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ABSTRACT: Recombinant human thymidine kinase 2 (hTK2) expressed inEscherichia colihas been found
to bind tightly a substoichiometric amount of deoxyribonucleoside triphosphates (dTTP> dCTP. dATP),
known to be strong feedback inhibitors of the enzyme. Incubation of hTK2 with the substrate dThd was
able to release the dNTPs from the active site during purification fromE. coli and thus allowed the
kinetic characterization of the noninhibited enzyme, with the tetrameric hTK2 showing slightly higher
activity than the most abundant dimeric form. The unliganded hTK2 revealed a lower structural stability
than the inhibitor-bound enzyme forms, being more prone to aggregation, thermal denaturation, and limited
proteolysis. Moreover, intrinsic tryptophan fluorescence (ITF), far-UV circular dichroism (CD), and limited
proteolysis have revealed that hTK2 undergoes distinct conformational changes upon binding different
substrates and inhibitors, which are known to occur in the nucleoside monophosphate kinase family. The
CD-monitored thermal denaturation of hTK2 dimer/tetramer revealed an irreversible process that can be
satisfactorily described by the two-state irreversible denaturation model. On the basis of this model, the
parameters of the Arrhenius equation were calculated, providing evidence for a significant structural
stabilization of the enzyme upon ligand binding (dCyd< MgdCTP< dThd< dCTP< dTTP< MgdTTP),
whereas MgATP further destabilizes the enzyme. Finally, surface plasmon resonance (SPR) was used to
study in real time the reversible binding of substrates and inhibitors to the immobilized enzyme. The
binding affinities for the inhibitors were found to be 1-2 orders of magnitude higher than for the
corresponding substrates, both by SPR and ITF analysis.

Thymidine kinase 2 [2′-deoxythymidine kinase (TK2, EC
2.7.1.21)]1 is a constitutively expressed enzyme that catalyzes
the phosphorylation of the pyrimidines 2′-deoxythymidine
(dThd), 2′-deoxycytidine (dCyd), 2′-deoxyuridine (dUrd), and
their analogues to the corresponding nucleoside monophos-
phates, using a nucleoside triphosphate as a phosphate donor,
in the presence of Mg2+. Together with other deoxynucleo-
side kinases, TK2 is responsible for the initial and rate-
limiting step of the salvage of deoxyribonucleosides in the
cell, which can be further phosphorylated to triphosphates
by nucleoside mono- and diphosphate kinases and eventually

incorporated into DNA (reviewed in ref1). TK2 is predomi-
nantly a mitochondrial enzyme (2-6) but may also be present
in the cytosol (3, 7-11) and is the only dThd phosphorylating
enzyme expressed in nonproliferating tissues such as liver,
brain, and muscle. TK2 is thus important in providing
precursors for DNA repair and/or mitochondrial DNA
(mtDNA) replication in resting cells, wherede noVo synthesis
is undetectable (reviewed in ref1). Its vital role in maintain-
ing balanced mitochondrial deoxyribonucleoside triphosphate
(dNTP) pools for mtDNA synthesis has been proven by the
discovery of mutations in theTK2 gene associated with
inherited and severe mtDNA depletion syndromes (12-16).
The deoxyribonucleoside kinases are preferentially feedback-
regulated by the end product dNTPs of their preferred
substrates, representing a fine regulatory mechanism in the
maintenance of a balanced pool of dNTPs. dNTPs are
considered to act as “bisubstrate analogues”, with the
deoxyribonucleoside moiety binding, with high specificity,
to the deoxyribonucleoside-binding site of the enzyme and
the triphosphate group fitting into the phosphate donor subsite
(11, 17-20).

We have previously reported the successful cloning and
high-level expression of recombinant human TK2 (hTK2)
in Escherichia coliand were able to largely improve the
recovery of soluble protein by supplementation of the growth
medium with ethanol and coexpression of plasmid-encoded
GroEL/ES chaperonins (11). hTK2 was purified mainly as
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two soluble homooligomeric forms, i.e., dimer>tetramer,
containing substoichiometric amounts of dNTPs, known to
be potent tight-binding feedback inhibitors of the enzyme
(11). A detailed understanding of the catalytic and regulatory
properties of hTK2 has so far been hampered by the very
complex kinetics displayed with its two main substrates,
dThd and dCyd, as well as the difficulties encountered in
the preparation of a dNTP-free enzyme. In the present study,
it is demonstrated that such an enzyme can indeed be
obtained by incubation of the enzyme with high concentra-
tions of dThd during its purification (preparative size-
exclusion chromatography as a final step) fromE. coli. The
steady-state kinetics of the dNTP-free dimeric and tetrameric
forms revealed interesting new kinetic parameters and
regulatory properties as well as some differences between
the two oligomeric forms. Moreover, affinities and confor-
mational changes associated with the binding of substrates
and inhibitors have been studied by intrinsic tryptophan
fluorescence (ITF), far-UV circular dichroism (CD), surface
plasmon resonance (SPR), and limited tryptic proteolysis.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant hTK2. hTK2
was expressed as a fusion protein inE. coli [BL21trxB(DE3)
cells], with maltose-binding protein (MBP) as the stabilizing
fusion partner (MBP-(pepIEGR)Xa-hTK2), together with the
molecular chaperones GroEL/ES (11). Cells were grown at
37 °C, and expression was induced at 28°C by the addition
of 1 mM isopropyl thio-â-D-galactoside (IPTG). Ethanol was
added to the medium prior to inoculation at a 3% (v/v) final
concentration. The cells were harvested after 24 h of
induction. After protein purification by affinity chromatog-
raphy (amylose resin, 4°C), the fusion protein was cleaved
overnight (approximately 16 h) at 4°C either in the presence
or absence of 1 mM dThd by the restriction protease factor
Xa (Protein Engineering Technology ApS) using a protease/
hTK2 ratio of 1:150 (w/w). Tetrameric hTK2 was directly
isolated by size-exclusion chromatography at 4°C using a
HiLoad Superdex 200 HR column (1.6× 60 cm) prepacked
from Amersham Biosciences, and the peak fraction contain-
ing both dimeric hTK2 and MBP was sequentially applied
to a second column of amylose resin, to remove MBP (11).
Dimeric hTK2 was further isolated by a second size-
exclusion chromatography step. Aliquots of purified tet-
rameric/dimeric hTK2 were stored in liquid nitrogen until
used. The protein concentration was determined by the
Bradford protein assay (Bio-Rad), using bovine serum
albumin (BSA) as the standard, and sample purity was
checked by 15% SDS-PAGE.

Chromatographic Analysis of Bound Deoxyribonucle-
otides.The dNTPs bound to hTK2 were released from the
protein by 4% (w/v) perchloric acid precipitation and
identified/quantified by anion-exchange HPLC analysis as
previously described (11).

Assay of hTK2 ActiVity. The hTK2 activity was assayed
as described previously (11) except that the concentration
of enzyme was reduced to 0.2 or 0.5µg/mL (because of the
higher specific activities than those for the dNTP-inhibited
enzyme), for the dThd and dCyd titrations, respectively. The
steady-state enzyme kinetic parameters were calculated by
nonlinear regression analysis using the SigmaPlot Technical

Graphing Software (SPSS Inc.) and the Hill equation. In
some experiments, the time course of the reaction was
followed to study the effect of substrate preincubation on
the specific activity of the enzyme as previously described
(11).

Limited Proteolysis by Trypsin.Limited proteolysis of the
dimeric hTK2 (0.66 mg/mL) by trypsin was performed at
25 °C and a protease/hTK2 ratio (by mass) of 1:50 for the
inhibited enzyme. Under the same experimental conditions,
the rate of proteolysis of the noninhibited enzyme was too
high to be followed in the same time scale and therefore a
protease/hTK2 ratio (by mass) of 1:100 was used instead
for this enzyme preparation. At timed intervals (0-120 min),
aliquots were taken from the proteolytic reaction, quenched
with SDS denaturation buffer by heating for 5 min at 95
°C, and subjected to SDS-PAGE analysis and the band
corresponding to the full-length subunit was quantified. The
effect of the substrate dThd (300µM) on the extent of
proteolysis of the enzyme was also studied.

Far-UV CD. Dimeric and tetrameric dNTP-free hTK2
samples (8-10µM subunit) were prepared in 20 mM Hepes
and 200 mM NaCl (pH 7.0), unless otherwise stated, and
placed in quartz cells with a 0.1 cm path length. For
comparison, “endogenously inhibited” dimeric and tetrameric
hTK2 samples were also studied. When indicated, ligands
were added to the protein solution to study the effect of
substrates (dThd and dCyd), cosubstrate (MgATP), and
inhibitors (MgdCTP/dCTP and MgdTTP/dTTP) on the
secondary structure and conformational stability of the
enzymes. In some experiments where Mg2+ was to be
excluded, measurements were made in the presence of 1 mM
EDTA. CD spectra in the far-UV range were recorded at 25
°C on a computer-controlled Jasco J-810 spectropolarimeter
equipped with a Jasco PTC-423S Peltier element for tem-
perature control. Wavelength scans were taken between 185/
200 and 260 nm, and buffer/ligand scans were routinely
recorded and subtracted from the protein spectra. The spectra
reported are averages of four scans taken at a scan rate of
20 nm/min and were all smoothed using the J-810 noise
reduction software. Estimation of secondary structure ele-
ments was performed using the neural net algorithm (CDNN)
of Andrade et al. (21). The global conformational stability,
as measured by thermal denaturation (range 20-90 °C), was
monitored by following the changes in ellipticity at 222 nm
at a constant heating rate of 40°C/h. Reversibility of the
thermal transition was checked by recording the CD signal
while cooling a hTK2 sample from 90°C to 20 °C.
Individual hTK2 melting curves were fitted to the two-state
irreversible model (22) using a nonlinear least-squares fit
routine with the SigmaPlot Technical Graphing Software
(SPSS Inc.). The equation describing any general spectro-
scopic signalY observable at a particular temperature under
a given set of conditions for a transition between two physical
states can be expressed as

wherefN is the fraction of molecules remaining in the native
state as a function of the temperature andYN andYU are the
signals contributed by the native and unfolded states,
respectively. The signal for a given state will usually change
with a change in temperature. Thus, in the analysis of a

Y ) YU - fN(YU - YN) (1)
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thermal unfolding profile, the baseline of the observable
signal is frequently observed to have a slopemN for the native
state andmU for the unfolded state, which must be included
in the fitting process

In the case of the two-state irreversible model, in which only
the native (N) and final (irreversibly denatured) (D) states
are significantly populated and the conversion from N to D
is determined by a strongly temperature-dependent, first-order
rate constant (k) that changes with temperature, as given by
the Arrhenius equation (k ) exp{(EA/R)(1/Tm - 1/T)}), the
value of fN is given by (22)

whereV ) dT/dt (K min-1) is a scan rate value,EA is the
Arrhenius activation energy of the denaturation process,R
is a gas constant,T is the absolute temperature, andTm is
the midpoint melting temperature (in kelvin), wherek is equal
to 1 min-1.

The apparent midpoint melting temperature (Tm) values
of endogenously inhibited hTK2 were determined from the
first/second derivatives of the denaturation curves after noise
reduction by using the standard analysis program provided
with the instrument. The first derivative profiles were further
resolved (deconvoluted) into individualTm transitions, using
a Gaussian distribution function in the PeakFit software
program (SPSS Inc.).

Intrinsic Tryptophan Fluorescence (ITF) Measurements.
The ITF of hTK2 was measured on a Perkin-Elmer LS-
50B instrument at 25°C in a buffer containing 20 mM Hepes
and 200 mM NaCl (pH 7.0) and a protein concentration of
0.03 mg/mL. The excitation and emission wavelengths used
were 295 and 338 nm, respectively. hTK2 was excited at
295 nm because the presence of eight tyrosines in this
enzyme makes a significant contribution to the observed
fluorescence when excited at wavelengths less than 290 nm.
To study the effect of the substrates or inhibitors, increasing
concentrations (0.05-2000 µM) of dThd, dCyd, MgATP,
MgdTTP, MgdCTP (2:1 MgCl2/(d)NTP ratio), dTTP, or
dCTP were added to the incubation mixture every time
equilibrium was achieved after the previous addition and the
change in fluorescence intensity (∆F338) was measured as a
function of the concentration of added ligand. In each
experiment the fluorescence intensity was corrected for
dilutions because of ligand addition, which did not exceed
10% in any case. Background emission (<5%) was elimi-
nated by subtracting the signal from buffer containing the
appropriate quantity of ligand. Nonlinear regression analysis
of the data (the binding isotherm) was performed using the
SigmaPlot Technical Graphing Software (SPSS Inc.) and the
Hill equation.

SPR Analysis.Real-time interaction analyses between
immobilized enzyme and its different substrates and inhibi-
tors (analytes) were performed by SPR analysis using the
Biacore 3000 biosensor instrument (Biacore AB, Uppsala,
Sweden). Dimeric hTK2, with bound dNTP inhibitors (11),
was diluted∼30 times in 10 mM sodium acetate buffer (pH
5.5) to a final concentration of 0.21 mg/mL and immobilized

covalently to the hydrophilic carboxymethylated dextran
matrix of a CM5 sensor chip by the standard primary amine
coupling reaction, as described by the manufacturer. The
amount of immobilized protein was estimated from the
increase in∆RU (change in resonance units) by assuming
that 1000 RU correspond to∼1 ng of immobilized protein/
mm2 (23), and an average surface concentration of 17.64(
0.76 ng/mm2 (∆RU of 17 640( 760 RU) was obtained. A
reference surface was subjected to the same procedure but
with no protein to correct for any unspecific binding of the
analytes together with changes in the bulk refractive index.
Equilibration of the baseline (drift< -0.05 RU/s) was
obtained by a continuous flow (30µL/min) of HBS-N buffer
(10 mM Hepes and 150 mM NaCl at pH 7.4) for∼2 h
together with several injections of dThd followed by MgATP
over the immobilized hTK2 to release any bound dNTP
inhibitors. All biosensor analyses were performed at 25°C
with HBS-N running buffer at a constant flow of 30µL/
min. Each analyte was dissolved in running buffer and
analyzed using a∼106 dilution series, i.e., dThd (0.001-
2000µM), dCyd (0.005-2000µM), MgATP (0.005-2000
µM), MgdTTP/dTTP, and MgdCTP/dCTP (0.001-1000
µM). Unless otherwise stated, the cosubstrate ATP and the
inhibitors were used in the presence of Mg2+, in a 2:1 MgCl2/
(d)NTP ratio. A new sensor chip was used for each titration
experiment. Although the immobilized enzyme was very
stable, a standard concentration of each analyte was injected
at different time points of the experimental period and the
low rate of decay of that signal was used to correct the
measured SPR responses for each analyte concentration. All
of the compounds dissociated back to the baseline within a
relatively short time frame, but a regeneration step with a 3
min injection of 100µM dCyd was performed after each
dNTP injection. All sensorgrams were processed by first
subtracting the binding response recorded from the control
surface. The equilibrium SPR response att ) 3 min and the
apparent half-time for the off rates were measured directly
from the sensorgrams. To account for different immobiliza-
tion levels of enzyme, the SPR response to analyte binding
in each sensorgram was expressed as∆RU/(ng of hTK2/
mm2). The concentration of analyte at half-maximum re-
sponse ([S]0.5) was calculated from the derived equilibrium
binding isotherms by nonlinear regression analysis using the
SigmaPlot Technical Graphing Software (SPSS Inc.) and the
Hill equation.

RESULTS

Preparation of dNTP-free Enzyme.Given the previously
reported preparation of recombinant hTK2, purified with
bound endogenous inhibitors (dTTP, dCTP, and a minor
amount of dATP), it was important to develop a method for
the efficient removal of these compounds, to obtain the
kinetic properties of the noninhibited enzyme and to deter-
mine the affinities for the substrates and inhibitors. In this
study, we were able to remove all of the bound dNTPs from
the purified recombinant hTK2 by incubation of the enzyme
with a high concentration of the substrate dThd, followed
by a single step of preparative size-exclusion chromatogra-
phy, as determined by anion-exchange HPLC of the per-
chloric acid precipitated isolated dimer and tetramer (data
not shown). The oligomeric state of the enzyme reported in
our previous work (11), i.e., dimers, tetramers, hexamers,

Y ) mUT + YU - fN[(mUT + YU) - (mNT + YN)] (2)

fN ) exp{- 1
V∫T0

T
exp[EA

R ( 1
Tm

- 1
T)] dT} (3)
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and some higher molecular mass forms (aggregates), was
observed also after the removal of the dNTP inhibitors, as
determined by preparative and analytical size-exclusion
chromatography. The recovery of soluble tetrameric and
dimeric forms, i.e., 3-4 mg/L of bacterial culture, repre-
sented about one-third of the total amount of endogenously
inhibited enzyme obtained when no preincubation with dThd
was performed (11). On analytical (HPLC) size-exclusion
chromatography of the liquid N2 stored isolated enzyme
preparations, the dimer revealed∼18% cross-contamination
with the tetramer and the tetramer revealed∼26% cross-
contamination with dimer at the time of analysis, but higher
molecular mass forms (aggregates) were absent from both
preparations.

Steady-State Kinetic Analysis.The dNTP-free dimeric and
tetrameric hTK2 revealed linear time courses for both the
substrates dThd and dCyd when measured up to 15 min at
25 °C, and no differences were observed whether no
preincubation or 5 min of preincubation with the substrate
or cosubstrate (MgATP) were performed prior to initiation
of the reaction (data not shown). As seen from Table 1 and
Figure 1, our dNTP-free dimeric and tetrameric enzyme
preparations followed near Michaelis-Menten kinetics for
MgATP (h ) 0.87 and 0.78, respectively) and dCyd (h )
0.95 and 0.83, respectively), while for dThd, a strong
negative cooperativity was observed, with Hill coefficients
of h ) 0.37 and 0.54 for the dimeric and tetrameric hTK2,
respectively. Hill plots of the kinetic data, using the
calculatedVmax values, were linear and gave similar values
as the ones obtained by nonlinear regression analysis (Figure
1). Overall, the dimeric enzyme is less active than the
tetramer (∼1.4 times lowerVmax values) and shows a stronger
negative cooperativity with dThd as the variable substrate
(Table 1). hTK2 has similar apparent affinities for the
substrates dThd and dCyd and the cosubstrate MgATP,
although the dimeric form shows slightly higher affinities
for the three ligands than the tetrameric enzyme. Thus, the
catalytic efficiency (kcat/[S]0.5) of the tetramer is∼1.2-fold
higher than for the dimer. Moreover, the catalytic efficiency
of the dNTP-free dimeric and tetrameric hTK2 increased 16-
18-fold with dThd and 10-11-fold with dCyd as the variable
substrate when compared to the previously characterized
dNTP-inhibited enzymes (11). Finally, as previously ob-
served for the endogenously inhibited enzyme (11), the
specific activity of both dNTP-free dimer and tetramer
showed a∼3-fold increase when measured at 37°C as
compared to 25°C (data not shown).

Limited Proteolysis by Trypsin.Limited proteolysis of
proteins in a close-to-native state is a powerful tool to probe
changes in the higher-order structure in response, for
example, to ligand binding (24). In this study, we have
probed substrate-induced conformational changes both on
the dNTP-free and the endogenously inhibited enzymes.
Time-course studies revealed that the dimeric dNTP-free
hTK2 was more susceptible to limited proteolysis by trypsin
than the dimeric enzyme copurified with the endogenous
inhibitors dTTP and dCTP (11), even when proteolyzed at a
lower trypsin/enzyme ratio (1:100 and 1:50, by mass,

Table 1: Steady-State Kinetic Constants of dNTP-free Recombinant Human TK2a

dThd dCyd MgATP

enzyme
[S]0.5

(µM)

Vmax

(nmol
min-1 mg-1) h

Km

(µM)

Vmax

(nmol
min-1 mg-1) h

Km

(µM)

Vmax

(nmol
min-1 mg-1) h

dimer 5.8( 2.0 998( 57 0.37( 0.03 4.0( 0.1 463( 3 0.95( 0.02 2.8( 0.1 785( 6 0.87( 0.03
tetramer 6.5( 0.8 1261( 32 0.54( 0.02 4.9( 0.2 732( 7 0.83( 0.02 5.9( 0.4 1081( 14 0.78( 0.03

a The values were from four independent assays. The kinetic parameters were calculated by nonlinear regression analysis of the experimental
data using the Hill equation. The concentrations of dThd and dCyd were varied from 0.05 to 300µM, with the ATP concentration kept constant
at 300µM (600 µM MgCl2), and the ATP concentration was varied from 0.1 to 2000µM (2:1 MgCl2/ATP ratio), with the dThd concentration kept
constant at 200µM. The [S]0.5 values represent the dThd concentration at half-maximal activity. The Hill coefficients (h) calculated from Hill plots
using theVmax values given from curve fitting matched the ones obtained by nonlinear regression analysis, in all of the substrate concentration
range.

FIGURE 1: Catalytic activity of recombinant hTK2 at varied
concentrations of dThd and dCyd. For assay conditions and
nonlinear regression analysis, see the Experimental Procedures. (A)
hTK2 dimer with dThd (b) or dCyd (O) as the variable substrate.
(B) hTK2 tetramer with dThd (b) or dCyd (O) as the variable
substrate. The fitted curves were obtained using the Hill equation
and nonlinear regression analysis. The insets show Hill plots of
the same data, with the dashed line indicating a Hill coefficient of
1.0. For all linear regressions, the correlation coefficient (r2) was
equal to or greater than 0.99. The steady-state kinetic constants
are summarized in Table 1.
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respectively), with about 32.4( 2.8 and 58.4( 1.6% of
the full-length protomer recovered after incubation for 2 h
for the dNTP-free and dNTP-inhibited forms, respectively
(data not shown). Moreover, while incubation of the non-
inhibited enzyme with dThd decreased the rate of proteolysis,
with 42.4( 2.1% of the full-length protomer recovered after
incubation for 2 h, the tryptic cleavage of the dNTP-inhibited
hTK2 was enhanced on incubation with dThd, with only 37.6
( 1.8% of the full-length recovered.

Far-UV CD.The far-UV CD spectra observed for dimeric
and tetrameric hTK2 were similar and contain two minima
at 210 and 221 nm and a maximum at 194 nm (when
measured in phosphate buffer) (data not shown), as previ-
ously reported for the related enzyme TKHSV1 (25), which is
characteristic of proteins with a highR-helical content. The
secondary structure content of the ligand-free hTK2 estimated
from the CD spectra obtained in phosphate buffer (185-
260 nm) was 40.0( 1.6% R helix, 12.8( 1.3% â sheet,
15.5 ( 0.3% â turn, and 30.7( 1.2% random coil.
Unfortunately, the high absorbance of the nucleosides and
nucleotides in the far-UV region resulted in high noise levels,
which hampered satisfactory data collection atλ < 205 nm
and proper deconvolution of the CD spectra by CDNN.
Nevertheless, no significant changes in the spectra seem to
take place upon binding of any ligand to dimeric or tetrameric
hTK2 (data not shown). The thermal denaturation profile
followed atλ ) 222 nm could, however, be used to assess
the conformational state of the enzyme in its ligand-free and
ligand-bound forms. hTK2 undergoes an irreversible thermal
denaturation with a single transition as seen from the
sigmoidal decrease in the negative ellipticity at 222 nm and
the shape of the denaturation curve, which was essentially
symmetric (Figure 2). In all cases (absence or presence of
ligands), the thermal denaturation of hTK2 was accompanied
by an aggregation. To check the irreversibility, a heating scan
was stopped at 59°C, when unfolding of the ligand-free
enzyme is completed, and cooled back to 20°C, but no signal
was recovered (data not shown). Because of the irreversible
character of hTK2 denaturation, we analyzed the transition
curves in terms of a simple two-state irreversible model
(Figures 2 and 3) (see the Experimental Procedures). Dimeric
and tetrameric hTK2 showed approximately the same transi-
tion temperature (Tm) values (with a maximal variation of
(2 °C) for all of the ligands tested, but the apparent
Arrhenius activation energies (EA) for the process were
always higher for the tetrameric enzyme (Table 2). The
ligand-free dimeric hTK2 in Hepes buffer denatured with a
Tm value of 54.2( 0.1 °C, whereas in KH2PO4 buffer, the
enzyme was stabilized by a∆Tm of +3.4 °C. The addition
of the cosubstrate ATP also demonstrated a certain stabilizing
effect (∆Tm ≈ +2 °C), whereas in the presence of magne-
sium (MgATP) a ∼5 °C decrease in theTm value was
observed. Both substrates, dThd and dCyd, had a stabilizing
effect, shifting theTm value of dimeric hTK2 to 66.3( 0.1
and 60.0( 0.1 °C, respectively. The simultaneous addition
of substrate (dThd or dCyd) and cosubstrate ATP (in the
presence of EDTA to suppress any enzymatic activity)
resulted in only a slight stabilization (∆Tm ≈ +1 °C) when
compared to the substrate-bound enzyme. The feedback
inhibitors dTTP and dCTP showed an even more pronounced
thermal stabilization of the enzyme, and inclusion of
magnesium changed the denaturation profile differently for

the two dNTP-bound hTK2 forms; i.e., it was stabilized by
a ∆Tm of ∼ +3 °C further from the 76.8( 0.2°C found for
the hTK2‚dTTP complex and destabilized by a∆Tm of ∼ -8
°C from the 71.8( 0.2 °C found for the hTK2‚dCTP
complex (Table 2). These results fit in well with the biphasic
thermal denaturation profile obtained for the endogenously
inhibited dimeric hTK2 containing substoichiometric amounts
of dNTPs (mainly dTTP and dCTP), with apparentTm values
of 56.0 ( 1.1 and 68.0( 1.0 °C (Figure 3). Incubation of
the endogenously inhibited dimeric enzyme with the sub-
strates or cosubstrate induced apparent single transitions, with
Tm values of 62.9( 1.0 °C for dThd, 59.7( 1.3 °C for
dCyd, and 55.3( 1.1 °C for MgATP (Table 2). The
endogenously inhibited hTK2 tetramer revealed an apparent
single transition temperature at 61.9( 1.1 °C (Figure 3B)
but similar transitions as the dimeric enzyme upon incubation
with substrates or cosubstrate (Table 2).

ITF Measurements.hTK2 has five tryptophan residues,
at positions 55, 74, 133, 136, and 189. Four of these residues
are absolutely conserved in the deoxynucleoside kinasesDm-
dNK, hdCK, and hdGK, and Trp136 is a phenylalanine in
the Dm-dNK and hdGK enzymes. On the basis of the
structure of hdCK (26), three of these residues are located
at the dimer interface (Trp74, Trp133, and Trp136), one at
the active site (Trp55) establishing aπ-π stacking interac-
tion with the substrate/inhibitor base, and the last (Trp188)
is localized at the end ofR-helix 9 following the LID region.

FIGURE 2: Fit of the CD-monitored thermal denaturation profile
of ligand-free dimeric hTK2 (0.23 mg/mL) in 20 mM Hepes and
200 mM NaCl (pH 7.0) to the two-state irreversible model described
by eqs 2 and 3. For assay conditions and nonlinear regression
analysis, see the Experimental Procedures. (A) (O) represents the
CD signal of hTK2 at 222 nm as a function of the temperature,
and (s) represents the fitted curve to the experimental data. The
fitted parameters describing the data set are shown in the inset and
represent the slopemN and interceptYN of the native-state baseline,
the midpoint melting temperatureTm (°C), the Arrhenius activation
energy of the denaturation processEA (cal mol-1), and the slope
mU and interceptYU of the unfolded state baseline. (B) Residuals
for the irreversible two-state fit shown in A, representing the
differences between the predicted and measured values. [θ], molar
ellipticity.
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In hTK2, one or several of these tryptophans may be involved
in the conformational changes associated with the binding
of different ligands to the enzyme, as followed by ITF. dThd
and dCyd induced a quenching of the fluorescence emission
at a λmax of 338 nm (no shift in emission maximum), and
their binding isotherms displayed a near hyperbolic concen-
tration dependence (h d ∼0.8) (Table 3), with the [S]0.5 value
for dCyd (1.4-1.5 µM) being∼3-fold lower than for dThd
(4.1-4.5µM), for both oligomeric forms (data for tetrameric
hTK2 not shown). The dimeric form seems to adopt different
conformational states at different concentration ranges of the
cosubstrate MgATP. Thus, in the range of 0.05-4 µM, a
decrease in the fluorescence quantum yield was observed
with [S]0.5 of 0.5( 0.1µM (h ) 1.3( 0.2); at concentrations
up to 100µM, dimeric hTK2 revealed an increase in the
ITF with [S]0.5 of 14.5 ( 0.3 µM (h ) 1.4 ( 0.05) (Table
3), and at even higher concentrations, a new quenching phase
of the ITF was observed (data not shown). The addition of

MgATP to the tetrameric enzyme resulted in similar ITF
responses as for the dimeric enzyme but with significantly
lower ∆F signals. A slight positive cooperativity was
observed for the quenching by both MgdTTP and MgdCTP,
with lower [S]0.5 values (0.4( 0.01 and 0.2( 0.01 µM,
respectively) than those for the substrates dThd or dCyd.
For both inhibitors, exclusion of magnesium did not signifi-
cantly change the equilibrium binding isotherms for either
the dimeric or tetrameric form (data not shown).

SPR Analysis.The endogenously (dNTP) inhibited enzyme
was selected for immobilization because of its higher stability
on short-term exposure to pH 5.5 compared to the isolated
dNTP-free recombinant enzyme. The dimeric form was
immobilized to an average∆RU value of 17 640( 760 RU,
which corresponds to 17.6( 0.8 ng of immobilized enzyme/
mm2. After immobilization, a ligand-free enzyme was
obtained by repeated injections of 300µM dThd. A final
injection of 5µM MgATP further improved the stability of
the baseline. This resulted in satisfactory binding responses
[0.9-5.0∆RUmax/(ng of immobilized enzyme/mm2)] for all
of the analytes (Table 4). An influence of mass transport
was excluded for the low-molecular-mass analytes (227-
507 Da) at the selected high flow rate (30µL/min).

The sensorgrams for all of the analytes were analyzed
using the BIAevaluation software supplied with the instru-
ment, but systematic deviations from the available binding
models were observed. Therefore, the sensorgrams were all
analyzed by a simple Langmuir binding isotherm, and the
association equilibrium signal (∆RU at t ) 3 min) (Figure
4) as a function of the free analyte concentration was used
to determine the apparent affinities and the maximum SPR
signals [∆RUmax/(ng/mm2)] by nonlinear regression analysis
(Table 4). dTTP and dCTP revealed the highest apparent
affinities, with half-maximum saturation ([S]0.5) at 88( 15
and 38( 3 nM, respectively (Table 4). Interestingly, the
presence of Mg2+ markedly reduced their apparent affinity,
with [S]0.5 values of 14.6( 2.6 and 5.7( 4.1µM found for
MgdTTP and MgdCTP, respectively. In comparison, the
substrates dThd, dCyd, and cosubstrate MgATP gave the
[S]0.5 values of 0.5( 0.2, 9.8( 1.2, and 2.5( 0.4 µM,
respectively (Table 4). Moreover, the strong negative kinetic
cooperativity with dThd (h ) 0.37) was confirmed by the
SPR analysis (h ) 0.31).

Further comparative analyses of the sensorgrams (Figure
4) were most easily interpreted in the dissociation phase,
which is essentially a function of the dissociation rate. The
time course for the dCyd response revealed a “square-wave”
pattern; i.e., the full SPR response was reached within
seconds, and it returned rapidly (<1 s) to the baseline level
at the end of the injection cycle (Figure 4B), as expected
from simple binding of a low-molecular-mass analyte with
relatively low affinity (27). In contrast, all of the other
compounds revealed a time-dependent SPR response for both
the association and dissociation phases, notably in the lower
concentration range (parts A and C-F of Figure 4). Whereas
the rapid dissociation rate for dCyd was too fast to measure
the half-time, the dissociation rate for dThd was relatively
slow, with a half-time of 12.0( 1.8 s at a high concentration
of the analyte. The cosubstrate MgATP gave a half-time of
3.4 ( 0.4 s, i.e., similar to the inhibitors MgdTTP (t1/2,obs

off ) 4.2 ( 0.8 s) and MgdCTP (t1/2,obsoff ) 5.6 ( 1.5 s).

FIGURE 3: CD-monitored thermal denaturation profiles of ligand-
free and ligand-bound hTK2 (0.23 mg/mL) obtained by a nonlinear
fit routine of the experimental data to the two-state irreversible
model described by eqs 2 and 3. The CD signal was recorded at
222 nm as a function of temperature for dimeric (A) and tetrameric
(B) hTK2. The melting curves for noninhibited hTK2 were obtained
in 20 mM Hepes and 200 mM NaCl (pH 7.0) in the absence of
ligand (+), with 300 µM dThd (3), 300 µM dCyd (4), 300 µM
ATP (0), 300 µM MgATP (9), 300 µM dThd and 300µM ATP
(1), 300µM dCyd and 300µM ATP (2), 300µM dTTP (]), 300
µM MgdTTP ([), 300µM dCTP (O), 300µM MgdCTP (b), and
20 mM KH2PO4 and 50 mM KF (pH 7.0) in the absence of ligand
(-). The fitted parameters are summarized in Table 2. For
comparison, the melting curves for the endogenously inhibited
dimeric (A) and tetrameric (B) hTK2 (s) after noise reduction are
also shown. In this case, the transition temperatures (Table 2) were
determined from the first derivative of the denaturation profile. [θ],
molar ellipticity.
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The experimental error for the SPR response in replicate
injections of the analyte was found to be<4% in two
independent titration experiments. Finally, the specificity of
the SPR signal responses shown in Figure 4 was verified by
injecting the nonsubstrate nucleoside deoxyguanosine (dGuo),
with no observable signal being obtained at concentrations
up to 20µM (data not shown).

DISCUSSION

dNTP-free hTK2 and Its Oligomeric Forms.Previous
biochemical characterization of recombinant hTK2 in this
laboratory was performed with an enzyme isolated fromE.
coli with a substoichiometric amount of inhibitory endog-
enous dNTPs (∼0.8 mol/mol of hTK2 subunit, where dTTP
> dCTP . dATP) bound at the active site (11). In the
present study, we have developed a purification protocol to

successfully isolate an inhibitor-free enzyme, which retained
the same pattern of oligomeric forms (i.e., mainly dimers
and tetramers) as the previously characterized endogenously
inhibited enzyme. The time course for the phosphorylation
reaction catalyzed by the dNTP-inhibited hTK2 was char-
acterized by a∼5 min lag phase, which was completely
removed by preincubation of the enzyme with substrates (11).
The dNTP-free enzyme preparations revealed a linear time
course, even in the absence of preincubation with the
substrate or cosubstrate, which further confirms the complete
absence of inhibitors bound to the enzyme. Moreover, the
biphasic concentration dependences previously observed for
the substrates dThd and dCyd, with two Hill coefficients
calculated at different concentration ranges, become monopha-
sic in the dNTP-free enzyme, demonstrating that the endog-
enous dNTP inhibitors accounted for the complex kinetic
behavior. The dNTP-free oligomers revealed distinct kinetic
properties, and the tetramer gave a∼1.4-fold higher specific
activity than the dimer, a slightly lower negative cooperativity
toward dThd, and slightly higher [S]0.5 values for the two
substrates and cosubstrate (Figure 1 and Table 1). Moreover,

Table 2: Arrhenius Equation Parameter Estimates for the Two-State Irreversible Model of the Thermal Denaturation of hTK2

hTK2 dimer hTK2 tetramer

hTK2 ligand Tm (°C) EΑ (kcal mol-1) Tm (°C) EΑ (kcal mol-1)

ligand-free 54.24( 0.06 52.17( 0.98 54.29( 0.05 71.43( 1.33
ligand-free (KH2PO4) 57.57( 0.05 61.28( 0.92
dThd 66.26( 0.08 63.11( 1.27 66.19( 0.07 79.23( 1.75
dCyd 59.95( 0.07 67.75( 1.63 59.89( 0.05 98.80( 2.22
ATPa 56.52( 0.10 43.24( 1.09 57.25( 0.08 57.91( 1.41
MgATPb 48.99( 0.10 41.93( 1.27 49.88( 0.07 54.84( 1.45
dThd/ATPa 67.87( 0.11 65.41( 1.82 67.72( 0.09 82.63( 2.45
dCyd/ATPa 61.03( 0.07 73.56( 1.79 60.87( 0.09 87.29( 3.21
dTTPa 76.82( 0.21 61.60( 1.91 76.61( 0.16 62.97( 1.62
MgdTTPb 79.93( 0.27 58.31( 1.49 78.47( 0.19 60.86( 1.47
dCTPa 71.83( 0.18 48.81( 1.38 69.83( 0.14 53.31( 1.38
MgdCTPb 63.48( 0.13 41.51( 1.05 65.41( 0.11 49.75( 1.21
endogenous inhibitedc 56.0( 1.1, 68.0( 1.0 nd 61.9( 1.1 nd
dThdc 62.9( 1.0 nd 63.4( 0.9 nd
dCydc 59.7( 1.3 nd 60.3( 1.3 nd
MgATPb,c 55.3( 1.1 nd 56.1( 1.3 nd

a Measurements done in the presence of 1 mM EDTA.b 2:1 MgCl2/(d)NTP ratio.c For the endogenous inhibited enzyme in the presence or
absence of extra ligands (dThd, dCyd, or MgATP), theTm values were obtained by deconvolution of the first derivative of the melting curves. In
the absence of extra ligands, the endogenous inhibited dimeric enzyme showed a biphasic thermal transition (Figure 3).

Table 3: Kinetic Parameters for the Equilibrium Binding of
Substrates and Inhibitors to Dimeric hTK2 as Determined by
Changes in ITFa

ligand ∆Fmax [S]0.5 (µM) h

dThd (-) 134.4( 4.4 4.1( 0.4 0.80( 0.04
dCyd (-) 132.0( 2.1 1.4( 0.1 0.76( 0.03
MgATPb,c (-) 33.2( 1.6 0.5( 0.1 1.3( 0.2

(+) 68.6( 0.9 14.5( 0.3 1.4( 0.05
MgdTTPc (-) 112.3( 1.0 0.42( 0.01 1.57( 0.05
MgdCTPc (-) 120.5( 1.2 0.21( 0.01 1.63( 0.07

a The values were from two independent assays. The parameters were
calculated by nonlinear regression analysis of the experimental data
using the Hill equation. The concentration ranges of ligand used in the
fit were 0.05-50 µM for dThd and dCyd, 0.05-100µM for MgATP,
and 0.05-10µM for MgdTTP and MgdCTP. The [S]0.5 values represent
the concentration of ligand that gave a half-maximum steady-state
equilibrium ITF response. For maximum steady-state equilibrium ITF
response (∆Fmax), (-) indicates quenching and (+) indicates an increase
in the quantum yield of fluorescence intensity upon ligand addition.
b MgATP induced a quenching of the ITF of hTK2 in the concentration
range 0.05-4 µM, but an increase in the quantum yield in the
concentration range 5-100 µM and, thus, the upper and lower
parameters presented correspond to independent fits of the experimental
data obtained in each of the concentration series, respectively.c 2:1
MgCl2/(d)NTP ratio.

Table 4: Kinetic Parameters for the Substrate- and
Inhibitor-Induced Changes in the Refractive Index (∆RU) of
Immobilized Dimeric hTK2 as Measured by SPRa

analyte
∆RUmax/
(ng/mm2)

[S]0.5

(µM) h
t1/2,obsoff

(s)

dThd 3.3( 0.1 0.5( 0.2 0.31( 0.03 12.0( 1.8
dCyd 4.2( 0.2 9.8( 1.2 0.74( 0.03 nd
MgATPb 4.3( 0.2 2.5( 0.4 0.67( 0.04 3.4( 0.4
MgdTTPb 5.0( 0.2 14.6( 2.6 0.47( 0.01 4.2( 0.8
dTTP 1.35( 0.04 0.088( 0.015 0.35( 0.02 7.5( 0.9
MgdCTPb 3.9( 0.5 5.7( 4.1 0.35( 0.03 5.6( 1.5
dCTP 0.93( 0.01 0.038( 0.003 1.2( 0.1 24.8( 1.3

a The values were from two independent assays. The parameters were
calculated by nonlinear regression analysis of the experimental data
(binding isotherms) using the Hill equation. The concentration ranges
of analyte used in the fit were 0.001-50µM for dThd, MgdTTP, dTTP,
MgdCTP, and dCTP and 0.05-50µM for dCyd and MgATP. The [S]0.5

values represent the concentration of analyte that gave a half-maximum
steady-state equilibrium SPR response. The apparentt1/2,obsoff values
represent the half-time for the overall∆RU off-response as measured
directly from the sensorgrams.b 2:1 MgCl2/(d)NTP ratio.
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when compared to the dNTP-inhibited enzyme, the dNTP-
free enzyme revealed a marked increase in the catalytic
efficiency; i.e., it increased 16-18-fold with dThd and 10-
11-fold with dCyd as the variable substrate.

Structural Stability of the dNTP-free hTK2 as Studied by
Thermal Denaturation and Limited Proteolysis by Trypsin.
Although ligand binding did not seem to induce significant
alterations in the secondary structure of hTK2, we used CD-
monitored thermal denaturation to probe for different con-
formational states assumed by the enzyme on binding
different substrate and inhibitor compounds. Some proteins
are capable of self-refoldingin Vitro upon thermal denatur-
ation, but the occurrence of side reactions such as aggre-
gation makes the denaturation of many proteins irrevers-

ible. As such, the thermal denaturation is often discussed
in terms of the Lumry-Eyring model (28), in which a
reversible unfolding step is followed by an irreversible
denaturation step, N/ U f D, where N, U, and D are the
native, unfolded or partially unfolded, and denatured
states of the protein, respectively (29, 30). However, in many
cases, an irreversible thermal denaturation can be success-
fully analyzed using simple irreversible models that are
approximations to the Lumry-Eyring model (22, 29, 31-
33). The CD-monitored thermal unfolding of hTK2 was
found to be irreversible and was thus analyzed by the simple
two-state irreversible model

FIGURE 4: Sensorgrams of the interaction between dNTP-free immobilized dimeric hTK2 and increasing concentrations of dThd (A), dCyd
(B), MgdTTP (C), dTTP (D), MgdCTP (E), and dCTP (F). The Mg2+/dNTP ratio was 2:1 for the titrations where the divalent cation was
present. Similar immobilization levels of the enzyme were obtained for all titrations, i.e., 16885 RU (A), 16562 RU (B), 18738 RU (C),
18019 RU (D), 17929 RU (E), and 18359 RU (F), consistent with 16.9, 16.6, 18.7, 18.0, 17.9, and 18.4 ng of enzyme/mm2, respectively.
The concentrations of dThd (A) are, from bottom to top, 2.5 nM, 5 nM, 10 nM, 25 nM, 50 nM, 0.1µM, 0.25 µM, 0.5 µM, 2 µM, and 10
µM. The concentrations of dCyd (B) are, from bottom to top, 0.1µM, 0.25 µM, 0.5 µM, 1 µM, 2 µM, 3 µM, 5 µM, 10 µM, and 15µM.
The concentrations of MgdTTP (C) and dTTP (D) are, from bottom to top, 10 nM, 25 nM, 50 nM, 0.1µM, 0.25 µM, 0.5 µM, 2 µM, and
10 µM. The concentrations of MgdCTP (E) are, from bottom to top, 25 nM, 50 nM, 0.1µM, 0.15 µM, 0.25 µM, 0.5 µM, 2 µM, and 10
µM. The concentrations of dCTP (F) are, from bottom to top, 25 nM, 50 nM, 0.1µM, 0.15 µM, 0.25 µM, 0.5 µM, and 10µM.

N 98
k

D
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where k is a first-order rate constant that changes with
temperature, as given by the Arrhenius equation. All
denaturation curves measured with hTK2 could be perfectly
fitted to eqs 2 and 3 describing this model (Figures 2 and
3), and because the enzyme shows both dimeric and
tetrameric quaternary structures, the curves probably describe
a process where dissociation and unfolding of the protein
are occurring simultaneously. On the basis of the two-state
irreversible model, the parameters of the Arrhenius equation
were calculated, providing evidence for a significant struc-
tural stabilization of the enzyme (in terms ofTm) upon ligand
binding, i.e., dCyd< MgdCTP< dThd < dCTP< dTTP
< MgdTTP, whereas MgATP seemed to further destabilize
hTK2. Despite the limited sequence homology, the similar
structural fold and related catalytic properties of TK2 with
other members of the nucleoside monophosphate kinase
(NMPK) fold family, for which large ligand-induced con-
formational changes have been described, anticipate the
occurrence of comparable motions also for this enzyme.
Thus, on the basis of X-ray crystallographic studies, large
conformational changes upon substrate binding have been
described for adenylate kinase (ADK) (34, 35) and uridine-
cytidine kinase (UCK) (36) and are also known to occur for
other members of the NMPK fold family, e.g. TKHSV1 (37),
for which a thermal stabilization upon ligand binding was
correlated with a large-scale conformational adaptation (25).
Similarly, we show a remarkable ability of hTK2 to adopt
different conformations, with defined thermal stabilities, on
binding each specific ligand (Figure 3). In the ligand-free
form, hTK2 dimer is∼11 °C more stable (in terms ofTm)
than TKHSV1 (25). Moreover, while dThd induces a similar
stabilization of the two enzymes (by∼12 and ∼9 °C,
respectively), the simultaneous addition of substrate and ATP
had almost no further stabilizing effect on hTK2 (∆Tm ≈
+1 °C), whereas an additional∼9 °C stabilization was
reported for the virus enzyme (25). The most stable
conformation was observed for the binary hTK2‚MgdTTP
complex, with aTm value (79.9°C) that was∼31 °C higher
than the most unstable conformation assumed by the enzyme,
i.e., in complex with the cosubstrate MgATP (Tm ) 49.0
°C).

The fact that substrate/inhibitor binding to hTK2 results
in major conformational changes is also supported by
changes both in the susceptibility to limited tryptic proteolysis
and in the ITF analyses (Table 3) of substrate/inhibitor-bound
versus unliganded enzyme. The LID region in hTK2 contains
a cluster of six positively charged residues (three arginines
and three lysines) (11, 19) and is intrinsically a key target
for proteolysis by trypsin. Upon inhibitor binding, a closure
of the LID region over the phosphate moiety will stabilize
this structure in a more closed conformation (20) and partially
protect it from proteolytic degradation by trypsin, explaining
the higher resistance of the dNTP-inhibited enzyme to limited
proteolysis. Moreover, the hydrogen bonding between the
3′ OH of the substrate dThd and Glu170 in the LID (11) is
also expected to protect, to some extent, this structure from
proteolytic degradation. Thus, incubation of the unliganded
enzyme with this substrate increased its resistance to limited
proteolysis.

Real-Time Binding Studies.The kinetics of the interactions
between dNTP-free hTK2 dimer and its low-molecular-mass
(227-507 Da) substrate and inhibitor compounds were also

determined using the SPR biosensor technology. In general,
their reversible binding resulted in an increase in the SPR
signal, related to an increase in mass at the sensor surface,
and a unique interaction kinetic profile was observed for each
analyte (parts A-F of Figure 4 and Table 4). First, the
apparent affinities confirmed that dThd is the preferred
substrate and that dNTP-inhibitors bind with the highest
affinities in the absence of Mg2+. Second, the strong negative
kinetic cooperativity of dThd binding (h ) 0.37) was
confirmed by the SPR analyses (h ) 0.31). Finally, the
slowest dissociation rate for the substrates was observed for
the binding of dThd. Although, the mechanism of the
negative cooperativity of dThd binding, in contrast to dCyd,
has yet to be explained, it may be related to the difference
in the association and dissociation rates observed for the two
nucleosides by SPR (parts A and B of Figure 4 and Table
4). Unfortunately, the SPR analyses do not allow a deter-
mination of the number of binding sites for the nucleosides
in the hTK2 dimer, because their specific refractive index
increment (cm3/g) versus the immobilized protein is not
known. Similarly, dCTP takes a longer time to dissociate
from hTK2 than dTTP (Table 4), and while dTTP is a regular
noncooperative inhibitor of hTK2, dCTP inhibits the enzyme
with complex negative cooperative kinetics (38, 39).

Some of the sensorgrams were rather complex (parts C,
E, and F of Figure 4) by demonstrating a reproducible
instability of the association equilibrium signal at the higher
concentrations of the analytes. The molecular basis for this
instability has yet to be explained, but it may be related to
the conformational flexibility of hTK2. Moreover, the∼4-
fold increase in the measured association equilibrium signal
[∆RUmax/(ng/mm2)] observed for MgdTTP and MgdCTP as
compared to dTTP and dCTP cannot be attributed solely to
an increase in mass at the sensor surface caused by the
additional binding of Mg2+ (24 Da). The observed differences
in the SPR response may be explained alternatively by (i) a
difference in the number of binding sites; i.e., dTTP and
dCTP may bind with high affinity (Table 4) to only one of
the two active sites in the dimer (half-of-the-site reactivity),
whereas MgdTTP and MgdCTP bind with low affinity (Table
4) to both sites; (ii) the∼4-fold higher∆RU response of
the Mg complexes may be related to a conformational change
of dimeric hTK2 because of a change in the dielectric
properties of the enzyme-water matrix, as previously
proposed for the SPR responses of rhodopsin (40), dihydro-
folate reductase (41), phenylalanine hydroxylase (42), and
maltose-binding protein and tissue transglutaminase (43); or
(iii) other mechanisms, including a combination of the
previous two alternatives. We cannot exclude the possibility
that the inhibitors complexed with magnesium are also able
to bind as a phosphate donor, with much lower affinity, in
addition to the high-affinity binding as a “bisubstrate
analogue” already observed by crystallization (19, 20) and
molecular docking (11). This alternative binding could
explain both the decrease in affinity and in half-time of
dissociation observed in the SPR experiments. It is interesting
to note that the conformational change resulting from binding
of the inhibitors to hTK2, as followed by ITF, showed the
same apparent affinity and maximum response regardless of
the presence of the counterion. It is possible, however, that
the presence of magnesium does not bring any additional
disturbance of specific (not identified) tryptophan residues
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within the enzyme. Thus, whereas the ITF primarily reflects
changes in the microenvironment of specific tryptophan
residues in each subunit, the SPR response is intrinsically
more complex and can reflect not only an increase in mass
at the sensor chip surface upon analyte binding but also a
global conformational change of the enzyme (40-43). This
difference between the two probes may also explain the
finding that hTK2 binds the natural substrates dThd and dCyd
with negative cooperativity and a hyperbolic concentration
dependence, respectively, as determined by steady-state
kinetics and SPR spectroscopy, whereas the equilibrium
binding isotherm obtained by ITF revealed a hyperbolic
dependence for both substrates. Finally, it should be noted
that the crystal structure of the related enzymeDm-dNK, in
complex with the inhibitor dTTP, contained a magnesium
ion coordinating theâ and γ phosphates of the nucleotide
as well as some important amino acids (20). However, from
our present data, it can be concluded that Mg2+ is not
required for inhibitor (dTTP and dCTP) binding to hTK2.

CONCLUDING REMARKS

A detailed understanding of the catalytic and regulatory
properties of the mitochondrial thymidine kinase (TK2) has
so far been hampered by the complex enzyme kinetics
displayed with its two main substrates, dThd and dCyd, when
isolated from mammalian tissues (39, 44, 45) and as a
recombinant protein fromE. coli (4-6, 11, 46). Our recent
discovery of tightly bound endogenous inhibitors (dNTPs)
as the main source of the complex kinetics (11) is confirmed
in the present study. Moreover, our procedure for the
quantitative removal of the bound dNTPs, by displacement
with high concentrations of dThd, has dramatically increased
the catalytic efficiency of the enzyme and redefined some
of its key kinetic and regulatory properties. The distinct
kinetic properties of the two main substrates, dThd and dCyd,
are confirmed by direct ligand-binding studies using ITF and
SPR spectroscopy, all indicating that dThd is the preferred
substrate. Moreover, dThd binds with a pronounced negative
cooperativity, in contrast to dCyd, but further studies are
required to explain the mechanism of this regulatory property.
The dNTP-free recombinant hTK2 thus represents a key
enzyme source for screening studies of nucleoside analogues,
which have a broad pharmacological application as antiviral
and anticancer agents.

Internal protein dynamics are intimately connected to
enzyme catalysis. In the present study, experimental evidence
is presented in support of different conformational states
assumed by hTK2 in its ligand-free, substrate-bound, and
dNTP-bound forms based on a number of independent
spectroscopic techniques, i.e., ITF, far-UV CD, real-time
SPR, and limited proteolysis by trypsin. No crystal structure
of hTK2 is yet available, but from the high degree of
sequence identity to the multisubstrate deoxynucleoside
kinase Dm-dNK and the similarity in biochemical and
biophysical characteristics between the two enzymes (47-
49), comparable catalytic and regulatory properties, including
feedback inhibition, are expected. Thus, the construction of
a modeled dimeric hTK2 based on the known structure of
Dm-dNK (11) and molecular dynamics simulations in the
ligand-free form and in complex with dThd and MgdTTP
have allowed the unveiling of the preliminary structural basis
for the conformational changes observed experimentally. In

the modeled ligand-free hTK2 and hTK2‚dThd complex,
large structural changes were observed at the active site and,
in particular, large movements at the LID region and the P
loop, initiating an opening of the active-site crevice, which
is compatible with an induced fit mechanism of substrate
binding (Barroso et al., unpublished data). Thus, future
structural studies of hTK2 are expected to confirm the
different conformations adopted by the enzyme on binding
different physiological ligands as observed by the comple-
mentary biophysical methods in the present study.
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