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ABSTRACT

Monophosphate nucleotidases are enzymes that dephosphor-
ylate nucleotides to their corresponding nucleosides. They play
potentially important roles in controlling the activation of nucle-
otide-based drugs targeted against viral infections or cancer
cells. The human mitochondrial deoxyribonucleotidase (ANT-2)
dephosphorylates thymidine and deoxyuridine monophos-
phates. We describe the high resolution structures of the
dNT-2 enzyme in complex with two potent nucleoside phos-
phonate inhibitors, (S)-1-[2'-deoxy-3’,5"-O-(1-phosphono
benzylidene-B-p-threo-pentofuranosyllthymine (DPB-T) at 1.6-

resolution and (*)-1-trans-(2-phosphonomethoxycyclopentyl)-
uracil (PMcP-U) at 1.4-A resolution. The mixed competitive
inhibitor DPB-T and the competitive inhibitor PMcP-U both

bind in the active site of dNT-2 but in distinctly different binding
modes, explaining their different kinetics of inhibition. The py-
rimidine part of the inhibitors binds with very similar hydrogen
bond interactions to the protein but with their phosphonate
moieties in different binding sites compared with each other
and to the previously determined position of phosphate bound
to dNT-2. Together, these phosphate/phosphonate binding
sites describe what might constitute a functionally relevant
phosphate entrance tunnel to the active site. The structures of
the inhibitors in complex with dNT-2, being the first such com-
plexes of any nucleotidase, might provide important informa-
tion for the design of more specific inhibitors to control the
activation of nucleotide-based drugs.

Seven different human 5’-nucleotidases have been cloned.
One is an ecto enzyme anchored to the outer surface of the
plasma membrane, five are soluble cytosolic proteins, and the
last is a nuclear-encoded mitochondrial enzyme. All act on
nucleoside monophosphates producing free nucleosides and
inorganic phosphates. Both the base and the sugar determine
the substrate efficiency of a nucleotide, but each natural
nucleotide can be the substrate for more than one nucleoti-
dase because the different enzymes have overlapping speci-
ficities. Conventional sequence comparisons do not directly
account for the similar enzymatic properties of these en-
zymes. Among the seven nucleotidases, high sequence homol-
ogy is found between the two AMP-preferring enzymes,
CN-Ia and CN-Ib (Hunsucker et al., 2001; Sala-Newby and
Newby, 2001) and the two deoxyribonucleotidases, cytosolic
dNT-1 and mitochondrial dNT-2 (Rampazzo et al., 2000),
whose genes have clearly arisen by a duplication event. The
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other three nucleotidases differ among themselves and rela-
tive to the previous four. Structural information is very im-
portant to clarify the functional homologies of this class of
enzymes and to design synthetic substrates and inhibitors to
modulate the in vivo function of nucleotidases. Recently, we
determined the high-resolution structure of dNT-2 (Rinaldo-
Matthis et al., 2002). The structure is composed of two do-
mains, one o/ Rossman fold, and a truncated four-helix
bundle. The active site is located in the interface between the
two domains where a magnesium ion and a phosphate ion are
bound in one structure. A structure with the product thymi-
dine and BeF;  as a phosphate analog has also been deter-
mined. A major result from the structural study was that all
intracellular human nucleotidases seem to have similar
structural folds despite differences in sequence length. The
structure of dNT-2 is most similar to that of phosphoserine
phosphatase and belongs, together with the other intracellu-
lar human nucleotidases, to the protein structure group
called the haloacid dehalogenase family (Rinaldo-Matthis et
al., 2002). The ecto enzyme is instead different, being struc-
turally related to, for example, Escherichia coli periplasmic

ABBREVIATIONS: dNT-2, deoxyribonucleotidase-2; DPB-T, (S)-1-[2'-deoxy-3’,5’-O-(1-phosphono)benzylidene-B-b-threo-pentofuranosyl]thym-

ine; PMcP-U, (*)-1-trans-(2-phosphonomethoxycyclopentyl)uracil.
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5'-nucleotidase (Knofel and Strater, 1999). The physiological
function of nucleotidases is incompletely understood. The two
deoxyribonucleotidases, dNT-1 and dNT-2, are especially ac-
tive on thymidine and deoxyuridine monophosphates and are
involved in the regulation of precursors for nuclear and mi-
tochondrial DNA synthesis, respectively. They reverse the
phosphorylation of thymidine and deoxyuridine made by cy-
tosolic thymidine kinase TK1 and mitochondrial TK2, pro-
ducing regulatory substrate cycles (Gazziola et al., 2001).
Such cycles contribute to the modulation of deoxyribonucle-
otide pools and dampen potentially mutagenic pool imbal-
ances. A clear example of the negative consequences of dTTP
disregulation is the mitochondrial disease arising from ge-
netic deficiency of thymidine phosphorylase, an enzyme of
thymidine catabolism (Nishino et al., 1999). Besides their
role in the regulation of physiological ANTP pools, substrate
cycles between deoxyribonucleotidases and thymidine kinases
may affect the therapeutic action of pyrimidine nucleoside
analogs used as antiviral and antiblastic agents. The first
step in the activation of these prodrugs is the phosphory-
lation catalyzed by deoxyribonucleoside kinases. If the mono-
phosphates thus produced are reasonably good substrates for
dNT-1 or another nucleotidase, the pharmacological effi-
ciency of the analogs is reduced. Indeed, data from cultured
cells indicate that high nucleotidase activity lowers the effect
of the delivered analog (Carson et al., 1991; Schirmer et al.,
1998; Dumontet et al., 1999). The higher instability of
3’-azido-2',3’-dideoxythymidine monophosphate relative to
dideoxy-4-thymidine (zidovudine) monophasphate in cells
treated with membrane-permeable prodrugs (Balzarini et al.,
2000) may also depend on their different efficiency as sub-
strates for dNT-1 (Mazzon et al., 2003).

One possibility to overcome these potential problems could
be to inhibit dNT-1. On the contrary, susceptibility of a
nucleotide analog to the inactivating activity of dNT-2 could
be important to avoid the mitochondrial toxicity of long-term
treatments with nucleoside analogs, as is observed in HIV
treatment with zidovudine. Zidovudine triphosphate is used
by the mitochondrial DNA polymerase, with subsequent in-
corporation of the analog leading to severe mitochondrial
toxicity (Lim and Copeland, 2001). Therefore, a deeper un-
derstanding of the structural basis for the substrate specific-
ity of the nucleotidases, particularly dNT-2 and dNT-1, could
be helpful for the design of improved variants of nucleoside
analogs, which are good substrates for dNT-2 but not for
dNT-1, thereby minimizing mitochondrial toxicity.

We here present crystal structures of dNT-2 in complex
with the inhibitors DPB-T and PMcP-U. The inhibitors are
synthetic phosphonate analogs that previously have been
studied to differentiate between different nucleotidases in
crude cell extracts, based on activity measurement. The nu-
cleoside phosphonate analogs PMcP-U and DPB-T were
shown to be strong inhibitors of dNT-2 with respect to the
dephosphorylation of the substrate dUMP, whereas dNT-1
was inhibited only by PMcP-U (Mazzon et al., 2003).

Materials and Methods

Compounds DPB-T and PMcP-U were synthesized as described
previously (Libosak et al., 1996; Endéva et al., 1998). Expression and
purification of dNT-2 protein was performed as described previously
(Rampazzo et al., 2000). Purified protein was maintained in 20 mM
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Tris-HCI, pH 7.5, 20% (v/v) glycerol, 2 mM dithiothreitol, 1 mM
EDTA, and 13 mg/ml protein.

Crystallization. Crystals were obtained using the hanging drop
vapor diffusion technique with a reservoir solution of 15 to 25% (w/v)
polyethylene glycol 8000 and 50 mM KH,PO,, pH 5.3, in a drop made
by mixing 1 ul of protein solution and 1 ul of reservoir solution.
Crystals appeared after 3 days at room temperature and reached a
maximum size of 0.3 X 0.3 X 0.3 mm. The inhibitor complexes were
achieved by soaking the crystals in a reservoir solution with 10 mM
DPB-T and a 10 mM concentration of a racemic mixture of PMcP-U,
each for 2 h.

Structure Determination and Refinement. Crystals belong to
the space-group of P4,2,2 with cell dimensions a = 74 A, b = 74 A,
and ¢ = 106 A, for both dNT-2-inhibitor complexes, containing one
polypeptide per asymmetric unit. Data were collected on flash-frozen
crystals after soaking the crystals in reservoir solution including
20% (v/v) glycerol. The data sets of the complexes of ANT-2 and the
PMcP-U and the DPB-T inhibitors were collected at the European
Synchrotron Radiation Facility (ESRF) at beam lines ID14.2 and
ID14.4, respectively, diffracting to 1.4 and 1.6 A.

Both data sets were processed using DENZO and SCALEPACK
(Otwinowski and Wladek, 1997). The native dNT-2 structure previ-
ously determined was used for initial rigid-body refinement of the
PMcP-U and DPB-T-data. The Fo-Fc¢ maps produced showed clear
electron density representing the PMcP-U and the DPB-T inhibitors.
Crystallography & NMR System software (Brunger et al., 1998) was
used for refinement of coordinates and B-factors of the DPB-T-struc-
ture complex, and REFMACS5 (Murshudov et al., 1997) was used for
the refinement of the coordinates and B-factors of the PMcP-U struc-
ture complex. Anisotropic B-factor refinement was applied for the
PMcP-U structure. The mean anisotropy (ratio of smallest and larg-
est eigenvalues of the anisotropic displacement parameter matrix) is
0.744 for the protein, 0.676 for the solvent, and 0.716 for the ligands,
with standard deviation of 0.1, 0.13, and 0.1, respectively. Despite
the slightly higher value of mean anisotropy than expected in pro-
teins with more than 50 residues (a mean value of 0.45) (Merritt,
1999), it caused a drop of around 4% in R and Ry, values.

QUANTA (Accelrys, San Diego, CA) was used for model building.
Solvent molecules were added using X-SOLVATE (Accelrys). Struc-
tural statistics are shown in Table 1.

The refinement of the PMcP-U structure converged at R, and
R 0f 13.3% and 16.5%, respectively. The final refinement of the
DBP-dNT-2-T structure resulted in R and Ry, of 18.6% and
20.6%. The models of the inhibitors were made using QUANTA and
the parameter and topology files for the DPB-T inhibitor was made
using HICUP (Kleywegt and Jones, 1998). REFMAC5 (Murshudov et
al., 1997) was used to generate a library for the PMcP-U inhibitor.
The quality of the final structures was verified using PROCHECK
(Laskowski et al., 1993) The Ramachandran plot for the two inhib-
itors showed that for the DPB-T-dNT-2 structure, 91% of residues
were in the most favorable regions and 9% were in the allowed
regions. The PMcP-U structure complex had 94 and 6% in the most
favorable regions and the allowed regions, respectively.

Coordinates and structure factors for dNT-2 complexed with
PMcP-U and in complex with DPB-T have been deposited in the
Protein Data Bank (accession codes 1Q92 and 1Q91, respectively).

Results

Structure Analysis. The binding modes of dNT-2 with
PMcP-U and DPB-T were characterized by solving the 3D-
structures by X-ray crystallography to 1.4 and 1.6 A resolu-
tion, respectively. The overall structures of the dNT-2 inhib-
itor complexes are very similar to the phosphate-containing
structure with a few small rearrangements of residues in the
active site.
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Binding Mode of PMcP-U to the Active Site of ANT-2.
The refined model at 1.4 A of the PMcP-U inhibitor com-
plexed to dNT-2 comprises 193 residues, 341 water mole-
cules, one Mg?*, a glycerol molecule, and the PMcP-U mole-
cule in the active site. The inhibitor was added as a racemic
mixture (Fig. 1a), but the electron density revealed that only
the (+) form was bound in the structure (Fig. 1b). The density
for PMcP-U is very well defined in the first calculated map;
after modeling the inhibitor into the electron density with
subsequent refinement, the atomic B-factors for PMcP-U
were low, the same as in the protein (~20 A2?) suggesting
nearly 100% occupancy. The model was refined to an R, of
13.3% and an Ry, of 16.5% (see Table 1 for details).

The binding of the phosphonate inhibitor PMcP-U resem-
bles the binding of thymidine in the previously determined
product complex (Rinaldo-Matthis et al., 2002). The uracil
base of PMcP-U binds with hydrogen bond interactions sim-
ilar to those of the thymine base in the product complex.
Three water-mediated hydrogen bonds stabilize the position
of uracil in the active site (Fig. 1c). The NH of uracil forms
hydrogen bonds to Glu-50 via an H,O and one of the carbon-
yls forms hydrogen bonds to Mg®* via an H,0. The other
carbonyl oxygen of the uracil ring forms a hydrogen bond to
the main chain amide nitrogen of Val-77 and to a water
molecule, which is also hydrogen bonding to the main chain
amide nitrogen and the OH of Ser-78 (Fig. 1d).

The phosphonate moiety of the inhibitor binds near Mg?*
and Asp-41, as does the phosphate in the phosphate-contain-
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TABLE 1
Crystallographic data collection and refinement statistics
DPB-T PMcP-U
Spacegroup i P4.2,2 P4.2,2
Unit cell dimensions (A)
a=b 73.6 73.8
c 106.8 106.0
Data collection statistics
Resolution 20-1.7 30-1.4
I/o (D* 32 (7.7) 22(2.4)
No. of observations 353,379 209,410
No of unique reflections 39,332 57,136
Roerge ™’ 7.6(31) 5.8(31)
Completeness (%)* 100 (100) 98 (92)
Final refinement parameters
Working R value® 18.6 13.3
No of reflections working set 34,625 40,132
Free R value® 20.6 16.5
Number of reflections test set 3859 4518
Number of non-H atoms in
Protein molecule 1598 1598
Water 327 341
PMcP-U 19
DPB-T 28
Glycerol 6
PO2 1
Mg?* 1 1

Root-mean-square deviation from ideal geometry of final models

Bond lengths (A) 0.02 0.02

Bond angles . 2.2° 1.8°

Average B values (A% B value Iso B.,*

Protein 26 21
Ramachandran

Most favored 92.9 94.2

Allowed 7.1 5.8

2 Numbers in parantheses are for the highest resolution shell.

b Ryym = G2l (hkl) — <I(hkD)>|) / 3;,,,2,1,((hkD) for n independent reflections
and observations of a given reflection, <I(hkl)> is the average intensity of the i
observation.
¢ Repyst = 2t [Folhkl) — F(hkD) |/ 3y, [Fo(hkD)|
4B 871 X Uyq

eq —

ing structure, although the phosphonate is translated 4 A
toward the surface of the protein compared with the phos-
phate in the phosphate-containing dNT-2 structure (Fig. 1c).
Presumably, the different stereochemistry of the cyclopentyl
that links the phosphonate to the base accounts for the dif-
ferent position occupied by the phosphonate compared with
the phosphate in the phosphate-containing structure. The
oxygens of the phosphonate are bound by several hydrogen
bonds to the protein and to water molecules coordinated by
the Mg?" ion. One oxygen of the phosphonate of PMcP-U
forms hydrogen bonds with a distance of 2.9 A to the hydroxyl
group of Ser-131, where the proton probably resides on the
hydroxyl. The ammonium group of Lys-165 is probably the
hydrogen bond acceptor in the interaction between the sec-
ond oxygen of the phosphonate and Lys-165, with a distance
of 2.9 A. Two Mg?*-coordinated water molecules stabilize
oxygens of the phosphonate by hydrogen bonds of 2.7 A each.
There is no conformational change in the active site com-
pared with the phosphate containing structure apart from
the guanidinium group of Arg-163 at the entrance of the
active site that has moved 4 A (Fig. 1c).

DPB-T Binding in the Active Site. The model of the
DPB-T-dNT-2 complex comprises 193 residues and 334 water
molecules, a magnesium, a molecule of DPB-T inhibitor, and
a phosphate ion bound in the active site (Fig. 2). Density for
DPB-T was unambiguous, and the molecule could be modeled
with full occupancy with B-factors similar to the protein (~20
A?). The model was refined to an R,y 0of 18.6% and an R,
of 20.6%. Relevant data for data collection and refinement
statistics are summarized in Table 1.

In the DPB-T-dNT-2 structure complex, Trp-76 has moved
1.7 A away from the inhibitor compared with the PMcP-U
product complex, presumably to accommodate the larger ring
systems of DPB-T (data not shown). The thymine base of
DPB-T binds in the same place as the uracil base of PMcP-U
but it is inverted 180° though keeping the same hydrogen-
bond interactions of the base carbonyl oxygen with residues
in the active site (Fig. 1c and 2c). A carbonyl of the thymine
forms hydrogen bonds to an Mg?"-coordinated water with a
distance of 2.8 A. The amide of the base forms hydrogen
bonds both to the carbonyl oxygen of Phe-75 (3.3 A) and to
Glu-50 via water at a distance of 2.6 A. The second carbonyl
of the thymine base forms hydrogen bonds to the amide of
Val-77 at a distance of 2.6 A and to Ser-78 via a water
molecule. The rest of the DPB-T molecule is oriented toward
the solvent. One oxygen of the phospho moiety of DPB-T is
interacting with a hydrogen bond (2.8 A) to the NE1 of Trp-96
via a water molecule (Fig. 2d). Trp-96 is also stabilizing the
pentofuranosyl part of the inhibitor by aromatic stacking
interactions. The phosphonate moiety of DPB-T makes hy-
drogen bond interactions with the positively charged resi-
dues Lys-134 and Arg-163 on the surface of the protein (i.e.,
the phosphonate binding site differs from that of PMcP-U
(Fig. 2, ¢ and d). The guanidinium group of Arg-163 has
moved 3.5 A compared with the PMcP-U structure and sta-
bilizes two oxygens of the phosphonate with hydrogen bonds
(Fig. 2¢). Lys-134 forms a hydrogen bond to one oxygen of the
phosphonate moiety; another oxygen is hydrogen bonding to
water at the surface of the protein. In addition to the DPB-T
inhibitor, the active site contains a phosphate group in the
same position as the phosphate in the phosphate containing
dNT-2 structure. It is coordinated by the Mg?" ion and forms
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an extensive hydrogen bonding network to the amide nitro-
gens of residues Met-42 (data not shown), Asp-43 and Ser-

131 and the side chains of Lys-165 (data not shown), Asp-43,
and three water molecules.

e Y
2
oo 2 Lys 165 Fu

Te 133

Discussion

The complexes of the inhibitors with dNT-2 now provide a
structural basis for explaining their kinetics. The kinetics of

Fig. 1. a, structural formulas of
PMcP-U. b, omit map contoured at
3o of the PMcP-U inhibitor and the
Mg?" in the active site of dNT-2
(colored by atom type: red, oxygen;
blue, nitrogen; white, carbon). c,
detailed stereo view of the active
site of ANT-2 with bound PMcP-U
inhibitor. In light blue, the phos-
phate and Argl63 seen in the
phosphate containing dNT-2 struc-
ture (Rinaldo-Matthis et al., 2002).
d, schematic picture of dNT-2 com-
plexed with Mg?* and PMcP-U
showing specificity determinants
for product binding.
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the inhibition of dANT-2 by the two compounds studied in the
present work is different (Rampazzo et al., 2002). The differ-
ences can now be addressed through the high-resolution
structures. The kinetic analysis revealed PMcP-U to be a
competitive inhibitor of ANT-2 (Mazzon et al., 2003). This is

o}

fully consistent with the structure of the dNT-2-PMcP-U
complex, where PMcP-U binds in a manner quite similar to
that expected from the substrate based on our thymidine-
dNT-2 structure, and where the three moieties (the base, the
cyclopentyl, and the phosphono moiety) all overlap when the

Asp 176

Fig. 2. a, structural formulas of
DPB-T. b, omit map contoured at 3o
of the DPB-T inhibitor and a phos-
phate in the active site of dNT-2. ¢,
detailed view of the active site of
dNT-2 with bound DPB-T inhibitor.
In light blue, Arg-163 as seen in the
PMcP-U structure. d, schematic pic-
ture of dNT-2 complexed with Mg?*
and DPB-T showing specificity deter-
minants for product binding. Figures
were made using BOBSCRIPT (Rob-
ert Esnoufs extended version of
MOLSCRIPT), MOLSCRIPT (Kraulis,
1991), and LIGPLOT (Wallace et al.,
1995).
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PMcP-U structure is compared with the thymidine bound
structure. The inhibitory effect of PMcP-U depends on the
inertness of the nonhydrolyzable phosphonate bond. In addi-
tion, according to what has been seen earlier in the struc-
tures with phosphate or BeF; bound as analogs of reaction
intermediates (Rinaldo-Matthis et al., 2002), the phospho-
nate does not bind in a productive way for dephosphorylation.
However, it is conceivable that if a phosphate instead of a
phosphonate binds to the same site, it might be moved into a
position productive for hydrolysis because of protein dynam-
ics. Indeed, the only difference between the previously solved
dNT-2 structures and the dNT-2-PMcP-U structure is the
phosphonate part of the PMcP-U inhibitor that has moved 4
A compared with the phosphate in the phosphate-containing
structure (Fig. 1c). This suggests that this pocket has a very
high affinity for the base and potentially also that the posi-
tioning of the base is the first event in the binding of sub-
strates and nucleotide-based inhibitors. The observation that
the (+) form and not its stereoisomer was bound in dNT-2
reflects the active site topology. Modeling of the (—) form of
PMcP-U in the active site results in a steric clash between
the base and the backbone carbonyl oxygen of residue 43 (not
shown). The (+) form resembles the ribose ring more than
the (=) form. The ribose ring of the product complex (Rinaldo-
Matthis et al., 2002) and the cyclopentyl ring of the PMcP-U
are stabilized by aromatic stacking interactions.

In contrast to PMcP-U, which inhibits both dNT-1 and
dNT-2, DPB-T inhibits the dNT-2 enzyme only and with a
mixed-type inhibition. The structure of the dNT-2-DPB-T
complex reveals that bound DPB-T is more exposed to the
solvent than the dNT-2 structures complexed with PMcP-U
and thymidine (Figs. 1c and 2¢) (Rinaldo-Matthis et al.,
2002). Although the thymine base of DPB-T binds at almost
the same place and with the same hydrogen bond interaction
as the product (Rinaldo-Matthis et al., 2002) and the PMcP-U
inhibitor (Fig. 2¢), the rest of the molecule points toward the
solvent, where the surface exposed Arg-163 and Lys-134 of
the dNT-2 protein coordinate the phosphonate.

Although the thymine ring of DPB-T is still positioned in
the base preferred binding pocket, the size, form, and free-
dom of bond rotations of the inhibitor seems to lack the
conformational flexibility to bind with the phosphonate in the
position occupied by the phosphate in the phosphate-contain-
ing structure. Surprisingly, a free phosphate is seen in the
dNT-2-DPB-T structure complex, binding in the same place
as the phosphate in the phosphate containing dNT-2 struc-
ture. The kinetics of mixed type inhibition of DPB-T relative
to dUMP has a K; of 70 um (K; for dUMP = 0.5 mM) and
suggests two kinds of inhibition modes working simulta-
neously (Mazzon et al., 2003). One part is competitive, with
the E+I complex blocking the formation of E+S. The other
part of the inhibition is noncompetitive, which could be ex-
plained by the presence of the phosphate in the active site.
The phosphate seen in the structure of the dNT-2-DPB-T
complex probably comes from the crystallization buffer, be-
cause the crystals grow in presence of 50 mM KH,PO,. How-
ever, a free phosphate in the active site constitutes a late
intermediate of the reaction, and the potential trapping of
this intermediate by DPB-T-dNT-2 should be visible in the
kinetics of inhibition. We have previously suggested a mech-
anism (Rinaldo-Matthis et al., 2002) by which the thymine
product leaves the active site first and then the phosphate
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product. One possibility is that the DPB-T inhibitor binds to
the intermediate [E+PO,] and forms [EPO,I] thereby block-
ing the dissociation of the phosphate (Scheme I). Thus, the
catalytic rate would decrease, explaining the noncompetitive
part of the inhibitory kinetics. Previous data on the inhibi-
tion of a different nucleotidase, CN-I, by different phospho-
nates support this view (Garvey et al., 1998).

The homologous protein dNT-1 is not inhibited by DPB-T.
The analysis of the amino acid differences in the active sites
of dNT-1 and dNT-2 clarify the structural basis for the dif-
ference in inhibition pattern of the two enzymes. A sequence
alignment (Fig. 3) of the human deoxyribonucleotidases, to-
gether with a structural study of the differences, reveals why
dNT-1 is not inhibited by DBP-T. The residues coordinating
the phosphonate of DPB-T in dNT-2 are represented by ®
and residues near the pentofuranosyl part of DPB-T are
represented by A. All these residues are different in dNT-1.
Of the four residues coordinating the base (Fig. 3, A) of the
DPB-T inhibitor, three are conserved and Val-77 is replaced
by Ala in dNT-1, a difference that does not contribute to the
difference in inhibition pattern of DPB-T. Several other ac-
tive site residues differ between dNT-1 and dNT-2 (Fig. 3);
together, they may explain why dNT-1 is not inhibited by
DBP-T.

The phosphono moieties of the two inhibitors as well as the
phosphate in the phosphate containing structure, are found
in different positions, but positively charged groups surround
all three phosphates. In the dNT-2-DPB-T structure, Arg-163
coordinates the phosphonate group at the outside of the pro-
tein, suggesting a possible role of Arg-163 in the first recog-
nition of the substrate phosphate moiety. In addition to Arg-
163, Arg-177 and Lys-134 constitute a positively charged
patch where the negatively charged phosphate of the sub-
strate can bind to the protein. In the PMcP-U-dNT-2 struc-
ture, the phosphonate part of the molecule is making a hy-
drogen bond to Lys-165 and is positioned 8.6 A deeper in the

EP+ PO, — E+PO; +P

H

I g

EI EPO4

Ki :/:. K;

P=thymidine
POs=phosphate

Scheme 1. Inhibition pattern of DPB-T with dNT-2. Both the competitive
part of the inhibition and the noncompetitive part are shown. K; is the
dissociation constant for the free enzyme and the inhibitor whereas K,
represents the dissociation constant for the complex of enzyme-PO,-
inhibitor. The complex E-PO,-I is what has been seen in the crystal
structure of the DBP-T-dNT-2 structure complex. P is the thymidine
product. Because the thymine base of the inhibitor binds in the active site
where the substrates base is normally found, none of EIS or EIP is
possible as intermediates, and in the structure we have caught the
intermediate EPO,I.
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Fig. 3. Sequence alignment of the human dNT-2 (TrEMBL: QINPB1) and dNT-1 (TrEMBL: QINP82), sharing 50% sequence identity. The above
numbering follows the amino acid sequence in dNT-2. Blue fields represent conserved residues, red fields represent residues with conserved
mutations, yellow fields mark less conserved mutations than red fields, and white marks indicate no conservation at all. O, amino acids involved in
catalysis; A, residues interacting with the base; A, residues coordinating the pentofuranosyl part of DPB-T; @, residues coordinating the phosphonate
of DPB-T in dNT-2. The sequence alignment was done using ALSCRIPT (Barton, 1993) to clarify why dNT-1 is not inhibited by DBP-T inhibitor.

active site pocket compared with the position of the phospho-
nate of the DBP-T molecule. The positively charged Mg®" as
well as Lys-165 surround the third position binding of BeF; ™,
attached to the Asp-41 in the thymidine containing structure
(Fig. 4). Residues enclosing the different positions of the
phosphates in the three structures constitute a positively
charged tunnel for the substrate to move through the active

Fig. 4. Electrostatic potential surface of dNT-2 calculated using GRASP
(Nicholls et al., 1991) together with two phosphonate binding sites from
the inhibitors and one phosphate binding site from the phosphate con-
taining structure. The three phospho binding sites constitute a positively
charge tunnel from the surface into the active site, which could be
functionally relevant for lowering the kinetic barrier for binding and
releasing negatively charged moieties of substrates and products. Posi-
tively charged patches are shown in blue, and negatively charged patches
are in red. The calculation is made by rolling a sphere of 1.4 A on the
surface of the protein.

site to its productive position for hydrolysis, near Asp-41, as
modeled by the structure complex of dNT-2-BeF;-thymidine
(Rinaldo-Matthis et al., 2002). Lys-165 might play an active
role in positioning and stabilizing the phosphate before nu-
cleophilic attack by Asp-41 because Lys-165 interacts with
the phosphonate of PMcP-U and the BeF;~ moiety. The
observed binding modes of the inhibitors as well as the
present “phosphate channel” suggest a number of potential
modes for inhibitor development in the active site, making
use of the residues interacting with the negatively charged
oxygen atoms of the phosphate moieties (Fig. 4).
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