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ABSTRACT Nucleoside diphosphate kinase reversibly
transfers the g-phosphate of ATP onto its active site histidine.
We have investigated the transition state of histidine phos-
phorylation with the high-resolution crystal structures of the
enzyme fromDictyostelium discoideum withMgADP and either
aluminium or beryllium fluoride. The bound aluminium
fluoride species is the neutral species AlF3 and not the more
common AlF42. AlF3 forms a trigonal bipyramid that makes it
an accurate analog of the transition state of the g-phosphate
of ATP undergoing transfer to the catalytic histidine. Its axial
ligands are a histidine nitrogen and a b-phosphate oxygen.
Beryllium fluoride also binds at the same position and with
the same ligands but in a tetrahedral geometry resembling the
Michaelis complex rather than the transition state. The two
x-ray structures show explicit enzyme–substrate interactions
that discriminate between the ground and the transition
states of the reaction. They also illustrate the partially dis-
sociative geometry of the transition state of phosphoryl trans-
fer and demonstrate the potential applications of metal-
lof luorides for the study of kinase mechanisms.

Nucleoside diphosphate kinases (NDPK) phosphorylate nu-
cleoside diphosphates at the expense of ATP with formation
of a phospho-histidine covalent intermediate (1). These en-
zymes are the main cellular supplier of nucleoside triphos-
phates and are involved in a number of cellular regulations (for
review, see ref. 2). The catalytic pathway is outlined by x-ray
structures of the enzyme from various sources, including the
slime mold Dictyostelium discoideum in native (3) and phos-
phorylated forms (4) and by dead-end complexes with ADP (5)
and dTDP (6). These structures show that the active-site
functions as a clip that closes upon the substrate, a moderate
motion that positions the g-phosphate of ATP next to the
catalytic residues. Because of the high turnover of the enzyme
(greater than 1,000 s21), analogs of nucleoside triphosphates
such as adenosine 59-[b,g-imido]triphosphate or adenosine
59-[g-thio]triphosphate are still slowly processed and are,
therefore, not suitable for a crystallographic study of the
phosphoryl transfer. Instead, aluminium and beryllium fluo-
rides, in the presence of nucleoside diphosphates, form, re-
spectively, transition state and ground state analogs for a
number of nucleotidases, such as actin and tubulin (7, 8),
F1-ATPase (9), Ga proteins (10), and the p21 ras–GAP
complex (11). AlF42 and BeF32, the predominant species in
solution at high fluoride concentration, were shown to be the
effective metallocomplexes in x-ray structures of Ga proteins
(12, 13) and of myosin (14). In the present study, we have
crystallized NDPK with MgADP and either aluminium or
beryllium fluorides. Unlike the previous structures, we find a

trigonal AlF3 species located halfway between the acceptor
histidine nitrogen and the donor b-phosphate of ADP in the
exact geometry expected for the transition state of the g-phos-
phate of the real substrate. This structure, and the complex
with BeF32 in which Be21 is presumably tetrahedrally coordi-
nated, provide a precise picture of the geometry of phosphoryl
transfer during NDPK autophosphorylation. They also reveal
the general characteristics of metallofluorides as accurate
analogs of the transition state and the ground state in the
context of kinase mechanisms.

MATERIAL AND METHODS

NDPK from D. discoideum was purified as described (3).
NDPK–AlF3–MgADP crystals were grown at 208C in hanging
drops containing NDPK at 5–6 mgyml, 50 mM TriszHCl (pH
7.4), 20 mM MgCl2, 25 mM NaF, 0.5 mM Al(NO3)3, 10 mM
ADP, and 32% PEG monomethyl ether (Mr 5 550). Crystals
appeared within 2 weeks. X-ray diffraction data were collected
on the W32 station of the LURE-DCI synchrotron radiation
center (Orsay, France) with a wavelength of 0.906 Å, using a
MAR-Research image plate system. The crystals belong to
space group P3121 with cell parameters a5 b5 71.3 Å and c5
153.5 Å. The orientation of the NDPK–AlF3–MgADP com-
plex was identified by molecular replacement, using the ND-
PK–MgADP complex as a search model. The asymmetric unit
contains one-half of the 100-kDa hexamer. The structure was
refined with MgADP in the active sites and showed extra
density for a trigonal bipyramidal compound, which was built
as AlF3 with a bond length derived from small molecules. The
final model has a R factor of 17.7% at 2-Å resolution (Table
1).
The NDPK–BeF32–MgADP crystals were obtained by mi-

croseeding with NDPK–AlF3–MgADP crystals under the
above conditions, except that Al(NO3)3 was replaced by BeCl2.
Diffraction data were collected on a Rigaku x-ray generator
with a R-axis image plate system. The beryllium-containing
crystals are isomorphous to those with aluminium, and the
structure was solved by Fourier difference electron density
with the NDPK–AlF3–MgADP complex from which AlF3 had
been omitted. The structure, refined without BeF32, showed
extra density at the g-phosphate location that was modeled as
BeF32 by using the geometry of small molecules. The final
model has a R factor of 19.3% at 2.3-Å resolution (Table 1).

RESULTS AND DISCUSSION

Structure of the Metallof luoride Complexes. The electronic
density of the crystals grown in the presence of aluminium
nitrate and sodium fluoride unambiguously defines ADP,
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Mg21, and a trigonal planar compound that is wedged between
the b-phosphate of ADP and the catalytic histidine (Fig. 1A).
The moiety binds with full occupancy at all three independent
active sites and makes no crystal contacts. The extra density
was attributed to AlF3 on the basis of biochemical and
crystallographic data that exclude nitrate as the bound species
and make it unlikely that it is MgF32. The metal cation has the
three fluorines on the equator, and two almost colinear axial
bonds to an oxygen of the b-phosphate and to the Nd nitrogen
of His-122. The distance from Al31 to its axial ligands is 2.5 Å,
longer than the Al–F distance (1.85 Å). In addition, the
fluorines make extensive interactions to the protein and the
Mg21 ion (Fig. 2A). The BeF32 complex is essentially identical,
except that Be21 has only two electrons and cannot be located
with confidence from the electronic density (Figs. 1B and 2B).
Since beryllium fluorides prefer tetrahedral coordination (15),
Be21 can nevertheless be modeled at two alternative sites
about 1.3 Å apart, with O7 of ADP or Nd from His-122 as the
fourth ligand. In either case, the bonded and nonbonded
distances are 2.1 Å and 3.0 Å, respectively, and the two
situations may coexist in the crystal.
Both the AlF3 and BeF32 complexes compare very well with

the MgADP andMgTDP complexes (5, 6). However, although
the conformation of ADP is the same, the presence of the
metallofluorides has pulled the nucleotide closer to His-122 in
a rigid body movement of 0.5–1 Å. As a consequence, the
rotation of His-122 side chain, which was speculated to take
place to align the attacking group with the substrate (4), is not
observed in the present structures. Instead, the histidine
retains the orientation that was observed in native and ADP-
bound NDPK, suggesting that the catalytic configuration
preexists to the binding of the substrate.
AlF3 Is an Analog of the Transition State for Phosphoryl

Transfer. Depending on the Be21 position, the tetrahedral
BeF32 complex is an analog of the phosphate group in either
of the two Michaelis complexes that form during the catalytic
cycle: enzyme–ATP or phosphoenzyme–ADP. On the other
hand, the trigonal planar geometry of Al31 is the one predicted
for the transition state for in-line phosphoryl transfer (16–18).
Under the assumption that the AlF3–enzyme interactions are
essentially influenced only by the enzyme and the nucleotide,
then the AlF3 complex provides an accurate picture of the

transition state of the reaction. Alternatively, these interac-
tions may be influenced by the particular properties of the
metallic Al31 ion and the F2, which could result in active-site
rearrangements. Because the NDPK active-site residues and
the ADP nucleotide constitute a constrained environment,
reflected in the absence of induced conformational change at
the catalytic residues, it is likely that the AlF3 complex closely
mimics the protein and substrate geometries in the transition
state. The fluorines of AlF3 provide equivalents of the phos-
phate equatorial oxygens, except that P–O bonds should be
somewhat shorter than the Al–F distance (although the bond
length in the transition state is unknown). The formal charge
is different, AlF3 being neutral and the transferred PO3
carrying negative charges. However, the actual charge distri-
bution at the ground and the transition state is unknown. In the
present structure, AlF3 is most likely polarized. Al31 forms five
bonds, including the bonds to the donor ADP O7 and to the
acceptor His-122 Nd. The 2.5-Å distance to these atoms is
longer than expected for a covalent bond but shorter than a van
der Waals contact. The nucleophilic attack of the g-phosphate
thus involves partial bond cleavage at the leaving group and
partial bond formation at the attacking group. Qualitatively,
the mechanism is intermediate between associative (with the
phosphorus forming five bonds) and dissociative (with the
formation of a PO32 intermediate). The NDPK–AlF3 complex
thus shows the existence and the stereochemistry of partial
bonds in the active site of the enzyme during phosphoryl
transfer.
Substrate-Assisted Stabilization of the Transition State. To

understand enzymic catalysis, it is necessary to estimate the
contribution of individual protein groups along the reaction
coordinate and to identify those which are responsible for
discriminating between the ground and the transition states.
They can do this either by numerous small contributions or by
a few highly stabilizing determinants, in strong hydrogen bonds
for instance (19, 20). The interactions of NDPK with its
substrate can readily be modeled in the Michaelis complex
from the structure with BeF32 and in the transition state from
that with AlF3. At pH 7–8 where NDPK is active, the phos-
phates of ATP are deprotonated, all the more so because
active-site positive charges are likely to lower their pK values.
The four negative charges are shielded by Mg21, which ligates

Table 1. Statistics on crystallographic analysis

AlF3 BeF32

Diffraction data
Space group P3121 P3121
Cell parameters, Å a 5 b 5 71.35; c 5 153.49 a 5 b 5 71.56; c 5 153.75
Resolution, Å 2.0 2.3
Measured intensities, no. 118,259 51,271
Unique reflexions, no. 30,088 20,554
Completeness, % 96.3 98
Multiplicity 5.2 2.5
Rmerge, % 5.9 5.3

Refinement
Resolution, Å 2.0 2.3
Rcryst, % 17.7 19.3
Reflections, no. 29,606 20,058
Protein atoms, no. 3,537 3,537
Solvent atoms, no. 332 220
Average B, Å2 30.9 28.8 (for solvent)

16.8 17.8 (for protein)
Geometry
Bond length, Å 0.015 0.015
Bond angle, degrees 2.17 2.05
Torsion angle, degrees 1.86 1.88

Rmerge 5 •h,i uI(h)i 2 ^I(h)&uy•h,i I(h)i. Rcryst 5 •h iF0u 2 uFciy•huF0u was calculated with XPLOR on
all reflections with F . 2s. MgADP and aluminium or beryllium fluorides. For geometry, rms deviation
from ideal values are given.
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all three phosphates, and by two guanidinium groups. The
g-phosphate also hydrogen bonds to the hydroxyl of Tyr-56
and a main-chain NH. The contribution of Tyr-56 has been
measured by site-directed mutagenesis (21). Replacement by
Phe or Ala slows catalysis by a factor of 50, indicating a
contribution by '2.3 kcalymol (1 cal 5 4.184 J) to the
activation free energy of the reaction.
This is a significant but minor contribution to catalysis. The

AlF3 complex points to another source of stabilization, in the
form of a short hydrogen bond between the 39 hydroxyl of the
ribose and the O7 oxygen of the b-phosphate (Fig. 2). In ATP,
O7 bridges the b- and g-phosphates and is expected to be the
atom of the substrate that develops the largest change of
charge upon the transition state. The hydrogen bond probably
exists in the Michaelis complex, since it is present in the
MgADP and MgTDP complexes (5, 6), but it should become
significantly stronger as the bond to the g-phosphate breaks
and O7 acquires a charge. Its contribution to catalysis has been
quantified in a study of nucleoside analogs that lack a hydroxyl
in the 39 position, such as the antiviral agents azidothymidine
or dideoxyadenosine. Dideoxy-ATP, for instance, is a factor
104 less active than ATP, suggesting that the 39OH contributes
some 5.5 kcalymol to lowering the activation barrier (22). The
hydroxyl is in that sense more important than any of the
protein groups involved in catalysis (except His-122), since

their deletion by site-directed mutagenesis always leaves more
than 1023 of the NDPK activity (21). The catalytic role of the
39 OH hydrogen bond also points out the importance of
interactions made by the b–g bridge oxygen in stabilizing the
transition state of phosphoryl transfer reactions. In NDPK,
they are provided by the substrate itself, but they can be
provided by protein groups in other enzymes, as recently
proposed for p21-ras (23). Ribose hydroxyls have not been
proposed a catalytic role in other kinases, but it is well-
established in ribonucleases and it is essential to the chemical
step in RNA cleavage by the Tetrahymena ribozyme (24).
NDPK provides an example in enzymology where the

dynamics of catalysis have been captured in high-resolution
x-ray crystal structures. The enzyme exercises its influence by
restraining the substrate to the conformer in which substrate-
assisted catalysis is made possible. A hydrophobic clamp
orients the base; Lys-16 and Asn-119 immobilize the sugar; and
Thr-98, Arg-92, Arg-109, and Tyr-56 configure the phosphates
next to the catalytic histidine (refs. 5 and 6 and this work).
Several of these residues are held by a pair of helices that move
upon substrate binding and product release. This breathing
movement is of small amplitude (less than 2 Å) and essentially
no other structural change occurs during the whole catalytic
cycle. However, as this movement simultaneously opens the
active site and drags the phosphohistidine out of in-line
geometry, it is essential for expelling the intermediary ADP
product, which may be the rate-limiting step.
Metallof luorides Are Reaction Coordinate Analogs for

Probing Kinases Mechanisms. Aluminium and beryllium flu-
orides are well-established analogs of phosphate in ATPases
and GTPases (25), and in nitrogenase (26). Although the
NDPK fold is unrelated to Ga proteins, myosin, or nitrogenase,
there are counterparts in G proteins for several of the residues
that bind the aluminofluoride (Fig. 3). On the other hand,

FIG. 1. Simulated annealing Fo–Fc omit maps contoured at 3.5 s
showing ADP (to the left) and His-122 (to the right). (A) AlF3 omit
map at 2.0-Å resolution. Al31 (green) in trigonal bipyramidal config-
uration is shown coordinating to three equatorial f luorines (orange)
and with partial bonds to ADP O7 and to His-122 Nd. Mg21 (white)
has an octahedral geometry, with a tridendate coordination to the a-
and b-phosphates and a fluorine atom and three water molecules (red)
as additional ligands. (B) BeF32 omit map at 2.3-Å resolution. Be21
(green) is modeled in a tetrahedral geometry, with three fluorines and
O7 as the fourth ligand. An alternative configuration for Be21 has
His-122 Nd as the fourth ligand.

FIG. 2. Schematic representation of NDPK–nucleotide interac-
tions. (A) ADP–AlF3 from the x-ray structure. (B) ADP–BeF32 with
Be21 modeled at the b-phosphate O7 as in Fig. 1B. In all cases, there
is a short hydrogen bond between the 39 hydroxyl of the ribose and the
b-phosphate O7.
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there is no equivalent in NDPK for the glutamine residue
postulated to activate the attacking water molecule in G
proteins. The reaction does not require one, since the attacking
nucleophile is the Nd of His-122, which is not protonated at pH
7. In return, the GTPase reaction does not involve the ribose
hydroxyls.
In x-ray structures of Gia (12) and Gta GTPases (13) and of

myosin (15), Al31 is present in the AlF42 complex rather than
the trigonal AlF3. The octahedral AlF42 is six-coordinated, with
a bridging b-phosphate oxygen and a water molecule as axial
ligands and four equatorial f luorines. It is therefore not a true
analog for the transition state of phosphate. The orientation of
the fluorines of AlF42 on the equatorial plane differs between

the Gia and Gta complexes, which may indicate that AlF42 is
rearranged relative to the real transition state. The trigonal
planar configuration that we see in NDPK is clearly a better
mimic of the transition state for phosphoryl transfer. Although
this configuration is uncommon in solution in the presence of
f luorides, it is found in aluminium derivatives such as
AlCl3(NMe3)2 (15). Why AlF3 rather than AlF42 binds to the
active site of NDPK may be explained by the nature of the
nucleophilic attack, which involves a protein group instead of
a water molecule. The fluoroaluminate that binds to hydrolytic
nucleotidases is geometrically identical to the AlF4(H2O)22
complexes that are well-described from structures of small
molecules. The four fluorines could probably fit in the active
site of NDPK, at the price of local protein plasticity as
observed between the complexes of MgADP myosin with
octahedral AlF42 (14) and trigonal vanadate (VO432) (27). On
the other hand, an interaction of AlF42 with the b-phosphate
of ADP and His-122 would require substantial lengthening of
the axial bonds, a situation that may be energetically intoler-
able. In the same way, an additional water could not be fit
between Al31 and His-122. For a similar reason, vanadate does
not bind in the active site of NDPK (I. Lascu, personal
communication). It is likely that most kinases that do not use
water as the phosphate acceptor would encounter the same
steric hindrance for AlF42 and for vanadate, whereas AlF3 and
BeF32 would be expected to bind with the geometry of the
transition state and the Michaelis complexes, respectively. Our
results suggest that these metallofluorides can be of general
use for the study of phosphokinases, especially protein kinases,
and that their potential applications are much wider than
previously assumed.

We thank M. F. Carlier (Laboratoire d’Enzymologie et de Bio-
chimie Structurales, Centre National de la Recherche Scientifique,
Gif-sur-Yvette) and I. Lascu (Institut de Biochimie et Génétique
Cellulaire, Centre National de la Recherche Scientifique, Bordeaux)
for their expert advice, and M. Véron (Institut Pasteur, Paris), M.
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(1994) J. Biol. Chem. 269, 32175–32180.
22. Bourdais, J., Biondi, R., Sarfati, S., Guerreiro, C., Lascu, I.,
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