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ABSTRACT. Human deoxycytidine kinase (dCK) uses nucleoside triphosphates to phosphorylate several
clinically important prodrugs in addition to its natural substrates. Although UTP is the preferred phosphoryl
donor for this reaction, our previous studies reported dCK structures solely containing ADP in the
phosphoryl donor binding site. To determine the molecular basis of the kinetically observed phosphoryl
donor preference, we solved crystal structures of a dCK variant lacking a flexible insert (resiet#} 65

but having similar catalytic properties as wild type, in complex with deoxycytidine (dC) and UDP, and
in the presence of dC but the absence of UDP or ADP. These structures reveal major changes in the
donor base binding loop (residues 24817) between the UDP-bound and ADP-bound forms, involving
significant main-chain rearrangement. This loop is disordered in the dCK-dC structure, which lacks a
ligand at the phosphoryl donor site. In comparison with the ADP-bound form, in the presence of UDP
this loop is shifted inward to make closer contact to the smaller uracil base. These structures illuminate
the phosphoryl donor binding and preference mechanisms of dCK.

In its physiological role in the nucleoside salvage pathway, (10), which is appreciably slower than some other deoxy-
deoxycytidine kinase (EC 2.7.1.74) phosphorylates deoxy- nucleoside kinases including dGK and dNK.1{ 12),
cytidine (dC)! deoxyguanosine (dG), and deoxyadenosine suggesting that dCK has potential to be made much more
(dA) to their monophosphate forms using nucleoside tri- active toward both natural substrates and nucleoside prodrugs
phosphates as phosphoryl donors. Additional enzymes of theusing protein engineering techniques. Indeed, some progress
salvage pathway subsequently convert these nucleosidehas been made in this areB3). These and other findings
monophosphates to their triphosphate forms. In addition to highlight the role of dCK as an important target of study in
being an essential enzyme for phosphorylation of natural rejation to current and future NA prodrug therapies, in both
substrates, dCK has garnered attention as the first and ratecancer and antiviral applications.
limiting enzyme in the activation of many clinically important
prodrugs. Nucleoside analogues (NAs) known to be sub-
strates of dCK include the antineoplastic agents cladribine
(2-chloro-2-deoxyadenosine)lj and AraC (15-p-arabino-
furanosylcytosine) ) and the antiviral compounds ddC
(2,3 -dideoxycytidine) 8) and 3TC (2deoxy-3-thiacytidine)

(4). Highlighting the pivotal role of dCK for the activation

of NAs is the fact that resistance to nucleoside analogues is -
linked to loss of dCK activity §—7), and increasing phosphoryl donor for dCK_l(?)_aIpen with a 10-fold larger
intracellular levels of dCK restore sensitivity to or enhance Km than ATP. Further studies indicated that UTP, rather than

the toxicity of nucleoside analogue8, @). Human dCK is ~ ATP. is the physiological phosphoryl donor for dCK§(

a very slow enzyme, with a turnover rate well below 1 s 19, and several groups have probed the kinetic behavior of
dCK with UTP (L0, 20). ReportedK, values for UTP are
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While ATP is thought to be the common phosphoryl donor
for kinase reactions in the cell, an early study showed that
dCK is capable of using numerous nucleoside triphosphates
(14), and following studies determined that dCK is able to
use most of the endogenous nucleoside triphosphates as
donor moleculesl, 16). Remarkably, a recent report finds
that even inorganic triphosphate is able to serve as a
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Ficure 1: Sequence alignment of human dCK, human dGK, and dNK finnmelanogasterNumbering is from the wild-type dCK
sequence. Secondary structural elements and locations of conserved motifs are shown above the sequences. Residues which directly interac
with the uracil base of UDP are labeled with asterisks. The residues which are deleted A d@kboxed and shown in italics.

wtdCK  V EK KEFIS‘I’L __________________

Despite the role of UTP as primary phosphoryl donor, vary from dCK in activity and substrate specificity, although
available crystal structures of dCK contain ADP in the there is overlap in their substrate sets. The dNK is able to
phosphoryl donor binding site, which emulates ATP binding. phosphorylate all four natural deoxynucleosides at a similar
The structure of dCK was first solved in complexes with rate, thoughK, values vary by up to 3 orders of magnitude
ADP and one of three pyrimidine phosphoryl acceptors (dC, using ATP as phosphoryl dondt). Like human dCK, dGK
AraC, and gemcitabine), representing “dead-end” complexesfrom Bacillus subtilishas been shown to be much more
of substrate and productd). Based upon the structures of effective with UTP than ATPZ7). The structure of human
other kinases, such as thymidylate kinagd),( ADP is dGK unexpectedly contained the phosphoryl donor ATP in
expected to bind in the same location and manner as ATPthe acceptor binding site, while dNK was solved with dTTP,
or ATP analogues. While illuminating ATP binding of dCK, dThy, or dC in the acceptor binding sit5 26). Moreover,
these structures did not directly suggest a mechanism of UTPthe dNK structure lacks the phosphoryl-donor base-binding
base recognition and binding. To address this issue, weloop and its following helix (as predicted by sequence
attempted to cocrystallize full-length dCK in complex with alignment with dCK and dGK). Since these structures lack
UDP but were unsuccessful in obtaining crystals. However, ligands within the phosphoryl donor site, they are of little
a dCK construct lacking a flexible insert (residue—63), help in understanding phosphoryl donor binding and prefer-
yet showing nucleoside kinase activities very similar to the ence.
full-length protein, did form suitable crystals. In the study =~ We studied the binding of both adenine and uridine
presented here using this construct (d€)K UDP is found phosphoryl donors to dCK because of the importance of dCK
in a similar position as was observed for ADP. Unexpectedly, in NA prodrug metabolism, its role in chemotherapy, the
significant main-chain rearrangement takes place to accom-potential of exploiting this knowledge for catalytic improve-
modate the smaller uracil base. The herein described con-ment, and the preference of this kinase for an unusual
formational change could not have been predicted from the phosphoryl donor. By characterizing the ability of dCK to
previously available structures of dCK, nor those of human use alternative triphosphates, we might be able to optimize
deoxyguanosine kinase (dGK) aBdosophila melanogaster  the enzyme at this site to use phosphoryl donors of our
deoxynucleoside kinase (dNK2%, 26). These proteins are  choosing, which could prove helpful in future therapeutic
homologous to dCK (48% and 30% identity, respectively) applications. To advance our understanding of NTP dis-
(Figure 1), and alignments of the three structures show crimination by dCK, we solved the structures of human dCK
considerable similarity (&€ rms deviation of 1.1 A for each  in two new complexes: the binary dGKIC complex, and
using 177 atoms for dNK and 206 atoms for dGK). They the ternary dCK-dC—UDP complex. Comparison with the
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ADP-bound complexesl@) shows that the phosphates of

UDP and ADP as well as the uracil and adenine bases assume

similar positions and orientations. However, a short loop
(residues 246247) before the C-terminal-helix is shifted
significantly between the ADP- and UDP-bound forms while
this loop is disordered in the binary dGKIC complex.

EXPERIMENTAL PROCEDURES

Mutant Design and ConstructioA new human dCK form

(dCKAI) was constructed that lacks an insert region (residues

65—79) based upon a structural alignment with the
melanogastedNK. This construct was originally designed
to probe the function of the insert region but, in addition,
fortuitously formed diffraction quality crystals in complex
with UDP. The dCKAl loop deletion was constructed using
the PCR fusion method. As in the wild-type dCK structures

(13), an N-terminal three-residue (GSH) sequence is present

in dCKAI after thrombin cleavage of the N-terminal histidine
tag. For simplicity of comparison to the ADP structures, the

sequence numbering used in this report corresponds to the
wild-type residue numbers, rather than the numerical se-

quence found in dCKI; i.e., Thr64 is followed directly by
Asn80.

Protein Expression, Purification, and Crystallizatiofhe
insert deletion mutant dCKI was grown as previously
described for wild-type dCK1(3). Escherichia colicarrying
the recombinant plasmid were grown at®7in 2YT media,
induced with 0.1 mM IPTG, and harvested after 4 h. Cells
were lysed by sonication and clarified by ultracentrifugation

(1 h, 40000 rpm), and the supernatant containing the protein

was loaded onto a TALON Superflow €oaffinity column
(Clontech). After the column was washed overnight with 1
L of buffer containing 50 mM Tris-HCI, pH 7.5, 300 mM
KCI, and 10% glycerol, 100 units of thrombin was loaded
onto the column and recirculated overnight to cleave the
6xHis tag. The cut protein was eluted with buffer, concen-
trated, and further purified on an S-200 gel filtration column
(Amersham). Protein was found to be95% pure by
Coomassie-stained SB®AGE. Complexes were formed
by dialysis of the protein in a buffer solution containing dC
or dC and UDP. The final protein solutions for crystallization
contained 10 mg/mL protein, 4 mM ligand(s), 25 mM Tris-
HCI, pH 7.5, 50 mM KCI, 4 mM MgC, and 2 mM DTT.

Nucleosides, nucleotides, and other chemicals were pur-

Godsey et al.

Table 1: Data Collection and Refinement Statistics

dC only dC/UDP
Data Collection
wavelength (A) 0.976 0.976
temperature (K) 100 100
resolution (A) 3.0 3.0
reflections
observed 62424 125036
unique 18725 21704
completeness (%) 83.7 (53.4) 96.3 (91.2)
Raym (%) 11.8 (54.2) 11.8 (41.0)
Ilo(1)2 8.8 (2.4) 12.6 (3.5)
redundancy 3.3(1.9) 5.7 (5.3)
Crystal Attributes
space group P2; P212,2;
unit cell
a(h) 79.34 64.20
b (A) 64.94 110.89
c(A) 108.60 155.40
S (deg) 96.0
molecules/ASU 4 4
Refinement
Reryst (%0)° 235 24.6
Reree (%0)¢ 28.5 30.0
resolution range (A) 263.0 30-3.0
no. of atoms
protein 6852 7169
dC 16x 4 16x 4
UDP 25x 4
waters 26 55
rms deviation
bond length (A) 0.009 0.009
bond angles (deg) 1.2 1.3
averageB factor (A2)
protein 70.1 44.9
main chain 71.3 45.3
side chain 68.7 445
dC 51.6 31.6
UDP 49.7
waters 46.2 23.3

2 Highest resolution shell in parenthese&sym = 3 nullni — DV
> hiahld © F\)cryst = thI‘Fo(hkl) - Fc(hkl)‘/thl‘Fo(hkl)l 4 Riee = F'2cryst,
calculated for 10% randomly selected reflections not included in
refinement.

were indexed, scaled, and merged using XDS and XSCALE
(28). Data collection and refinement statistics are shown in
Table 1.

Structure Determination and Refinememhe structures
were solved by molecular replacement using the program
AMoRe (29) with the previously reported dCK dimer (PDB

chased from Sigma. Crystals were grown by the hanging |p 1P60) as a search model. After rigid-body refinement,

drop vapor diffusion method. The crystallization solution
contained 13-14% PEG 1000, 9% 2-methyl-2,4-pentanediol
(MPD), 200 mM CadJ, and 100 mM sodium cacodylate,
pH 6.5. Protein and crystallization solutions were mixed 1:1
in the hanging drop. Crystals typically grew in-3 days at

an initial electron density map was calculated. Density was
clearly visible for ligands and the turn created at the insert-
deletion site. Noncrystallographic symmetry restraints cover-
ing most of the model were used during refinement. Cycles
of model building and refinement were performed in30D)(

22 °C as diamond-shaped layered plates to dimensions ofand CNS 81), respectively. Some surface loops in some of

approximately 300x 200 x 20 um.

Data Collection and ProcessingCrystals required no
additional cryoprotection for freezing in liquid nitrogen.
X-ray diffraction data were collected at 100 K at the
Advanced Photon Source using the SERCAT beamline BM-
22 atl = 0.97626 A using a MAR165 CCD detector. Data
were collected for both crystals to 3 A. The crystals belong
to space groupg2; (dCK/dC) or P2;2;2; (dCK/dC/UDP),
with solvent contents of 48.1% and 47.8%, respectively, both

the molecules were not visible. Water molecules were added
manually. Evaluation of the structures was performed with
PROCHECK 82). Coordinates and structure factors have
been deposited with the Protein Data Bank (accession codes
2A27 for the dCKAI/dC/UDP complex and 2A30 for the
dCKAI/dC complex).

Steady-State Kinetic AssaySpectrophotometric assays
(13, 33) were performed in 50 mM Tris-HCI, pH 7.5, 100
mM KCI, and 5 mM MgC} at 37°C. dCK or dCKAIl was

corresponding to four monomers per asymmetric unit. Data present at 0.4M in all experiments. For phosphoryl acceptor
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Table 2: Kinetic Analysis of dCKI and Wild-Type Human dCK Using Constant Donor Concentrations

substituent WT ATP (1000M) Al ATP (1000uM) WT UTP (1000uM) Al'UTP (1000uM)
dC Keat 0.033+ 0.001 0.049+ 0.004 0.044+ 0.001 0.088t 0.007
Km <1 1.4+ 0.5 <1 <1
Keal Km >33 x 10° 36 x 10° >44 x 10° >88 x 10°
dA Keat 1.7+0.1 2.8+ 0.2 0.33+ 0.02 0.31+ 0.02
Km 100+ 20 4154+ 60 13+ 3 53+ 10
KeafKm 17 x 10° 6.7 x 10° 25 x 10° 59x 10°
dG Keat 2.6+ 0.1 2.2+ 0.1 0.33+ 0.02 0.32+ 0.01
Km 231+ 20 474+ 30 21+ 4 87+ 10
keafKm 11 x 10® 46x 10° 16 x 10° 3.7x 10
AraC Keat 0.30+ 0.02 0.41+ 0.04 0.17+£ 0.02 0.15+ 0.02
Km 6.9+ 2 13+ 3 27+1 28+ 1
Keal Km 43 x 10° 32 x 10° 63 x 10° 54 x 10°

a2Values shown are the averages of at least two experimieatare in s?, Ky, are inuM, and k.a/Km are in M s, and standard deviations
are shown.

Table 3: Kinetic Analysis of dCKI and Wild-Type Human dCK Using Constant Acceptor Concentrations

substituent WT dC (10aM) Al dC (100uM) WT AraC (250uM) Al AraC (250uM)
ATP Keat 0.028+ 0.001 0.039t 0.001 0.40+ 0.02 0.36+ 0.01
Km 35+04 2.9+ 0.3 93+ 10 53+ 3
KeafKm 8.0x 10° 13x 10° 43x 10 6.8x 10°
uTP Keat 0.031+ 0.002 0.04H 0.001 0.093+ 0.003 0.075+ 0.002
Km 23+04 1.5+ 0.2 10+ 1.0 47+04
Keal Km 14 x 10° 27 x 10° 9.3x 10 16 x 10°

aValues shown are the averages of at least two experimieatare in s2, Ky, are inuM, and kea/Km are in M s7%, and standard deviations
are shown.

measurements, ATMIg or UTP-Mg was kept constantat 1 structure, and (iii) no electron density for this insert was seen
mM, while acceptor concentrations were varied between 1in the dCK structures except for one monomer of the
and 700uM, depending upon the substrate being tested orthorhombic space group, where it was stabilized by a
(Table 2). For phosphoryl donor measurements, dC was 100crystal contact to a symmetry-related molecule. Prior to this
uM, or AraC was 25:M, while donor concentrations varied  work, the function of this insert was unknown, besides a
from 1 to 500uM (Table 3). Sensitivity of this optical assay few references to amino acid differences of this insert in the
is limited using concentrations below5 uM for acceptor human and murine enzym@4). However, in a recent study,
molecules and~1 uM for donors (a lower limit for the no significant kinetic effects were observed due to limited
donors is due to their regeneration by the auxiliary enzymes). mutations in the insert regioi3%). Here we reveal a possible
At the lowest substrate concentrations, this assay deviatesunction of this insert by kinetic comparison of d@Kto
from ideal Michaelis-Menten kinetics due to the relatively the full-length wild-type enzyme (see below).

low ratio of substratg to enzyme. Hovyever, because of the Unfortunately, the dCKI crystals grow in layered plates,
slow rate of catalysis by dCK, applying a lower enzyme 4nq only two complexes have proven sufficiently amenable
concentration proved impractical. All experiments were o gptimization to produce data quality crystals. These
pe_rform_ed in duplicate or gre_ater._Data were fit to the crystals were formed from the binary dG#IC and the
Michaelis—Menten equation using SigmaPlot. ternary dCK-dC—UDP complexes. Only smal{50 um
RESULTS per side) plate-type crystals would grow before layering of
plates. These were used in collection of X-ray diffraction
We have solved the structures of human deoxycytidine data, and the structures of these two dCK complexes were
kinase in complexes with dC at the acceptor site, and with solved by molecular replacement. Although the two crystals
dC and UDP, the product of the true phosphoryl donor, UTP, appeared visually similar and grew from the same crystal-
to 3 A resolution. Because the previously solved crystal form lization conditions, somewhat unexpectedly, they have dif-
of human wild-type deoxycytidine kinase would not grow ferent space groups with related cell edges. The binary
to diffraction quality except in the presence of ADF3), complex grew in the space grol2; with cell dimensions
alternative enzymatically active constructs were produced of a, = 79.4 A b, = 64.9 A ¢, = 108.6 A, and3 = 96.0°,
and subjected to crystal screening in the presence of variouswhile the ternary complex wd2;2,2; with cell dimensions
substrates, products, and inhibitors. One dCK constructof as = 64.2 A b; = 110.9 A, andc; = 155.4 A. After the
(dCKAI) lacking a flexible insert (residues 6%9) of structures were solved, it became clear that the dimers in
unknown function was able to crystallize with dC in the the asymmetric units of the two crystal forms were spatially
acceptor site and with, or without, nucleotide at the phos- related; i.e., by overlaying one dimer from the binary
phoryl donor site. The design of this deletion construct was complex onto a related dimer from the ternary complex, the
based upon the prediction that the lack of this insert would alternate dimers from both complexes occupy the nearly same
not perturb the overall structure. This prediction was based space. The major difference between the alternate dimers is
upon the fact that (i) such an insert is missing in dNK, (ii) their orientation, which is only slightly shifted between the
no electron density was visible for this insert in the dGK two, but apparently to such an extent to change the space
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Ficure 2: (a)a-carbon traces of dCKI bound to dC and UDP (blue) and of dCK wild type bound to dC and ADP (gold; PDB ID 1P60,
molecule A). The catalytic Mg ion is shown in green. (b, ¢) Comparison of the typg+urns found in dCKAlI and dNK from D.
melanogaster(d) Stereoview of @ traces in the region of donor base binding. Shown are ACound to dC/UDP in blue (PDB ID

2A27), dC only in green (PDB ID 2A30), and dC/ADP (PDB IDs 1P60 in gold and 1P61 in red). ©hgoSitions of Lys243 are shown

to highlight the difference in main-chain conformations. A green dashed line represents the disordered residues in the dC-only structure.

group. It therefore seems possible that the layering of platesstructures, dCKl, like wild-type dCK, is a homodimeric
observed in the crystals was due to a mixture of these two globular protein consisting of a five-stranded pargilaheet
closely related crystal growth patterns, and only by using surrounded by 1@-helices. The overall structures in both
small, single-layered crystals were we able to find one spacethe binary and ternary complexes are identical to the
group or the other. previously reported structures of dCK3) throughout most

Overall Structure.Human dCK is a 260-residue protein parts of the protein (rms deviations between 22i &oms
with a molecular mass of 30.5 kDa. The construct used in of 0.55-0.60 A) (Figure 2a). Except for the presence or
our studies, dCHKl, lacks an insert of 15 residues (residues absence of UDP and the disorder of the phosphoryl-donor
65—79) and has a molecular mass of 28.8 kDa. For ease ofbase-binding loop, the binary and ternary complexes are
comparison, residue numbering in this construct will retain essentially identical. For this reason and for simplicity, the
the wild-type protein numbering system. The structures were majority of this report will be referring to the ternary
built beginning at residue 20 and extend through to the complex, unless specifically stated otherwise. The three
C-terminus. In the structure with dC alone the phosphoryl- conserved nucleoside kinase motifs (the P-loop, ERS motif,
donor base-hinding loop (residues 2417) showed no clear and LID region) are also similar to those seen in the ADP
electron density and was not modeled. Some of the surfacestructures. The binding of dC is effectively identical in all
loops are poorly ordered in both crystal forms, as evidenced of the dCK and dCH\I structures and will not be described
by poor density and higtB factors in refinement. In all  here. A four-helix bundle (helicea4 and a7 from each
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monomer) forms the dimer interface. For a complete treat- similar enzymatic efficienciek{./Kn values) for the purine
ment of these features and overall structure, refer to Sabininucleosides regardless of whether UTP or ATP is used as
et al. (L3). As in the previous dCK structures, molecular the phosphoryl donor. This is true for both wild-type dCK
topology and dimerization are similar to those seen in the and dCKAL. In contrast to the purine substrates, khgvalues
structures of dGK and dNK. of the pyrimidines dC and AraC show smaller dependence
Structure and Function of the Insert Regidie missing upon the choice of phosphoryl donor. In the wild-type
insert region (residues 659) is replaced by a typé $-turn enzyme, thé, 0f dC is nearly identical with ATP and UTP,
in our structures, consisting of residues;®STs4 (Figure and that of AraC is only slightly smaller using UTP instead
2b,c). Normally, this type of turn requires a glycine in the  of ATP.
+ 2 position for steric reasons. This position is occupied by  The kinetic constants of the phosphoryl donors ATP or
Ser63 in this case, causing some variation from the standardJTP were measured with either dC or AraC as acceptors
type I geometry. Thep andy angles are 58and 45 for (Table 3). When using dC as acceptor nucleoside, we
GIn62 and 58 and 35 for Ser63 (placing both residues in  observed small or insignificant differences in g andk.a
the allowed region of Ramachandran space), while in a modelvalues of UTP versus ATP with both the wild-type dCK and
example of a type'I3-turn these values are 6@nd 30 for the dCKAI derivative. In contrast, with AraC as acceptor,
i + 1 and 90 and O for i + 2. Because of the deleted in both wild-type dCK and dCKI proteins, thek. values
residues, Thr64 and Asn80 are sequential. Residues Cys59neasured with UTP were-b-fold smaller, yet th&,, values
and Asn80 are unmoved from their positions in the wild- were approximately 10-fold smaller than those measured with
type structures. In addition to removing a disordered region, ATP, leading to overall increases in the enzymatic efficien-
this newp-turn appears to have allowed the formation of a cies with UTP over ATP. Th&, values for either phos-
Ca*-mediated crystal contact between thé & Asn60 and phoryl donor observed in dCKl were approximately one-
the backbone oxygen of Glu230. Interestingly, dNK also half of those for the wild-type enzyme, while the corresponding
makes a type€' [5-turn here, with residuesgfNGVes, before keat values were similar, leading to small advantages in
reacquiring structural similarity to wild-type dCK and dGK. enzymatic efficiency for dCKI over dCK. In summary,
The Asn and Gly of positions+ 1 andi + 2 in dNK are using AraC as a phosphoryl acceptor, dfiKperformed
more typical of this type of turn than the GIn and Ser found similarly to wild-type dCK with regard to its preference for
in our construct. Accordingly, these mutations have been UTP over ATP, with both enzymes favoring UTP ap-
made to our dCK construct, and their effects on kinetics and proximately 2-fold.
crystallization are being tested. A similar internal loop  The finding of dCK and dCWKI behaving similarly to each
modification approach was shown to improve crystallization other with the two phosphoryl donors (but do show differ-
of the AHL synthetase Lasl frofRseudomonas aeruginosa ences with respect to the acceptor; see below) suggests that
(36, 37). the insert region is not highly involved in binding of the
To explore the effects of the loss of this insert region upon phosphoryl donor or release of the diphosphate product. This
activity, kinetic studies were undertaken with dCK and result gives confidence that the atomic details of UDP
dCKAI using the natural substrates of dCK (dA, dG, and binding observed in our structures of d@Kare unaffected
dC) and the nucleoside analogue AraC, with either ATP or by the absence of this insert.
UTP as phosphoryl donors (Tables 2 and 3). In most cases, Comparison of the dC/UDP and dC/ADP Structurbs.
the ket values measured with dQW were very similar to the area of the P-loop (residues-285), UDP binding by
those measured with wild-type dCK. In fact, under some dCKAI is similar to ADP binding. The phosphates and
acceptor/donor combinations, the d&Kexhibited slightly P-loop residues overlay within error between the dCK
increasedk.over wild type. However, significant differences — structures containing the catalytic kfgion. In the ADP-
were seen for th&,, values of purine nucleoside acceptors bound structure lacking this ion (PDB ID 1P60), the side
between the wild-type andll enzyme (Table 2). In contrast, chains of Ser35 and Glul27 are turned away from their
the K, values for pyrimidine nucleoside acceptor were only Mg?"-coordinated positions. In both the UDP- and ADP-
slightly increased by the absence of the insert. Thus, it seemsbound structures, two oxygen atoms of fliphosphate are
that the insert plays a role in the purine/pyrimidine selectivity coordinated by backbone amines of residues 31, 33, and 34
at the acceptor site. From the structure, we cannot directly and by the N of Lys34, while the other oxygen coordinates
derive a mechanism of how the insert exerts its influence the catalytic M§" and the side chains of Ser35 and Glu127,
on the acceptor, except that the insert is located betweenwhich are also coordinating the Mg The a-phosphates
helicesa2 anda3, which contain residues that contact the contact the backbone amines of residues 34 and 35 and the

acceptor nucleoside. side-chain NH of Arg192. In the binary d@W{/dC structure,
Kinetic Characterization of dCK WT and d@Kwith UTP the side chain of Lys34 is shifted, or has become disordered,
and ATP.As has been reported elsewhet8<20), theKy, and some waters are observed to compensate for the absence

values for acceptors are lower when using UTP comparedof phosphates, but otherwise the structure of the phosphate-
to using ATP as phosphoryl donor. For example, the decreasebinding region remains generally unchanged from the ADP-
in the K, of dA upon the switch to UTP is 7-fold in both  or UDP-bound forms.

the wild-type dCK and dCKI proteins (Table 2). This UTP- Similar to what was observed in the ADP-bound structures,
mediated effect for dG was a 12-fold reductionkp with there are no apparent close contacts between the sugar moiety
wild-type dCK and a 6-fold reduction Ky, with dCKAL. of UDP and the enzyme. The rings of the sugars appear to

However, concomitant decreases are seen irkghealues be suspended between the phosphates and the base, which
when using UTP instead of ATP as the phosphoryl donor, are better anchored to the protein. The UDP ribosyl ring is
largely offsetting theK,, decreases. The result of this is approximatef 4 A away from the backbone of residues 188,
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191, and 192 on one side and about 4.5 A from Thr36 on
the other. Because of the limited resolution of the ddK
dC/UDP structure, it is difficult to precisely determine the
pucker of this sugar though it has been modeled in thle C2
endo form because it fits into the density slightly better than

Godsey et al.

importance in phosphorylating several clinically used nucleo-
side analogues, including the pyrimidines AraC and gem-
citabine and the purines fludarabine and cladribine. In
addition to the substrate promiscuity of dCK at the acceptor
site, this enzyme accepts several triphosphates as phosphoryl

other forms. This is the same sugar pucker seen in the ADPdonors. That dCK can utilize nucleoside triphosphates other

complex structures.
The functionally and structurally significant differences

between the UDP-bound structure and ADP-bound structures

occur in a flexible loop betweefb anda10 (residues 246

247). This loop contacts the adenine or uracil base and i
the primary base-recognition element. The backbone an
several side chains are involved in the recognition of the
uracil base (Figure 3). The carboxylic oxygen of Asp241

makes a hydrogen bond to N3, and an additional H-bond is
made from O4 to the backbone amide of Phe242 (the omit
density for residues Asp241, Phe242, and the bound UDP

is presented in Supporting Information). The O2, the other

potential hydrogen bond acceptor, is left exposed to solvent.

At 3 A resolution, no water molecule is readily visible near

this atom. On the other side of the uracil base, the phenyl

group of Phe242 packs with its face roughly perpendicular
to the C4-C5 edge. This inward shift of the phenyl group,

compared to the ADP-bound structures, seems to pull this
loop toward the core of the protein by several angstroms,
especially between residues 242 and 246. Similar to observa

than ATP is not surprising. In fact, most nucleoside and
nucleoside monophosphate kinases can accept several nu-
cleoside triphosphates as substrag.(However, in most

of these cases, ATP is assumed to be the preferred phos-

Sphoryl donor in the cellular environment. What makes dCK
dunusual is that UTP, even when considering the higher in

vivo concentration of ATP, seems to be the physiological
phosphoryl donor0, 18—20). To understand the preference

of dCK for UTP over ATP, we solved the crystal structure
of dCKAI in the presence of UDP and compared it to the
available structures of dCK solved in the presence of ADP.
To our knowledge, this is the first structure of a nucleoside
kinase or nucleoside monophosphate kinase where a non-
adenine-containing nucleotide is observed in the phosphoryl
donor site.

Not surprisingly, UDP and ADP are found to bind at the
same site. Residues that bind the phosphates of these
nucleotides differ only slightly in their positions, and the
sugar moiety does not make direct interactions to the protein
in either case. However, the loop (residues 2207) that
interacts directly with the base moiety of the donors adopts

tions in the ADP-bound structures, the base is stacked atopyitferent main-chain conformations depending upon if UDP

the extended side chain of Arg188, which is held in place
by hydrogen bonds to backbone oxygens of Ala32, Val238,
and Asn239.

Compared with uracil recognition, binding of adenosine

or ADP is bound. In fact, we do not observe electron density
for this loop in the absence of a donor molecule (see below).
Because of the similarity in phosphate binding modes and
lack of sugar contacts, it appears that phosphoryl donor

involves different contacts to the amino acids at the 241 and discrimination resides primarily, if not solely, in this loop.
242 positions. While the uracil base interacts with the side Thus, to utilize either the purine ATP or the pyrimidine UTP
chains of Asp241 and Phe242, the adenine base makest the phosphoryl donor site, significant main-chain re-

hydrogen bonds only to backbone atoms in this loop,
specifically between N6 and the backbone carbonyl of

arrangement must occur.
Of particular importance are Asp241 and Phe242 to donor

Glu240 and between N1 and the backbone amide of Phe242nucleotide binding, being accomplished via side-chain
The phenyl group of Phe242 is flipped away from the base interactions in the case of UDP and via backbone interactions
(relative to the UDP-bound form). Even though UDP makes in the case of ADP. Such a homologous loop is also present
a hydrogen bond to the same atom, because of the largeiin other nucleoside kinases. These two residues are conserved
size of the adenine base when ADP hydrogen bonds to thein dGK (dGK Asp255 and Phe256), although the dGK loop
backbone at Phe242, the remainder of the loop is pushedcontains an additional three residues. Interestingly, this loop

slightly further away from the body of the proteinr{—3
A). This loop (residues 241246) is disordered in the dCK
dC binary complex crystal structure, in which the NTP

is visible in the dGK structure lacking a ligand in the donor
site, albeit with some of the higheBtfactors in the model
(25), in contrast to our experience with dCK, where it is

phosphoryl donor binding site is unoccupied. This indicates disordered when this site is empty. On the other hand, the

that the structure of this region is flexible until a specific
conformation is formed upon binding of ligand, the choice
of which is dependent upon phosphoryl donor identity. The
structural differences in this loop are significant enough to
disrupt a crystal contact that was found in this region in the
ADP-bound structures, explaining why dCK crystals would
not grow with UDP in those crystal forms. This region is
not involved in crystal contacts in the d@dC and dCKAI/
dC/UDP complexes.

DISCUSSION

Nucleoside kinases are critical in supplying nucleotide
precursors for DNA synthesis through the phosphorylation

absence of density in the report®dosophiladNK structure,
also lacking a ligand in this site, is consistent with our
observation Z6). The above-mentioned Asp/Phe pair is not
strictly conserved in dNK, and on the basis of structural and
sequence alignments, it is likely that residues with similar
chemical properties (the Asn209/Leu210 pair) occupy these
positions in dNK.

As stated previously, kinetic analysis of dCK-catalyzed
phosphorylation using several triphosphates revealed a lower
Km value for UTP versus ATP, prompting the conclusion
that UTP is the physiological phosphoryl donor used by dCK
(10). In our experiments we also observe this preference for
UTP. However, since when using dC as the acceptor
nucleoside our measurég, value for ATP (3.5uM) is only

of nucleosides into their monophosphate forms. Interest in slightly higher than that of UTP (2.8M), the preference

structural and functional features of dCK is high due to its

for UTP is less significant. Note that with AraC as acceptor
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Ficure 3: (a) Stereo image of UDP binding by d@K (b) Schematic representation of UDP binding by d€K(c) Stereo image of ADP
binding by dCK as seen in 1P60, molecule A. (d) Schematic representation of ADP binding by dCK as seen in 1P60, molecule A. Significant
main-chain and side-chain conformational changes occur in residues that directly contact the base moieties of the nucleotides, residues

240-242. At the same time, there is similarity between the UDP- and ADP-bound forms in phosphate binding and lack of contact to the
sugar moieties.

we do observe a much-reduckg for UTP (10uM) versus the preferred physiological phosphoryl donor. Inspection of
ATP (93 uM), consistent with the conclusion that UTP is the literature reveals that th&, for ATP in human dCK
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measured with dC ranges from 54 taM. Further analysis  of the two water molecules) and enthalpic (increased
reveals that experiments conducted with enzyme from cell hydrophobic interactions) reasons.

lines, or from leukemic patients, exhibit a higher ARR, UTP and ATP are not the only triphosphates utilized by
value [54uM (10); 30 uM (38); 20 uM (18); 15 uM (20)] dCK. In fact, Hughes et al. found that dTTP and GTP are
in comparison to data obtained using recombinant dCK [7 better phosphoryl donors than ATP but worse than UTP in
uM (21); 3.5 uM, this study]. Thus, the relatively low, the dC kinase reactiori(). Modeling dTTP binding to dCK
value we measure for ATP could be due to our use of based on the UDP structure reveals a close conta2t4(
recombinantly produced enzyme, suggesting some kind of A) between the thymine methyl group and the side chain of
posttranslational modification or other regulatory mechanism Phe242. As a consequence, a slight readjustment of the
that is present in dCK purified from human cells. In fact, in  phenyl group is predicted to occur in the presence of dTTP.
vitro phosphorylation of dCK by protein kinasex®as been  Otherwise, the interactions with the thymine base are
reported 89), and more recently, it was shown that phos- predicted to be very similar to those observed with a uridine
phatase treatment affects the activity of dCK purified from base. In the case of GTP acting as the phosphoryl donor,
lymphocytes but has no effect on recombinant d@K)( inspection of the two conformations of the 24247 loop
Surprisingly, theK, values for UTP measured either with  suggests that GTP would fit better when the enzyme adopts
cell-purified dCK or with recombinant dCK do not show the conformation as seen with ADP. However, due to the
this variation and cluster within a narrow range between 0.8 different hydrogen-bonding patterns between adenine and
and 2.3uM (this report and refd 0, 18, and20). Since the guanine, a rotation of the guanine base B20° in
UDP-bound dCK and the ADP-bound dCK have a different comparison to the adenine base will be required to position
conformation in the phosphoryl-donor base-binding loop, it the base in a productive position for hydrogen bond interac-
is conceivable that a posttranslational phosphorylation couldtions. In this model of GTP binding to dCK, the guanine

influence one but not the other conformation.

06 atom hydrogen bonds with the main-chain NH group of

Inspection of the kinetic parameters listed in Tables 2 and Phe242, the N1 atom with the carbonyl of Glu240, and the

3 reveals a consistent direct relationship betwignand
keatvalues: highKp, correlate with highka: This is true both

amino group at position 2 with the side chain of Asp241.
Thus, different to the situation of ATP binding where only

for the nucleoside acceptor site and for the nucleotide donormain-chain interactions are made with the adenine base, our
site. As an example for this relationship at the acceptor site model predicts that for GTP, beyond to two such main-chain

we refer to the nucleoside dG: i, is larger with ATP as
the donor nucleotide (231M) than with UTP (21«M), but
concomitantly, theék.,with ATP (2.6 s?) is larger than that
measured with UTP (0.33°9Y. Likewise, theK, value of
ATP is larger than that of UTP when measured with AraC
(93 versus 1kM), but thek,is also higher with ATP over
that with UTP (0.4 versus 0.0939. Thus, the nature of
acceptor nucleoside affects th&, values of the donor

interactions, an additional side-chain interaction with Asp241
will take place, as observed in the UDP structure. However,
given the demonstrated flexibility of the 24247 loop, we
cannot rule out that an as yet unseen conformation will be
adopted upon GTP binding. Given this flexibility, it is not
surprising that CTP can also act as a phosphoryl donor, albeit
with a 10-fold reduced efficiency compared to UTB), In
contrast, probably due to the acceptor site being optimized

nucleotide, and vice versa. In either case, a lowering of the for dC binding, theK,, value for dC being about 50-fold

Km results in a loweredk.,. However, we do note that, in
all of the cases we examined, a decreasi,jrby a certain
factor results in a reducekiy by a smaller factor. As a
consequence, the lowering of the accedarby UTP in
comparison to ATP (Table 2), which albeit also lowers the
keat but by a smaller factor, yields an overall increaségig

Km for UTP over ATP.

lower than that for cytidine, dCTP does not function as a
phosphoryl donor and is in fact a feedback inhibitor of the
dCK-catalyzed reactiorn3g).

In addition to dCK having a loweK,, for UTP versus
ATP, UTP has large effects upon the kinetic constants of
the acceptor nucleosides. We found for both wild-type dCK
and the dCK\l variant that using UTP as a phosphoryl donor

It is not clear how UTP decreases the nucleoside acceptorsignificantly lowered thé, values for purine acceptors and

Km values in comparison to ATP (i.e., the allosteric effect
of the phosphoryl donor on the nucleoside) nor whyKhe
of UTP is lower than that of ATP. Keeping in mind that the
Km values must not directly correlate k@ values and lacking
crystal structures of dCK in complex with ATP or UTP (see

AraC, albeit with an associated decreask:i as had been
seen beforel(0, 18, 20, 34, 35). In previous studies of human
dCK the reportek, values for dC with UTP are-25-fold
lower than those found with ATPLQ, 20, 34). A similar
differential effect of NTPs has also been seen in other

below), we analyzed our ADP and UDP structures to gain nucleoside kinases, for example, the dGK fr8msubtilis

an understanding for the lower UTR, value over that of

where theK, for dG was 0.6uM with UTP but 6.5uM

ATP. In both structures the number (but not the specific with ATP (27). It is hard to rationalize the lowé{, values
atoms involved) of hydrogen bonds between the base of theof nucleoside acceptors in the presence of UTP over ATP
phosphoryl donor and the enzyme is the same. The mostbased solely on structural comparisons between the dC

notable difference is in the position of the side chain of
Phe242. In the dEUDP complex, due to the main-chain

ADP and dC-UDP structures since the dC and its surround-
ing residues appear in similar positions in the two structures.

rearrangement of the phosphoryl-donor base-binding loop, The y-phosphates of ATP or UTP, which are absent in our

this side chain is buried in a hydrophobic environment

diphosphate nucleotides, may differ in their positions in such

formed by Phe37, Val238, and Tyr246. In contrast, in the a way as to alter the acceptor binding pocket and therefore

dC—ADP structure, this phenyl side chain swings outward
leaving a cavity that is occupied by two water molecules.
Therefore, the dEUDP conformation could be preferred
over the dG-ADP conformation for both entropic (release

change the affinity of the protein for acceptors. Alternatively,
it is conceivable that the effect on accepia is due to the

more global difference in donor binding by altering the
reaction mechanism, for example, by changing from a
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random bi-bi with ATP to a sequential mechanism that 7.
prefers UTP binding prior to dC, as was suggested previously
by both steady-statel () and transient kinetic studied1).

In addition to supplying a molecular rationale for the

acceptance of UTP by dCK, our studies shed light on the 9.
function of the 15-residue insert located between helices 2 10
and 3. Our prediction that deletion of this insert would not '
abolish activity was substantiated by the nearly wild-type 11.
activity of the dCKAI construct used here. However, steady-
state kinetic experiments with this construct reveal that this 12.
insert plays a role in increasing the affinity for purine 13
nucleosides at the acceptor site (Table 2). Such an interpreta-
tion is consistent with the fact that thymidine kinase 2, which 14
is predicted to be structurally similar to dCK and dGX3(
25), does not contain such an insert and does not phospho-
rylate purines, whereas dGK, which phosphorylates dG and 16.
dA, does. Also, in theD. melanogastersole nucleoside
kinase, dNK, which lacks such an insert, tkg values of
the pyrimidines are lower than those of the purines. We 1g
speculate that the insert functions to lower g values

for purines by affecting the conformational flexibility of its 19

flanking o-helices. Since these helices contribute to the
nucleoside binding site, it is expected that they change
conformation upon acceptor binding.

Lastly, since dCK is of primary importance in the 21.
activation of nucleoside analogue prodrugs, we aim not only
at understanding its structural and kinetic features but also
at improving its activity toward these compounds. On the 22.
basis of the information obtained in this study, one potential %j
approach to increasing the activity of dCK is to modify the '
donor recognition loop, particularly at residues Asp241 and
Phe242. 25.
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