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ABSTRACT. Nucleoside diphosphate (NDP) kinases display low specificity with respect to the base moiety
of the nucleotides and to the-gosition of the ribose, but the-Bydroxyl is found to be important for
catalysis. We report in this paper the enzymatic analysis of a series of derivatives of thymidine diphosphate
(TDP) where the 30H group was removed or replaced by fluorine, azido, and amino groups. With
DictyosteliumNDP kinasek:qtdecreases £5200-fold from 1100 st with TDP, and ke.a/Km)npp decreases

from 12 x 1f to 1 to 5 x 10* M~1 s71, depending on the substrate. The poorest substrates-are 3
deoxyTDP and 3azido-3-deoxyTDP, while the best modified substrates ar&-2lehydro-3-deoxyTDP

and 3-fluoro-3-deoxyTDP. In a similar way,'&luoro-2,3-dideoxyUDP was found to be a better substrate
than 2,3-dideoxyUDP, but a much poorer substrate thaagbxyUDP. ke.a/Km)nop IS sensitive to the
viscosity of the solution with TDP as the substrate but not with the modified substrates. To understand
the poor catalytic efficiency of the modified nucleotides at a structural level, we determined the crystal
structure ofDictyosteliumNDP kinase complexed to'-8Buoro-2,3-dideoxyUDP at 2.7 A resolution.
Significant differences are noted as compared to the TDP complex. Substrate-assisted catalysis by the
3'-OH, which is effective in the NDP kinase reaction, cannot occur with the modified substrate. With
TDP, the-phosphate, which is the leaving group whep-phosphate is transferred to His122, hydrogen
bonds to the '3hydroxyl group of the sugar; with' 3luoro-2,3'-dideoxyUDP, the5-phosphate hydrogen

bonds to Asn119 and moves away from the attackidgdfithe catalytic His122. Since all anti-AIDS
nucleoside drugs are modified at thepdsition, these results are relevant to the role of NDP kinase in
their cellular metabolism.

The nucleoside diphosphate (NDR)nases catalyze the N,TP+ E—His < N,DP + E—His—P (1a)
reversible phosphorylation of nucleoside diphosphates by . ,
nucleoside triphosphates, via a covalent intermedigt2)( N,DP 4+ E-His—P < N,TP + E-His (1b)
The active-site histidine is transiently phosphorylated at the N, TP+ N,DP < N,DP + N,TP (1)

NO position 8—5).
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of the ribose 30OH dramatically decreases the catalytic excess of ATP. To simplify the separation, ADP generated
efficiency of the enzyme. This is important, for all nucleoside in the reaction was converted to ATP with a creatine
analogues used in anti-AIDS therapy lack this hydroxyl group phosphate/creatine phosphokinase regenerating system. After
(18). After being converted to triphosphates by cellular purification on QAE-Sephadex A25 at pH 8.0, phosphoryl-
kinases, they become substrates of the viral reverse tran-ation to the diphosphate was performed with thymidylate
scriptase and block the elongation of the DNA chain when kinase, in the presence of a 10% molar ratio of ATP and of
they become incorporated. NDP kinases have been implicatedhe same regenerating system. The final purification was
in the cellular activation of nucleoside analogues, and their carried out on a Source Q column (1.6 enil2 cm), eluting
role needs to be clarified. with a linear gradient of LiCl at pH 4.2 (20 mM acetate
We report here a kinetic analysis of the NDP kinase buffer) at a flow rate of 2 mL/min. The nucleotides were
reaction using a series of TDP analogues, modified at the diluted 5-fold with water, adsorbed onto the same column,
3-position of deoxyribose. To compare catalytic efficiencies and eluted wit 1 M LiCl. The eluate was evaporated on a
with normal and modified substrates, we studied the depend-SpeedVac. LiCl was eliminated by washing with 80%
ence of kinetic parameters on viscosity. In addition, we €thanol. 3Amino-3-dTDP was obtained by reduction of
determined the crystal structureDictyosteliumNDP kinase ~ AZT-DP with a 10-fold molar excess of dithiothreitol at pH

complexed with 3fluoro-2,3-ddUDP. 10.5 @2) and purified on a Source Q column at pH 8.032
Dideoxyuridine and 3fluoro-2,3-dideoxyuridine, obtained
MATERIALS AND METHODS from Fluka, were phosphorylated to a mixture of di- and

) ) ) _ triphosphates in an one-pot reacti@8,(24). The identities

Enzymes. DictyosteliuMDP kinase was expressed inthe of gl nucleotides, found to be pure by chromatographic
pJC20 expression vector, a pET derivatiE)( It was  analysis, were confirmed by mass spectrometry. Samples,
purified by ammonium sulfate precipitation (480% satura- gissolved in water/methanol/formic acid (50:50:5), were
tion) and negative adsorption on Q-Sepharose at pH 8.5.introduced into a API 365 triple-quadrupole mass spectrom-
Human NDP kinase A, expressed in the same vector, waseter (Perkin-Elmer-Sciex, Thornill, Canada). The ionspray
purified by ion-exchange chromatography on Q-Sepharoseprobe tip was held at 4.5 kV, and the orifice voltage was set
(elution with a NaCl gradient from 0 to 0.5 M, at pH 7.5). 4t 60 V. The mass spectrometer was scanned continuously
Human NDP kinase B was purified by successive chroma- from myz 150 to 600 with a scan step of 0.1 and a dwell
tography on Q-Sepharose and Blue Sepharose. The humagme per step of 2.0 ms. Ten scans were averaged for each
NDP kinases DR-nm23 and Nm23-H4, lacking the N- analysis. Mass calibration of the instrument was accom-
terminal 17- and 33-amino acid extensions, respectively, Wereplished by matching ions of polypropylene glycol.
expressed and purified by similar methods. Details of their © The nucleotide concentration was measured spectropho-
expression, purification, and biochemical properties will be tometrically using the extinction coefficients of 9.6 mM
reported elsewhere (M. Erent et al., in preparation; L. Milon -1 at 267 nm for thymidine nucleotides and 10.0 rmiM
etal, in preparationMyxococcudNDP kinase (the PIMSC2A ¢yt gt 262 nm for uridine nucleotides. Enzymatic measure-
vector, a kind gift from R. Williams) was expressed in ments using the NDP kinase reaction in the presence of
Escherichia coliand purified by ammonium sulfate precipi-  excess of ATP yielded similar concentration values (within
tation and negative adsorption on Q-Sepharose. 5%).

Protein concentrations were obtained using extinction The K, of the 3-amino group of 3amino-3-dTDP was
coefficients calculated from the amino acid compositi20) ( estimated by ion-exchange chromatography. A UNO-Q
except for theMyxococcusindDictyosteliumenzymes where  column (Bio-Rad) was used on a BioLogic system (Bio-
values 0ofEg19 at 280 nm of 0.38 and 0.73, respectively, Rad) with a linear 0 to 0.5 M gradient of NaCl at pH values
were obtained from amino acid analysis (kindly performed from 6 to 9 (buffered with 50 mM MES adjusted to various
by D. Barra and A. Giartosio, University of Rome, Rome, pH values with Tris base). Whereas TMP and TDP exhibited
Italy). All NDP kinases were essentially pure as ascertained nearly constant elution volumes, that df&8nino-3-dTDP
by polyacrylamide gel electrophoresis in the presence of increased with pH, indicating that the net charge increased.
sodium dodecyl sulfate. The proteins were stored in am- A pK, value of 8.0 was obtained by nonlinear fitting,

monium sulfate at 90% saturation at@ or in 50% glycerol  assuming that the elution volume was a linear function of
at—20°C. the ratio of the unprotonated and protonated forms.
Nucleotides TDP, 3-deoxythymidine, 23-dehydro-3 Steady State Kinetic Measuremeritteasurements were
deoxythymidine, and'3azido-3-deoxythymidine were ob-  taken at 25°C and pH 7.5, using a coupled assdy %5),
tained from Sigma (St. Louis, MO).-Fluoro-3-deoxythy- unless specified differently. Bovine serum albumin was
midine was synthesized by the reaction of 1c§5rityl-2- included at a concentration of 1 mg/mL to stabilize enzymes.
deoxyg-p-threo-pentofuranosyl)thymine with diethylamino-  NDP kinase contamination of the pyruvate kinase from Fluka
sulfur trifluoride and subsequent detritylation ¢fG-trityl- (product 83328) was negligible, but not in other pyruvate
3'-fluoro-3-deoxythymidine with 80% acetic aci@l). The kinase preparations.
IH NMR spectrum of 3fluoro-3-deoxythymidine is identical NDP kinases have a ping-pong mechanism. Their kinetic

to that described in the literature. All nucleosides were study is complicated by substrate inhibition, for nucleoside
converted to the diphosphates by sequential phosphorylationdiphosphates compete with the triphosphate substrate for
with recombinant thymidine kinase and thymidylate kinase binding to the free enzyme, and nucleoside triphosphates
from E. coli (a gift from O. Barzu). Nucleoside phospho- compete with the diphosphate substrate for the phosphoryl-
rylation by TK was performed at 60C in the presence 50 ated enzyme, albeit with lower affinity26). We therefore
mM Tris-HCI (pH 7.4), 10 mM MgCJ, and a 2-fold molar measured., andk../Kn in separate experiments, using six
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to eight substrate concentratiokgwas derived by varying

. . . Table 1: Statistics on Crystallographic Analysis
both ATP and NDP concentrations while keeping the [ATP]/

[NTP] ratio fixed to 4.0 for TDP and 0-10.2 for the poorer d'ﬁsrggggré?sz by

substratesq7, 28). Substrate inhibition introduces a small asymmetric unit h(lexamer

systematic error under these conditio@8)( and no correc- cell parameters

tion was made as the error is small compared to the variation a,b,c(A) 70.0,105.3,70.3

of keatbetween nucleotide&.s involves the phosphorylation res%lgt'ign(?z?) 397' 117.4,90

and dephosphorylation steps. When using a series of nucleo- no. of unique reflections 19650

side diphosphates, either step can be rate-limiting, and the completeness (%) 81

interpretation ofk.x may change. Thus, the catalytic ef- Rimerge(%)* 9.2

ficiency of NDP kinases with various nucleoside diphos- refg‘em(‘izt)b 0.7

phates was evaluated using.{Km)vor as a parametéto Ries (%) 304

represent only the dephosphorylation step. We estimated its geometry

value for TDP by taking the ratio of the apparégf; and bond length rmsd (A) 0.01

Km values at a fixed concentration of 1 mM ATP. In a ping- bond angle rmsd (deg) 1.56
torsion angle rmsd (deg) 1.25

pong mechanism, this yields the trkg/K. TDP analogues - -
modified at the 3position haveK,, values in the millimolar lFRm;@g;Ca’;'t'e(g)iWTthD])((rf)PDg“g(rgH aﬁc;g}lzctizc};”goﬁhe_% Eca'z‘ﬂ/
range. We estimateda/Kn directly as the slope of the initial <ot mean-square deviations from ideal values. '

rate versus [NDP] plot, keeping the nucleoside diphosphate

concentration lower thaKy, by a factor of at least 5. An ) i i o i
alternative approach for determinitigu/Ko, is to measure kinase fo'r most studies since it is the NDI'3 klnase_z best
the first-order rate constant of nucleoside diphosphate Characterized by crystallography, (.2, 14), physical studies
consumption at a very low concentration using the coupled (25 31), mutagenesis3@), and fast kinetic studies§, 33).
assay in the presence of an excess of ATP. Values obtained<'”9t'c parameters for TDP an_d several analogues are given
by this method are in good agreement with those derived N Table 2. All compounds lacking the-®H group are poor
from initial rate measurements. This control experiment s’ubstrates, as shown by both the and Kp values. With
eliminates errors due to minor nucleoside diphosphate 3-dTDP, kea decreases 90-fold ankdy increases 30-fold
contaminants. compared to those with TDP. AZT diphosphate is an even

Structure DeterminatiorDictyosteliumNDP kinase was ~ POOrer substrate.Amino-3-dTDP is a slightly better one
cocrystallized with 3fluoro-2,3-ddUDP using the hanging ~ ©" @Kea/Km basis at pH 8.5. '3Fluoro-3-dTDP and 2.3
drop method. The drop contained 5 mg/mL protein and 15 dehydro-3-dTDP are better substrates thard3DP and 3
mM nucleotide in 50 mM Tris-HCI (pH 7.5), 20 mM Mgg,l ~ @mino-3-dTDP, in terms of bothca andkea/Krn. Very similar
and 16% PEG 6000. Crystals appeared within 2 weeks. Theyresults were obtained W|th_gr|d|ne nucl_eotldes; the lack qf a
belong to the monaclinic space gro@g; with a 100 kDa hydroxyl group at the '3p05|t_|0n o_f _the ribose also dramati-
hexamer in the asymmetric unit. Diffraction data to 2.7 A Cally decreases the catalytic efficiency, aridiGoro-2,3-
resolution were collected using a Rigaku X-ray generator ddUDP is a better substrate thaii32ddUDP.
with an R-axis image plate system. The data were processed The 3-amino group of 3amino-3-dTDP titrates with a
with the CCP4 suite of program29). Molecular replacement  pK, of 8.0 (see Materials and Methods). The modified
performed with the nucleotide-frégictyosteliumNDP kinase nucleotide is not a substrate, or a very poor one, in the acidic
hexamer 7) yielded a unique solution; an electron density pH range where the amino group is protonated. This can be
map calculated from it showed density for the nucleotide seen in a plot okea/Kn versus pH (Figure 1). With TDP
bound at one of the six active sites, whereas the other sitesand AZT diphosphatek../Kn was constant between pH 6.0
seemed empty. Refinement with X-PLOBO[ was carried and 8.0. In contrast, the NDP kinase activity dragino-
out without including nucleotides in the model until the 3-dTDP decreases with pH, showing that the unprotonated
R-factor was reduced to 30%. Given the limited resolution, form of the nucleotide is the substrate and yielding a kinetic
noncrystallographic symmetry restraints were applied through- pK, of about 8.0, consistent with thé&pdetermined for the
out refinement. At that stage, the density confirmed nearly free nucleotide in solution.

full occupancy of the nucleotide in subunit A, and low  Effect of Viscosity on /Ky The effect of viscosity on
occupancy in the other subunits;fioro-2,3-ddUDP was  the kinetic parameters is a useful tool for investigating the
built from TDP by removing the methyl group and replacing natyre of the rate-limiting step in enzymatic reactiods-(

O3 with fluorine, and placed in the density in subunit A. 39) \we used this technique to check whether the rate-

The other active sites were left empty. Further refinement limiting step is the same with natural and modified sub-
reduced thé&-factor to 20.7% with excellent geometry (Table gt ates.

1). Atomic coordinates are available from the Protein Data
Bank under file name 1b99.

For the NDP kinase reaction shown in Scheme 1, the net
rate method of Clelandg) yields the following expression:

Keaf Kim = KqKsKg/[kskg + K_4(K_5 + Kg)] 2

RESULTS

Steady State Kinetic Studies of Dictyostelium NDP Kinase
with TDP and TDP AnalogueVe usedictyosteliumNDP
Rate constants for viscosity-sensitive steps are denoted in

20nly (KeafKm)nop Was measured in this study. The subscript has Pold. Assuming that they are inversely proportional to the
been omitted below. relative viscosity of the medium, we obtain the following
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Table 2: Kinetic Parameters @fictyosteliumNDP Kinase with Nucleoside Analogues Modified at tHeP®sitior?

Keat (S7Y) Km (MM) KealKm (M~1s7Y) AAGF¥ (kcal/moly
TDP 1120+ 66 0.095+ 0.011 (11.7+ 1.4) x 10° (0.0
3-dTDP 129+ 1 3.5+ 0.25 3600+ 370 4.8
AZT diphosphate 5.5 0.43 5.0+ 0.75 1100+ 140 55
3'-fluoro-3-dTDP 29+ 2.5 1.7+ 0.2 16500+ 1300 3.9
2',3-dehydro-3-dTDP 65+ 4 0.74+0.14 56000+ 10800 3.2
3'-amino-3-dTDP¢ 4.0+ 0.29 1.17+ 0.086 5300+ 400 4.6
2-dUDP 875+ 105 0.35+ 0.08 (2.6+ 0.28) x 10° (0.0
2',3-ddUDP 2.3+ 0.45 6.4+ 1.3 360+ 14 5.3
3'-fluoro-2,3-ddUDP 15.6+ 1.48 5.5+ 0.82 2800+ 180 4.1

a k.arandkea/Knm were obtained as described in Materials and MethbdsAG* = —RT In[(Keaf/Km)nor/ (Keal Km)Tor] for the thymidine nucleotides,

andAAG* = —RTIn[(Keal Km)nor/ (Keaf Km)auor] for the uridine nucleotides.
+15% onkealKm. € Kinetic studies with 3amino-3-dTDP were performe
higher pH values, the rate of NDP kinase reaction decreased. Kinetic

The uncertainty AAG* is +0.25 kcal/mol, corresponding to errors of
d at pH 8.5 where about 76% of the amino group is unprotonated. At
studies with all other nucleotides were carried out at pH 7.5.
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Ficure 1: Effect of pH on thek../K, of the NDP kinase reaction.
The donor is ATP, and acceptors are TO®),(AZT-DP (a), and
3'-amino-3-dTDP ©).
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relationship for the
NDP:

(kca{Km)ll(kca{Km);y = [k5k6’7rel + k—4(k—577rel + k6)]/
[ksks + k_y(k_s + kg)] (3)

wherene is the ratio of the viscosity of the medium and
(kealKm), and kealKm)1 are the observeds,/Kn, values in

viscosity dependence lof/Kn for

the presence and in the absence of the viscogen, respectively.

3
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Ficure 2: Effect of viscosity ork../Kn. The viscogen is sucrose
(black symbols) or PEG 6000 (white symbol®Re/Ky, was
measured for TDP (circles) and with,2-dehydro-3-dTDP.

compared to substrate binding and dissociation. Thus, a plot
of (KealKm)1/(KealKim), versusne should be a straight line
with a slope of 1. If on the contrary a covalent chemical
step is rate-limitingk.a/Km should not change in the presence
of the viscogen.

With TDP, Figure 2 shows th&../Kn decreases when
viscosity is increased by addition of sucrose. The slope of
the line is 1.0+ 0.08, as expected if the reaction rate is
fully sensitive to viscosity. In contrast to sucrose, PEG 6000,
a macroviscogen, has no effectlkoa/Kn,. This suggests that
viscogens have no nonspecific effects on protein structure.
Moreover, viscosity has no effect on the rate of the NDP
kinase reaction with’Z3'-dehydro-3dTDP, the best modified
substrate. The same absence of an effect was found with
AZT-DP and 3-amino-3-dTDP (not shown in Figure 2 for
clarity). It suggests that the rate-limiting step is different with
TDP and with the modified substrates. With the natural
substrate, the covalent steps are fast and the overall reaction
may be diffusion-limited, although the./K, value is lower
than the second-order rate constant predicted for a diffusion-
controlled reactiod. With the modified substrates, the
covalent step becomes much slower and rate-limiting. The

If the rate-limiting step is substrate diffusion, the covalent
chemical steps with rate constants and k_s are fast

3 This has been found with other enzymes and is discussed in ref
37.
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Table 3: Effect of Ribose Modification ok../Km with Different NDP Kinases

HA HB DR H4 Dd Myxo

TDP (2.6+£0.17)x 10 (2+0.14)x 10 (0.94+0.2)x 10° (2.4+0.17)x 10° (11.7+ 1.4)x 10° (4.4+ 0.43)x 10P
3-dTDP 85+ 12 72+ 10 25+ 1.1 135+ 21 3600+ 370 436+ 32

AAG¥ (kcal/mol) 6.2 6.1 6.3 5.8 4.8 55
AZT diphosphate 15213 174+ 9 34+ 45 215+ 18 1100+ 140 135+ 20

AAG¥ (kcal/mol) 5.8 5.6 6.1 55 55 6.2
3'-fluoro-3-dTDP 849+ 27 5654 38 2594+ 10 645+ 85 16500+ 1300 7760+ 504

AAG¥ (kcal/mol) 4.8 4.9 4.9 4.9 3.9 3.8
2',3-dehydro-3dTDP 862+ 99 5194+ 26 3024+ 15 952+ 124 56000+ 10800 1070GE 1400

AAG¥ (kcal/mol) 4.8 4.9 4.8 4.7 3.2 3.6

aHA, human NDP kinase A; HB, human NDP kinase B; DR, human DR-nm23; H4, human Nm23-HBDi@gosteliumNDP kinase; Myxo,
MyxococcusNDP kinase ke./Km values are expressed in¥s. AAG* values were calculated as described in the footnote of Table 2.

absence of the'30H group therefore has a larger effect on with TDP, and the cleft is more open. The tertiary structure
the transition state of the chemical step thanAleG* values is otherwise the same as that in the TDP complex, and the
reported in Tables 2 and 3. root-mean-square displacement of the main chain atoms is
Steady State Kinetic Analysis with:8eal NDP Kinases ~ Only 0.4 A.
The active site of NDP kinases is remarkably conserved In Figure 3B, we illustrate the conformation of the bound
during evolution, as ascertained by crystal structures and3'-fluoro-2,3-ddUDP and compare it to that of bound TDP.
sequence alignment. All residues making polar contacts andThe two differ by a shift of the plane of the base and by the
hydrogen bonds with nucleotide substrates are identical in puckering of the sugar, which is G8ndo for TDP and C2
all known NDP kinases. Variability nevertheless appears at endo for the analogue (Table 5). As a consequence of the
the level of the quaternary structure (some NDP kinases arepuckering, the fluorine does not exactly replace th©Bl
tetrameric, and others are hexameric), and of physical of TDP, but is located 1.3 A away. The G&ndo puckering
parameters such as the thermal stability. To detect possiblemode is also observed with AZT diphosphate bound to NDP
effects of structural modifications on substrate selectivity, kinase {3). A magnesium ion probably ligates the two
we measure#c./Km for TDP and its analogues with several phosphates of' &luoro-2,3-ddUDP as it does for TDP, but
NDP kinases (Table 3). In all cases, catalysis was severelythe electron density is weak-Bluoro-2,3-ddUDP and TDP
impaired in the absence of ad-Bydroxyl group on the  form the same interactions with protein groups, with one
substrate. Human NDP kinases appear to be more selectivemportant exception. In TDP and in other natural nucleotide
than the enzymes from lower organisms. Whef@&syos-  sybstrates of NDP kinase, thé-GH group accepts two

teliumenzyme is slightly more efficient with'®ITDP than  hydrogen bonds from the amido nitrogen of Asn119 and the
with AZT'DP, the converse is true for other NDP kinases. amino group of Lyslsy and donates one to O7 of the

The similarity qf the kiqetic parameters_observed for}he four B-phosphate (Figure 3C). The fluorine atom offlBioro-
human NDP kinases is remarkable given that, while NDP 2 3_4quDP is a potential hydrogen bond acceptor, but not
kinases A and B are 88% identical in sequence, the identity 5 qonor, and its position is different from that of tHeCH.
level is only~65% with DR-Nm23, and 55% with Nm23- | the complex, the hydrogen bond with Lys16 is maintained
H4 (40-42). These differences in sequence do not appear ang another may be formed with the hydroxyl of Tyr56, but
to affect the catalytic site. the bonds with Asn119 and tiflephosphate cannot be made.
Structure of the Complex of Dictyostelium NDP Kinase Instead, these two groups hydrogen bond to each other, which
with 3-Fluoro-2,3-ddUDP. 3'-Fluoro-2,3-ddUDP and 3 is made possible by a shift of th®phosphate. This group
fluoro-3-dTDP are poor substrates fBictyosteliumNDP moves away from His122 (Figure 3B), and the distance
kinase, but they are still better than the dideoxy analoguesbetween O7 and &lof His122 increases from 4.9 to 5.3 A.
3-dTDP and 23-ddUDP (Table 2). To elucidate the role
of the fluorine substituent, we determined the X-ray structure DISCUSSION
of the complex with 3fluoro-2,3-ddUDP to 2.7 A resolu-
tion. In the crystal, the modified nucleotide was found to be  Structure-Activity RelationshipsOur results emphasize
distributed unequally among the six subunits of the hexamer. the role of the ribose'shydroxyl group in catalysis. In all
In subunit A, the electron density is unequivocal (Figure 3A). structures of nucleotides bound to NDP kinases3), the
In the other subunits, the density is low, indicating occupan- nucleotide 3OH group donates a hydrogen bond to O7, the
cies of less than 30%, and the sites were considered emptyoxygen atom which bridges th& and y-phosphates in a
Unequal occupancy of otherwise equivalent sites was nucleoside triphosphate. This bond has also been seen in the
observed in other NDP kinase X-ray structures [e.g., in the structure of NDP kinase complexed with ADP and Al&
complex with ADP (0)] and may be an artifact caused by model for the transition statd 4). The absence of a-®H
crystal packing. The subunit containing-fRioro-2,3'- group in the modified nucleotides has a large effect on the
ddUDP has a conformation similar to the one observed in kinetic parameters, decreasikg: and increasing{m. With
complexes with ADP and with TDPLQ, 12). It differs from Dictyostelium but not with human NDP kinases, the catalytic
the conformation of the free proteiryla 2 A movement of efficiency is further reduced for AZT diphosphate. The
a pair of surface helices (helice$\ ando2), closing onthe  structure of this modified nucleotide in complex with a point
base moiety the cleft where the nucleotide binds. However, mutant of DictyosteliumNDP kinase exhibits significant
the movement is smaller with’-8uoro-2,3-ddUDP than changes with respect to TDP in the sugar conformation and
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A Table 4: Nucleotide Contacts
protein 3-fluoro-3-deoxyTDP ~ TDP
base Phe64 ring 3.6 3.6
Valll6 3.7 3.6
ribose
X3'¢ N& Lys16 2.8 3.1
NO62 Asn119 3.1
Oe Tyr56 2.9
o-phosphate
O11 Ne2 His59 35
Mg?*+ 2.1
012 Oy Thro8 34
p-phosphate
B 011 Ny1 Arg95 3.1 2.9
Mg+ 2.¢ 2.1
022 Nyl Arg92 2.9
Oy Thr98 3.3 3.3
o N#2 Arg109 2.8
o7 Nyl Arg109 3.0 3.0
NO62 Asn119 2.9
a Distances in angstrom8Values from refl2. ¢ X is fluorine in 3-
fluoro-3-deoxyTDP and oxygen in TDP.Due to poor density, MR
was modeled as a water molecule.
Table 5: Conformation of the Bound Nucleotide
3'-fluoro- AZT
nucleotide 2',3-ddUDP  diphosphate TDP®
glycosyl bondy (deg) —124 —-127 —156
C C4—C5 y (deg) 67 59 57
. pucker mode C2endo C2-endo C3-endo
s 1 anglep (deg) 114 158 31
°-\ aDihedral angleg (04 —C1'—N1—C2) andy (O5—C5—C4—C3),
phase angl@, and the pucker mode are defined in & ® From ref
o 13. Crystals of the AZT diphosphate complex contain three subunits
per asymmetric unit, and the values are for subunit Brom ref12.
8 \d\ IR His122 with 3'-fluoro-2,3-ddUDP and AZT diphosphate. In addi-
HaN-3OH 25 Ty tion, the bulky azido group of AZT diphosphate cannot be
,’m \N/\NH accommodated into the binding site in the TDP conformation.
o. 4 }__/ Nevertheless, '3dTDP and AZT diphosphate have similar
Asntte ¢ “NHa substrate efficiencies and sugar puckering. This suggests that
/ h NDP kinases have a second binding mode for their substrates
5 Lys16 in the absence of a'-Biydroxyl group.

Ficure 3: Structure of 3fluoro-2,3-ddUDP complexed with the 3-Amino-3-dTDP is a poor substrate in the unprotonated
DictyosteliumNDP kinase. (A) Model of the modified nucleotide ~ StAte: and barely a substrate at all when it is protonated.
in its electron density. The difference map is contoured av.2.5 Presumably, the protonated-@mino group does not allow
(B) Relevant nucleotide interactions with active-site side chains binding near Lys16, which is also positively charged, due
(see also Table 4). The thin line is TDP in the complex with the to electrostatic repulsion. In principle, the amino group could

enzyme (2). The Gx atoms of the two structures were aligned ineti

using the SwissPDBViewer software. The interactions of TDP with ge a %00? antalogljude ?f tf:{e (>)<H grtoulp, but OLE)T. k;]ne(;tlc (Talkt)le

the protein are shown in panel C. Distances are in angstroms. ¢ ) f"m & ruc_ur.a ata (Y. Xu et al., unpublished results)
indicate that it is not.

the position of heliceetA and a2 which close the active Surprisingly, 2,3 -dehydro-3-dTDP is the best substrate
site (13). among the TDP analogues modified at tHep8sition that
3'-Fluoro-3-dTDP is a better substrate thard¥DP, and we tested. This can be explained as follows.'l8' 2ehydro-
the same applies to uridine nucleotides (Table 2). Compared3'-dTDP, the planar structure of the double bond may leave
to enzyme-bound TDP, the structure of the complex with room for a water molecule to bind near the position of the
NDP kinase exhibits important differences for the fluorinated missing hydroxyl oxygen. In'SdTDP, the different geometry
analogue. The hydrogen bond between thiey8iroxyl group and nonpolar character of the ‘O2ethylene may be less
and theS-phosphate is replaced by a longer bond between favorable for binding water. The water molecule could then
theS-phosphate and Asn119 (Figure 3B,C). Thphosphate = make hydrogen bonds with thé-phosphate, Lys16, and
is farther away from His122 and the sugar puckering-C2 Asn119. In a similar way, a water molecule was found to
endo instead of C3ndo. The sugar conformation of the replace the missing’2D0H group in the NDP kinaseTDP
bound nucleotide seems to be a crucial factor. Natural complex (2).
substrates are G&ndo in complexes with ADP, TDP, GDP, How Does the 3Hydroxyl Group Assist CatalysisPhe
and ADP-AIF3; poor substrates are G&ndo in complexes  structure of NDP kinase complexed with ADP and Al&
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a good approximation of the transition state during phos- cellular phosphorylation of nucleoside analogues is therefore
phoryl transfer. Yet, a comparison of this structure with that of primary medicinal importance. Phosphorylation of AZT
of NDP kinase complexed with ADP or TDP, which is a to the monophosphate is not rate-limiting in vivo, since in
model of the ground state, offers no immediate explanation cell cultures and in human peripheral blood mononuclear
of the rate acceleration, for no new interaction is apparent cells of patients, the drug accumulates mostly in the
with the transition state. The hydrogen bond connecting the monophosphate form, which is toxic at high concentrations

3-OH to O7 in theg-phosphate is present in all crystal
structures of NDP kinasenucleotide complexes, though it

(56—59). AZT monophosphate is a poor substrate for
thymidylate kinase, and that step is a bottleneck of AZT

may be somewhat shorter in the transition state analogue.activation 60). NDP kinase is a second bottleneck. AZT is

The distance between O7 and the acceptér &fom of
His122 is 4.8 A in the NDP kinaseADP—AIF3 structure
(14), much longer than the sum of covalent bonds (3.4 A)
but shorter that the sum of the van der Waals radi).(
There is no reason to believe that tHeCBAH—O7 bond is a
low-barrier hydrogen bond44), for the K, values of the
two oxygen atoms are far apartpof <7 for O7 in ADP
and ~14 for the 3-OH). In ATP, O7 is the oxygen atom
bridging thes- andy-phosphates. If the phosphate transfer

found in treated cells as diphosphate and triphosphate in
similar amounts§1). With good substrates of NDP kinase,
the phosphorylation reaction is at equilibrium and the [NDP]/
[NTP] ratio equal to the [ADP]/[ATP] ratio, which is much
<1. Analogues which are better substrates for NDP kinase
in vitro are also better converted to the triphosphate in vivo.
A dramatic effect may be seen in vivo even if the in vitro
effect is rather small. Thus, the triphosphate forms ‘ef 3
fluoro-3-deoxythymidine and’'23-dehydro-3-deoxythymi-

mechanism has a substantial dissociative character, the chargdine occur at much higher concentrations than for AZT, and

on O7 should increase during histidine phosphorylation

their mono- and diphosphate concentrations are much lower

(reaction la), making the hydrogen bond stronger in the (61). This fits with the results of our kinetic and structural

transition state43, 45—47). The principle of microscopic

studies of NDP kinase and should encourage a thorough

reversibility states that the transition state is the same for analysis of the enzymatic properties of other cellular kinases

dephosphorylation (reaction 1b). On the other hand, the 3

OH—-07 hydrogen bond keeps the nucleotide in the particular

conformation that gives the best fit of the transition state to
the active site. Interactions made by the oxygen atom
bridging thef- andy-phosphates of GTP in the transition
state have been recently shown to be crucial for the GTPas
activity of p212s (47, 48).

The participation of groups carried by the substrate in

enzymatic catalysis is not unusual in phosphate transfer. The

2'-hydroxyl of ribose is known to participate as a nucleophile

in the reaction catalyzed by pancreatic ribonuclease, and

Herschlag et al.49) demonstrated that it also participates
in the reaction catalyzed by theetrahymenaibozyme. In
the ribozyme as in NDP kinase, fluorine at thepdsition

of the nucleotide had a favorable effect with respect to the

deoxynucleotide, although it cannot donate a hydrogen bond
as the hydroxyl group does, and rate acceleration by an

inductive effect was suggested.

The participation of substrate groups in catalysis has been
suggested in a few other cases. In the restriction enzyme

EcaRV, one of the phosphoryl oxygen atoms of the DNA
substrate activates the attacking water molecol®. Cases

of mutant enzymes where a missing active group could be
replaced by part of the substrate have also been reported
(51—-54). Substrate-assisted catalysis is believed to be an

intermediate step during the evolution from the RNA world
to the protein world %2). In this respect, NDP kinase is a

surprising example where nature did not manage to replace

the ribose 3hydroxyl with a protein side chain.
Relevance for Antiiral Therapy. Most nucleoside ana-

logues used as antiviral drugs are modified at thed3ition

of the ribose §5). After phosphorylation to triphosphate by

cellular enzymes, these compounds are incorporated into the

DNA, preventing further chain elongation. Thus;dgoxy-
thymidine, 2,3-dehydro-3-deoxythymidine (D4T), and'3
azido-3-deoxythymidine (AZT) are anti-AIDS drugs;'-3
fluoro-3-deoxythymidine also displays anti-AIDS activity,
but it is more toxic than AZT 18). A knowledge of the
substrate specificity of the candidate enzymes involved in

(S

with nucleotide analogues as substrates.
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