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The ability of monophosphates of selected acyclic nucleoside phosphonates to serve as sub-
strates for the title NDP kinases was studied. Comparison of the kinetic constants (Ky;, V .y
kear @and k../Ky,) estimates indicates that the yeast enzyme catalyzes the phosphorylation of
purine and pyrimidine acyclic nucleoside phosphate phosphonates of the 9-[2-(phosphono-
methoxy)ethyl] and/or 9-[2-(phosphonomethoxy)propyl] series more efficiently than bovine
liver NDP kinase. Yeast enzyme preferentially phosphorylates phosphates of the (phosphono-
methoxyalkyl)guanines rather than their adenine counterparts; both enzymes phosphorylate
R-enantiomers of the 9-[2-(phosphonomethoxy)propyl] series more efficiently than the cor-
responding S-enantiomers. Substitution of the aliphatic chain at the position 3 with
hydroxymethyl group considerably increases the substrate activity of phosphate of acyclic
nucleoside phosphonate. The resulting substrate activity (k.,/K,, ratio) of all acyclic
nucleoside phosphonate phosphates studied is three to five orders of magnitude lower than
that for natural NDPs.

Keywords: Enzymatic phosphorylation; Phosphates in acyclic nucleoside phosphonates;
Acyclic nucleotide analogs; NTP analogues; NDP kinase; PMEAp; (R)-PMPAp; Antivirals.

Acyclic nucleoside phosphonates (ANPs) are currently used in antiviral
therapy?. (S)-HPMPC (VistideO) is approved for the treatment of cyto-
megalovirus retinitis in AIDS patients, tenofovir ((R)-PMPA) is an anti-
retroviral acyclic nucleoside phosphonate, whose lipophilic prodrug,
tenofovir disoproxil fumarate (Viread) is used for treatment of HIV infec-
tion and bis[(pivaloyloxy)methyl] ester of PME derivative of adenine
(adefovir dipivoxil, Hepserall) was recently approved as anti-HBV drug. In
addition to their antiviral potency, these nucleotide analogs exhibit also
cytostatic, antiparasitic and immunomodulatory activities®. It is generally
accepted that the target enzymes of ANPs are the viral and/or cellular
replicative polymerases’. Interaction with the corresponding polymerases is
conditioned by two-step intracellular phosphorylation, which results in
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ANP diphosphates (the analogs of nucleoside 5'-triphosphates). It was
shown in our previous studies that the first phosphorylation step is cata-
lyzed by the same cellular nucleoside monophosphate kinases as the natu-
ral nucleotides®*. The activation of ANPs in their diphosphates, which is
catalyzed by nucleoside diphosphate kinases, has been investigated so far
solely for HPMP compounds?®~7. The responses of the other types of antivi-
ral ANPs (namely PME, PMP derivatives!) have not yet been investigated.

Nucleoside diphosphate kinases (NDPK; EC 2.7.4.6) are ubiquitous en-
zymes that catalyze reversible transfer of the terminal high-energy phos-
phate from an NTP (or dNTP) to an NDP (or dNDP) with a broad specificity.
The reaction follows a ping-pong bi bi mechanism with a covalent interme-
diate®10,

NDP kinases show remarkable sequence conservation and have identical
active-site residues®. The crystal structures of the various NDP kinases are
also very similarl®. It is, therefore, likely that all NDP kinases have identical
mechanisms®. NDP kinases exist in two different quaternary structures. Se-
quence analysis and the available X-ray structures suggest that all known
eukaryotic and archaebacterial NDP kinases are hexamers, even the mito-
chondrial Nm 23-H4 form; some bacterial enzymes are tetramers??,

The NDP kinase active site comprises the nucleophilic histidine (His-118
in human NDP kinase B) and the nucleotide-binding site?13, Histidine in
the active site is transiently phosphorylated at the N position'4. There is a
single binding site per subunit, which accepts both substrates, donor and
acceptor of the phosphate group. Its mode of binding differs from other
kinases and appears to be unique at present?. The NDP kinase active sites
are identical and independent within a tetramer or hexamer. They are also
structurally identical in different enzymes and almost all the residues in-
volved in the active site are fully invariant going from bacteria to man?2.

In contrast to the nucleoside monophosphate kinases involved in the
first step of the ANPs and/or natural substrate phosphorylation pathway,
NDP kinase is nonspecific for the nucleobase or for the 2' position of the
sugar. The NDP kinase substrate binding site accepts purine and pyrimidine
moieties of both ribo- and deoxyribonucleoside diphosphates as sub-
strates'®1516_ |n addition, a major conclusion of the structural and the bio-
chemical data is that critical interactions for catalysis are not made with the
protein groups, but, with the 3'-OH of the pentose and the bound metal
ion, that is, within the substrate itself. Therefore 3'-hydroxy group is impor-
tant for the catalysis'314.16.17,

The aim of our work was to investigate the interaction of NDP kinase
with a series of phosphates of acyclic nucleoside phosphonates, which rep-
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resent a group of biologically active nucleotide analogs, where the sugar
moiety is replaced with an aliphatic chain, i.e. PME and PMP derivatives.
The study was performed with the yeast (S. cerevisiae, a tetrameric enzymel8),
and bovine liver NDP kinases.

RESULTS

In this study we have investigated the ability of NDP kinase from the yeast
and bovine liver to use phosphates of purine and pyrimidine acyclic
nucleoside phosphonates (Fig. 1, analogs of NDPs) as substrates, i.e. phos-
phate acceptors. Kinetic parameters shown in Tables I-1V were measured at
0.8 mm ATP. The estimates of catalytic efficacy of yeast NDP kinase towards
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TABLE |
Substrate activity of 9-[2-(phosphonomethoxy)alkyl]purine phosphates towards NDP kinase
from baker’s yeast?

Substrate K Vimax Keat Keat/ K
pmol I pmol min~t mg™ st st mol I
(S)-HPMPGp 1310 + 146 52.71 + 3.11 15.81 12.07 x 10°
PMEGp 892 + 83 4.65+0.16 1.39 1.56 x 10°
(S)-PMPGp 746 + 101 1.15 + 0.04 0.35 0.46 x 10°
(R)-PMPGp 1500 + 107 5.18 + 0.20 1.55 1.04 x 103
PMEDAPp 1600 + 157 7.86 £ 0.39 2.36 1.47 x 108
PMEAp 1890 £ 175 5.46 £ 0.28 1.64 0.87 x 10°
(S)-PMPAp 1040 + 111 1.57 +0.07 0.47 0.45 x 10°
(R)-PMPAp 1060 + 186 2.97 £0.22 0.89 0.84 x 10°

& Kinetic parameters were measured at 0.8 mm ATP. Data are means + SEM of three inde-
pendent experiments.

TasLE 1l
Substrate activity of 9-[2-(phosphonomethoxy)alkyl]purine phosphates towards NDP kinase
from bovine liver?

Substrate un}:c'\)/ll It pmo\llrn:waixn‘1 mg* Is(‘Clat slfia:]/":f)’\l/l It
(S)-HPMPGp 958 + 50 4.15 + 0.098 1.177 1.23 x 10°
PMEGp 1320 + 131 0.70 £ 0.032 0.199 0.15 x 10°
(S)-PMPGp 1650 + 82 0.08 £ 0.002 0.022 0.01 x 10°
(R)-PMPGp 1290 + 87 0.29 £ 0.008 0.065 0.05 x 10°
PMEDAPp 758 + 64 0.34 £0.011 0.098 0.13 x 10°
PMEAp 2090 + 90 0.40 £ 0.010 0.113 0.05 x 10°
(S)-PMPAp 1240 + 131 0.06 £ 0.003 0.017 0.01 x 10°
(R)-PMPAp 1310 + 117 0.20 £ 0.009 0.056 0.04 x 10°

& Kinetic parameters were measured at 0.8 mm ATP. Data are means + SEM of three inde-
pendent experiments.
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purine ANP phosphates show (Table 1) that (S)-HPMPGp is the best sub-
strate with k.,/K,, = 12.07 x 10% s mol I%. The substrate activities of the
other purine ANP phosphates decrease in the order: PMEGp > PMEDAPp >
(R)-PMPGp > PMEAp > (R)-PMPAp > (S)-PMPGp > (S)-PMPAp. In compari-
son with natural substrates GDP and ADP (k./Ky = 1.81 x 108 and/or
0.95 x 10° s mol 1%, respectively), the phosphorylation efficacy for purine
ANP phosphates is lower by three orders of magnitude or more. The k /Ky,
ratio for bovine liver enzyme (Table 1I; PPk /Ky, = 1.09 x 108, APPk /Ky, =
0.46 x 10°) is at least a one order of magnitude lower compared with the
yeast enzyme (Table 1). Also in this case, (S)-HPMPGp is the best substrate
with K, /Ky = 1.23 x 10% s7* mol I'! and the efficacy of phosphorylation of
other purine ANP phosphates decreases in the order: PMEGp > PMEDAPp >
PMEAp > (R)-PMPGp > (R)-PMPAp > (S)-PMPAp > (S)-PMPGp. This pattern
differs from the previous one, which shows a significant preference to gua-
nine ANPp over adenine derivatives. In both the cases, R-enantiomers of
guanine and adenine PMP derivatives are better substrates than their

TABLE 111
Substrate activity of 1-[2-(phosphonomethoxy)ethyl]pyrimidine phosphates towards NDP
kinase from baker’s yeast?

Substrate KM Vmax kcat kcat/KM
pmol I pmol min~t mg™ st st mol I

PMECp 2030 + 187 1.77 £ 0.08 0.53 2.62 x 10°

PMETp 1500 + 144 1.39 £ 0.05 0.42 2.78 x 10°

& Kinetic parameters were measured at 0.8 mm ATP. Data are means + SEM of three inde-
pendent experiments.

TABLE IV
Substrate activity of 1-[2-(phosphonomethoxy)ethyl]pyrimidine phosphates towards NDP
kinase from bovine liver®

Substrate Km Vimax Keat Keat/Km
pmol I pmol min~t mg™ st st mol I

PMECp 2040 + 300 0.19 £ 0.015 0.054 0.27 x 10°

PMETp 1830 + 241 0.09 £ 0.007 0.026 0.14 x 10°

8 Kinetic parameters were measured at 0.8 mm ATP. Data are means + SEM of three inde-
pendent experiments.
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S-counterparts. Interestingly, the K,, values of studied (S)-HPMPGp,
(R)-PMPGp, (S)-PMPGp and PMEDAPp, which approximately reflect an in-
verse measure of the binding affinity between the enzyme and its substrate,
also significantly differ for both enzymes. A comparison of the kinetic con-
stants (Ky, Vimaxr Kear aNd Ke,/Ky,) estimates indicates that the yeast enzyme
catalyzes phosphorylation of purine ANP phosphates more efficiently than
the NDP kinase from bovine liver.

Pyrimidine ANP phosphates, PMECp and PMETp, are also better sub-
strates for yeast enzyme than for bovine NDP kinase (Tables Il and 1V). A
comparison of their Ky, values shows nearly the same binding affinity to-
wards the both enzymes. In the bovine liver catalyzed reaction, PMECp
possesses higher substrate activity than PMETp, while the substrate activity
of the both pyrimidine derivatives in the yeast catalyzed reaction is the
same (Tables Il and 1V). PMEUp does not serve as a substrate either for
yeast or bovine liver enzyme (data not shown). The k../Ky, values for pu-
rine ANP phosphates are mostly higher than those for pyrimidine deriva-
tives (Tables I-1V).

DISCUSSION

Nucleotide analogs are currently used in antiviral therapy'. However, only
the triphosphate analogs act as substrates of the viral replicases. It is gener-
ally accepted that the antiviral analogs are phosphorylated by the same cel-
lular kinases as the natural nucleotides'®>!’. The activation of nucleosides
into their mono- and diphosphate forms is catalyzed by nucleoside kinases
and nucleoside monophosphate kinases with various degrees of specificity?.

The data presented in this comparative study show a considerably differ-
ent phosphorylation pattern of both the purine and pyrimidine ANP phos-
phates catalyzed by yeast and/or bovine liver NDP kinases of commercial
origin. The yeast NDP kinase has at least one order of magnitude higher
catalytic efficacy towards purine and pyrimidine ANP phosphates than the
bovine liver enzyme. Moreover, our data on kinetic parameters estimates
show that both enzymes differ also with respect of the guanine derivatives
recognition. In the PMP series, bovine liver enzyme preferentially phospho-
rylate R-enantiomers, which perfectly correlates with their biological activ-
ityl. Substrate activity of phosphates of PMP and PME series was compared
with (S)-HPMPGp because the compound containes the CH,OH group at
the position 3 of its chain. As was shown in our previous study*, the pres-
ence of OH mimics 3'-hydroxy group of the ribose moiety of a natural nu-
cleotide; hence, both enzymes phosphorylate (S)-HPMPGp with a highest
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efficiency. Replacement of hydrogen in PME derivatives by CH3 group at
the position 3 of the aliphatic chain (PMP derivatives) considerably de-
creases the substrate activity of these nucleotide analogs towards NDP
kinase. These findings are consistent with the previous observation that all
modifications of the phosphate chain and ribose moiety lead to a large de-
crease in the catalytic efficacy of NDP kinase, as is reflected by considerably
low values of k /Ky, (refs'®1%). It is highly probable that the aliphatic chain
of studied PME and PMP derivatives does not permit an appropriate interac-
tion with Asn-115 and Lys-12 in the enzyme active site via hydrogen
bonds?*O.

Surprisingly, replacement of natural adenine with 2,6-diaminopurine in
the PME series enhanced significantly the catalytic efficacy of the enzyme.

Our study shows that NDP kinase can be considered an enzyme candidate
catalyzing the phosphate transfer in the last intracellular activating step of
the acyclic nucleoside phosphonates thus mediating their antiviral and/or
cytostatic activity. The phosphorylation of ANP phosphates with other en-
zymes'®, which are able to convert NDP to NTP, i.e. 3-phosphoglycerate
kinase, creatine kinase or pyruvate kinase, remains to be examined.

EXPERIMENTAL

Chemicals

Nucleotides, NDP kinase from bovine liver, NDP kinase from baker’s yeast and other re-
agents were obtained from Sigma. ANP phosphates were synthesized by the modified
morpholidate method as was described by Hajek et al.?%® All other chemicals and materials
were commercial products of Sigma, such as ATP, tetrabutylammonium hydrogensulfate and
corresponding buffers and salts.

Kinetic Experiments

Standard reaction mixtures contained 100 mm Tris (pH 7.5), 100 mm KCI, 10 mm MgCl,,
1 mm DTT, 0.8 mm ATP and an appropriate amount of substrate (150-4500 pmol 1%, 12 con-
centrations for each substrate) as well as of enzyme (4-100 mU). The reaction mixtures were
incubated at 30 °C for 10 min (NDP kinase from baker’s yeast) or for 30 min (NDP kinase
from bovine liver). The reactions were stopped by adding the same volume of 10% TCA
(5 min, 0 °C). TCA was removed by shaking for 10 min with the same volume of a mixture
tri-n-octylamine/1,1,2-trichloro-1,2,2-trifluoroethane (1:5). After centrifugation (11 000 g,
10 min) the aliquots of the upper layer were analyzed by HPLC chromatography in a Waters
Aliance 2795 system (2996 PDA Detector, PDA Software Millenium3?) equipped with
15 cm x 4 mm Supelcosild LC 18T 3 um reverse-phase column. The non-linear gradient
(mixed at curves 4 and 8) at a flow rate of 0.75 ml min~* was used: solvent A, 50 mm potas-
sium dihydrogenphosphate, 3 mm tetrabutylammonium hydrogensulfate; solvent B, 50 mm
potassium dihydrogenphosphate, 3 mm tetrabutylammonium hydrogensulfate with 30% ace-
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tonitrile; pH 3.1 for compounds (S)-HPMPAp, (S)-HPMPGp, (R)-PMPAp, (S)-PMPAp, PMETp,
pH 5.1 for PMECp and pH 6.1 for (S)-PMPGp, (R)-PMPGp, PMEDAP, PMEAp, PMEGp.

Kinetic constants (K,, and V,.,) were determined from the Lineweaver-Burk plots. Data
based on results from at least three independent experiments were evaluated by the non-
linear regression method (BioSoft EnzFitter, 32 bit version for Windows). For k., calculation
of baker’s yeast NDP kinase'® and NDP kinase from bovine liver?* the corresponding subunit
molecular weight was used.

Abbreviations

(S)-HPMPGp, (S)-9-[3-hydroxy-2-(phosphonomethoxy)propyllguanine phosphate; PMEGp,
9-[2-(phosphonomethoxy)ethyllguanine phosphate; (S)-PMPGp, (S)-9-[2-(phosphono-
methoxy)propyl]guanine phosphate; (R)-PMPGp, (R)-9-[2-(phosphonomethoxy)propyl]-
guanine phosphate; PMEDAPp, 2,6-diamino-9-[2-(phosphonomethoxy)ethyl]purine phos-
phate; PMEAp, 9-[2-(phosphonomethoxy)ethyl]ladenine  phosphate;  (S)-PMPAp,
(S)-9-[2-(phosphonomethoxy)propyl]adenine phosphate; (R)-PMPAp, (R)-9-[2-(phosphono-
methoxy)propylladenine phosphate; PMETp, 1-[2-(phosphonomethoxy)ethyllthymine phos-
phate; PMECp, 1-[2-(phosphonomethoxy)ethyl]cytosine phosphate; PMEUp, 1-[2-(phos-
phonomethoxy)ethyl]uracil phosphate; PME, 9-[2-(phosphonomethoxy)ethyl]; PMP,
9-[2-(phosphonomethoxy)propyl]; DTT, dithiothreitol; TCA, trichloroacetic acid.
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