å). These two interactions
clearly occur above and below out of the carboxylate plane
(2.3 and 1.9 Å respectively). Although this oxygen atom lies
close to the His128 imidazole plane (0.3 Å), the carboxylate
and imidazole planes make an angle of about 60◦. In all
available X-ray structures of NDPKs, the conserved Glu129
belonging to helix α4 adopts always the same very favoured
gauche−/trans/trans rotamer conformation. This interaction
could stabilize the His118 sidechain which adopts in the two
structures a slightly unfavourable conformation (χ1 of about
155◦).

On the other hand, the other Oε atom is hydrogen bonded
with two water molecules (2.5 and 2.8 Å) lying close to the
carboxylate plane (0.4 and 0.37 Å respectively). These two
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Table 1 Data collection and
refinement statistics Data collection S120G Wild type

Space group P41212 P41212
Cell dimensions

a, b, c (Å) 114.82, 114.82, 89.72 114.26, 114.26, 89.79
α, β, γ (◦) 90.00, 90.00, 90.00 90.00, 90.00, 90.00

Resolution (Å) 40.0–2.40 (2.53–2.40)a 18.0–2.15 (2.27–2.15)a

Rsym 0.10 (0.40) 0.08 (0.52)
I/σ (I) 21.4 (4.0) 10.2 (2.1)
Completeness (%) 97.1 (86.7) 97.2 (99.0)
Redundancy 10.9 (8.4) 3.2 (3.1)
Refinement

Resolution (Å) 25.0–2.40 18.0–2.15
No. reflections 22088 30827
Rwork /R f ree 0.21/0.28 0.24/0.29

No. atoms
Protein 3588 3594
ADP 81 81
Water 151 190

B-factors
Protein (Å2) 51.43 46.18
ADP (Å2) 76.62 50.01
Water (Å2) 51.68 47.69

R.m.s. deviations
Bond lengths (Å) 0.010 0.010
Bond angles (◦) 1.27 1.30

aHighest resolution shell is
shown in parenthesis.

water molecules belong to a hydrogen bond network. The
first one interacts directly with backbone NH of Asp121
and via water molecules with Asp121 carboxylate group and
ADP phosphate group, the second one with Nζ of Lys128.
This binding scheme indicates the preferential localization
of the negative charge on the oxygen atom interacting with
the Nε nitrogen of His118.

In the two structures, the ADP binding interactions in the
cleft and the conformation of the active site are similar. This
is in agreement with the close measured activities. The most
significant difference we observed between wild type and
S120G structures is a shift at Ala126 (0.4/0.6 Å for Cα/β

respectively) towards Gly120 in order to partially fill the
void left by the substituted Ser120 sidechain (Fig. 1). Subse-
quently this displacement induces the move of about 0.3 Å
on Cα positions of two solvent accessible glutamic acid side
chains (Glu124 and Glu127). At the beginning of the helix
α4, the hydroxyl group of Ser122 and Ser125 are hydrogen
bonded with the exposed backbone NH of Ser125 and with
the carboxyl group of Asp121 respectively.

Each NDPK-A subunit contains 3 cysteine residues.
Within a hexamer, there are three putative disulfide bridges
between two symmetry related Cys145 from chain A to B#;
chain B to A# and chain C to C# (dCβ−Cβ = 5.31 and 5.10 Å
respectively). Cys145 belongs to the loop before the Cterm

one turn helix. At the N-terminal extremity, the Cys4 are
solvent accessible and could have formed, in the crystal, a

disulfide bridge between two symmetry related (y−1, 1+x,
−z) Cys4 of chain A of a neighbouring hexamer. Surpris-
ingly, it was the buried Cys109 from Kpn loop that has been
identified by mass spectrometry after trypsic digestion as
forming disulfide bridge under oxidative stress (Song et al.,
2000).

Fig. 1 Slab view of the crystal structures of wild type (cyan) and S120G
mutant (yellow) of human NDPK-A in complex with ADP. Only the
water molecules in the neighbourhood of the mutation are added and
coloured in red and orange for the wild type and the S120G respectively.
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The strong similarities between the two structures are in
agreement with measured NDP kinase activities and indicate
that the S120G specificities cannot be attributed to NDP
kinase activity. These data do not allow to understand why
this serine is a conserved residue and suggest that the S120G
mutation may affect an other property of this multifunctional
protein like interaction with other proteins or DNA. The
S120G mutant characteristics could also be explained by
the existence of a folding intermediate as suggested in a
companion paper (Lascu I., this issue).

Acknowledgements The authors wish to thank the staffs of IPBS
(Toulouse), BM30a and ID29 (Grenoble) for X-rays diffraction fa-
cilities and Jean Velours for stimulating discussions. This project was
supported by FIP and ESRF.

Bibliography

Collaborative Computational Project, Number 4 (1994) Acta Crystal-
logr D Biol Crystallogr 50:760–763

Chen Y, Gallois-Montbrun S, Schneider B, Veron M, Moréra S, Deville-
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Janin J, Dumas C, Moréra S, Xu Y, Meyer P, Chiadmi M, Cherfils J
(2000) J Bioenerg Biomembr 32:215–225

Kraulis PJ (1991) J Appl Crystallogr 24:946–950
Lascu I, Schaertl S, Wang C, Sarger C, Giartosio A, Briand G, Lacombe

ML, Konrad M (1997) J Biol Chem 272:15599–15602
Leslie A (1996) Crystallogr Comput 5:50–61
Ma D, Xing Z, Liu B, Pedigo NG, Zimmer SG, Bai Z, Postel EH,

Kaetzel DM (2002) J Biol Chem 277:1560–1567
MacDonald NJ, Freije JM P, Stracke ML, Manrow RE, Steeg PS (1996)

J Biol Chem 271:25107–25116
MacRee DE (1999) J Struct Biol 125:156–165
Min K, Song HK, Chang C, Kim SY, Lee KJ, Suh SW (2002) Proteins

46:340–342
Mocan I, Georgescauld F, Gonin P, Thoraval D, Giartosio A, Dabernat

S, Crouzet M, Lacombe ML, Lascu I (2006) submitted
Murshudov GN, Vagin AA, Dodson EJ (1997) Acta Crystallogr D Biol

Crystallogr 53:240–255
Ouatas T, Salerno M, Palmieri D, Steeg P (2003) J Bioenerg Biomembr

35:73–79
Song EJ, Kim YS, Chung JY, Kim E, Chae SK, Lee KJ (2000) Bio-

chemistry 39:10090–10097
Tepper AD, Dammann H, Bominaar AA, Veron M (1994) J Biol Chem

269:32175–32180

Springer



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


