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ABSTRACT. Deoxycytidine kinase is the rate-limiting process in the activation for several clinically important
antitumor agents. Previous studies have focused on deoxycytidine (dCyd) and adenosine triphosphate
(ATP) as substrates for this enzyme. In view of recent data indicating that uridine triphosphate (UTP) is
the physiologic phosphate donor for this enzyme, a study of the kinetic properties of dCyd kinase with
dCyd and UTP was undertaken. The results presented here demonstrate that UTP and ATP produce
kinetically distinguishable differences in nucleoside phosphorylation by dCyd kinase. At high dCyd
concentrations, dCyd kinase exhibited substrate activation with ATP. In contrast, in the presence of UTP,
substrate inhibition was observed at concentrations of dCyd greater #llsin 3nhibition by dCyd was
noncompetitive with respect to UTP and could not be reversed by a 200-fold increase in UTP concentration,
indicating that the inhibition was not due to dCyd binding at the nucleotide binding site. The kinetic
mechanism for dCyd kinase was determined with dCyd and UTP as substrates. UTP was the preferred
phosphate donor with a tru€, value of 1uM compared to 54M with ATP, resulting in a 50-fold

greater substrate efficiency for UTP. Although the double-reciprocal plots with UTP produced parallel
lines, initial velocity plots with other phosphate donors and product inhibition studies indicated that dCyd
kinase formed a ternary complex with its substrates. The parallel lines with UTP were apparently due to
a low dissociation constant for UTP, which was calculated as more than 13-fold lower thanvgdue.
Analysis of product inhibition studies indicated that dCyd kinase followed an ordered A-B random P-Q
reaction sequence, with UTP as the first substrate to bind. In contrast, previous results demonstrated a
random bi-bi sequence for dCyd kinase in the presence of ATP. The combined results indicate that the
enzyme can follow a random bi-bi reaction sequence, but with UTP as the phosphate donor, the addition
of nucleotide prior to dCyd is strongly preferred. The noncompetitive substrate inhibition, which was
independent of UTP concentration, indicates that high concentrations of dCyd promote addition of the
nucleoside prior to UTP, resulting in a lower velocity.

Deoxycytidine kinase (E.C. 2.7.1.74) has evoked interest In addition to its broad nucleoside substrate specificity,
because of its unique role in the initial phosphorylation of studies with the purified enzyme have shown that dCyd
several nucleoside analog antitumor and antiviral agents tokinase can accept a variety dttsiphosphates as phosphate
their therapeutic Striphosphate derivatives (Krenitsky etal., donors (Cheng et al., 1977; Datta et al., 1989a; White &
1976; Arner & Eriksson, 1995). While dC¥ydkinase has  Capizzi, 1991; Shewach et al., 1992). Of the endogenous
highest affinity for dCyd analogs, such as araC, dFdCyd, cellular nucleotides, only dCTP does not function as a
and dideoxycytidine, this enzyme can also phosphorylate phosphate donor but instead is an inhibitor of dCyd kinase
several purine analogs, including fludarabine, chlorodeoxy- (Sarup et al., 1989; Datta et al., 1989a; White & Capizzi,
adenosine, arabinosylguanine, and 2-chloroaderifiex 1991; Shewach et al., 1992). Since the velocity of the dCyd
roarabinoside (Plunkett & Saunders, 1991; Amer & Eriksson, kinase reaction was highest with ATP, studies of nucleoside
1995; Heinemann et al., 1988; Shewach et al., 1992; 1993; affinity for dCyd kinase have utilized ATP as the phosphate
Saven et al., 1993; Parker et al., 1991; Xie & Plunkett, 1995). donor (Datta et al., 1989a; Eriksson et al., 1991). Under
The central role of dCyd kinase in the activation of these these conditions, nonlinear initial velocity kinetics were

clinically important compounds has prompted evaluation of gpserved at high concentrations of pyrimidine and purine
the biochemical properties and substrate specificity for this cleosides, indicative of substrate activation (Sarup &
salvage pathway enzyme (Krenitsky et al., 1976; Sarup & Frigland, 1987). In view of the fact that dCyd kinase is
Fridland, 1987; Bohman & Eriksson, 1988; Datta et al., composed of two identical subunits (Bohman & Eriksson,
1989a; Kim & Ives, 1989). 1988; Sarup & Fridland, 1987; Datta et al., 1989a; Chottiner
et al., 1991), these data suggest that there are two catalytic
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phosphate donor, nucleoside substrate affinity for dCyd contained<0.5 nM dCyd and<100 nM UTP. The complete
kinase in the presence of UTP resulted in consistently lower reaction mixture contained variable concentrations of tritiated
Km values for most substrates (Shewach et al., 1992; White nucleoside substrate, nucleosidetriphosphate and Mggl
& Capizzi, 1991, Krawiec et al., 1996). WhiM. values at equimolar concentrations, 50 mM imidazole, pH 7.4, 25
were also lower, the overall efficiency of the reaction was mM dithiothreitol, 5% glycerol, 100 mM KCI, and 1 mg/
highest with UTP as the phosphate donor, based on relativemL BSA in a final volume of 3QuL. Kinetics were similar
Vma{Km values (Shewach et al., 1992; Krawiec et al., 1996). when a constant excess of MgCk 200xM) was added to
Interestingly, the nonphysiologic-) enantiomers of 23- the reaction. The reaction mixture was incubated in a water
dideoxy-3-thiacytidine and its 5-fluoro analog showed the path at 37°C for 10 min, followed by inactivation at 85C
opposite effects oy, and Viax values: both were higher  for 1 min. Aliquots of the reaction mixture were pipetted
with ATP compared to UTP as the phosphate donor, again onto DE-81 filter discs, which were washed with ammonium
resulting in a kinetic advantage for UTP (Shewach et al., formate, and radioactivity was quantitated as described
_1993). These_ data Clear!y establish the importance of UTP (Shewach et al., 1992). In all assays, less than 10% of the
in the dCyd kinase reaction. substrate was converted to product. Phosphorylation of dCyd
Despite the evidence that UTP is the preferred phosphatewas linear at all concentrations tested for at least 50 min.
donor, detailed kinetic studies of dCyd kinase with dCyd Al assays were performed in duplicate, and each experiment
and UTP as substrates are lacking. In addition, there areygg performed at least twiceKn and Vmax values were
conflicting reports in the literature concerning the kinetic getermined with the aid of a computer program that uses a
behavior of dCyd kinase at high nucleoside concentrations. |inear regression method with weighting of velocities ac-
One report indicated that araC phosphorylation decreasedcoding to proportional error (Wilkinson, 1961); values
at high concentrations (White & Capizzi, 1991), whereas a \yere calculated from replots of inhibitor concentration vs
recent brief report indicated that typical Michaelldlenten gjqne or intercept of the double-reciprocal plots using linear

kli<netiqs are Io blsgsr)\éed _mth high. concentrati_ons of d?yd least-squares regression analysis to estimate the best-fit line
(Krawiec et al., ). This is an important point to reso Veyéiescribing the data points.

since chemotherapeutic agents that are substrates for dC . , :
kinase, such as araC, are commonly administered at high_ Phosphorylation of UDP to UTP with Pyrate Kinase.

concentrations (Heinemann & Jehn, 1990). To address thisPyruvate kinase was added to the dCyd kinase assay to test
issue, we have compared the kinetics of phosphorylation overWhether accumulation of high concentrations of UDP was
a broad range of dCyd concentrations with either ATP or inhibitory to dCyd kinase. Assay conditions were as
UTP as phosphate donor. In addition, we have analyzed thedescribed above for dCyd kinase with the addition of 1 unit
kinetic mechanism for dCyd and the true phosphate donor, of pyruvate kinase and 5 mM phosphoenolpyruvate. UDP
UTP, since previous studies of the reaction sequence for thisand UTP were separated and quantitated by strong anion-
enzyme have utilized ATP exclusively as the phosphate €xchange HPLC analysis as described previously (Shewach
donor (Kim & Ives, 1989; Datta et al., 1989b). The results etal., 1992). This analysis demonstrated that thereva%
presented here demonstrate that both the kinetic behavior acontaminating UDP in the UTP preparations. Pyruvate
high dCyd concentrations and the preferred reaction sequencéinase under the conditions used converted on aver@@8o
differed with UTP compared to ATP as the phosphate donor. of the UDP to UTP during the 10 min incubation.

A model is presented that integrates the effects at high dCyd peoxycytidine Kinase Assay UsidgP-Labeled Nucle-
concentrations with the proposed reaction sequence for dCydytiges. Deoxycytidine kinase was incubated essentially as

kinase. These results have important implications for the yescribed above with the following changes. 3fDeoxy-
optimal clinical administration of chemotherapeutic agents cytidine was used at a fixed concentration (B1) with
such as araC and dFdCyd, which are dCyd kinase substrates; 3 iaple concentrations of either-p?P]JUTP (1-10 uM) or

[y-32P]JATP (20-200 uM). Unlabeled ATP was added as
MATERIALS AND METHODS an inhibitor of [y-3?P]JUTP utilization, and in the comple-

Materials. [5-*H]dCyd was purchased from Moravek Mmentary study UTP was included as an inhibitor pffP]-
Biochemicals, and its purity was97% according to reverse- ~ ATP utilization. The reaction mixture was incubated for 10
phase HPLC analysis. yf?P]JUTP and {-*2P]JATP were min at 37°C, followed by inactivation for 1 min at 83C.
obtained from ICN Radiochemicals, Irvine, CA, and were Aliquots of the reactions mixture were pipetted onto polyester-
>99% pure by strong anion-exchange HPLC analysis. Thin- backed, 25@um thin-layer chromatography silica plates that
layer chromatography silica plates and DE-81 filter discs were prespotted with unlabeled dCMP and either UTP or
were purchased from Whatman Labsales, Hillsboro, OR. ATP. Radioactive dCMP product was separated from other

Deoxycytidine Kinase Assay UsingH]dCyd. dCyd produ_ct_s and substr_ates by dev_eloping the plates in a chamber
kinase was isolated from MOLT-4 T lymphoblasts to greater containing ammonium hydroxiee2-propanot-dH,O (30:
than 90% purity by a procedure described previously 56:14). Migration of dCMP was identified by UV absor-
(Shewach et al., 1992). Purified dCyd kinase was desaltedbance (254 nm) of the unlabeled standard, the area was cut
once or twice to remove UTP and dCyd that remained in out and placed into scintillation vials, and the radioactivity
the preparation from the purification procedure. Desalting was eluted with dpO for 10 min prior to the addition of 10
was accomplished on a Sephadex G-25 column (Isolab, Inc.)mL of Biosafe liquid scintillant. The amounts &H- and
as described (Shewach et al., 1992) and then the enzyme&?P-labeled dCMP were quantitated in a Beckman LS
was diluted before assay. The final enzyme preparation after6000SC scintillation spectrometer. Velocity of the dCyd
single desalting contained0.025uM dCyd and<0.5uM kinase reaction witi#?P-labeled nucleotide was calculated
UTP. Double-desalted enzyme used for tigg studies from the amount of P]dCMP.
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Ficure 1: Pattern of dCyd phosphorylation with ATP or UTP as 1M dCyd

the phosphate donor. (AJH]dCyd (0.5-100uM) and 2 mM ATP. _ _
Graph represents a typical experiment. (Inset) Hill plot of data from FiGure 2: Total product formed with time. Deoxycytidine kinase
panel A. (B) BH]dCyd (0.2-100 uM) and 2 mM UTP as the was incubated with3H]dCyd (0.2-50 M) and 10uM UTP for

phosphate donor. 1-15 min. Total product represents total amount $1]iCMP
formed in the corresponding incubation period. Data points represent
RESULTS the averaget SD of duplicate determinations.

Previously it has been reported that dCyd kinase exhibited ing UDP in the UTP preparation-3%) plus UDP generated
enzyme activation with purine and pyrimidine substrates at during the assay may result in enzyme inhibition. To test
high concentrations when ATP was utilized as the phosphatethis hypothesis, studies similar to those described in Figure
donor (Sarup & Fridland, 1987), whereas there are conflicting 1B were performed in the presence of pyruvate kinase to
reports on the kinetic behavior of dCyd kinase at high dCyd rapidly convert any UDP generated to UTP. Analysis of
concentrations with UTP as the phosphate donor (White & the reaction products by HPLC demonstrated that the
Capizzi, 1991; Krawiec et al., 1996). To clarify whether pyruvate kinase converted90% of the UDP to UTP (data
high concentrations of dCyd produce different kinetic results not shown). While the addition of pyruvate kinase increased
with ATP relative to UTP, we compared the phosphorylation the velocity slightly (average 21.0% 3.4%; range 4.6
by dCyd kinase over a broad range of dCyd concentrations34.8%) at dCyd concentrations of at leasuM, it could
with either 2 mM ATP or UTP as the phosphate donor. not prevent the inhibition completely (data not shown).
Similar to a previous report (Sarup & Fridland, 1987), when Furthermore, the total velocity decreased at dCyd concentra-
ATP was used as the phosphate donor, the velocity of dCydtions greater than 1@M whether or not pyruvate kinase
phosphorylation increased as the dCyd concentration in-was present. Thus, production of UDP during the reaction
creased up to 100M, characteristic of substrate activation may have decreased the velocity somewhat but could not
(Figure 1A). Two apparenK,, values were calculated in account fully for the observed inhibition at high dCyd
linear regions of the double-reciprocal plot from 0.5 to 5 concentrations.
uM dCyd Km1 = 1.1 uM) and from 10 to 10Q«M dCyd To further characterize the inhibition of dCyd kinase, the
(Kmz=4.1uM). A Hill plot of these data indicated negative effect of incubation length on the amount of dCMP formed
cooperativity with a value ofi = 0.7 (Figure 1A, inset). In  during the reaction was examined (Figure 2). If a product
marked contrast, when UTP was utilized as the phosphategenerated during the course of the reaction was responsible
donor, no activation occurred but instead a decrease infor the inhibition, then the formation of dCMP should
phosphorylation was observed at dCyd concentrations abovedecrease with increasing incubation time. In these studies,
10 uM (Figure 1B). An apparenK, value of 0.2 was  the total amount of dCMP increased linearly over thelh
calculated between 0.2 and«®1 dCyd. Additional studies  min incubation periods at all dCyd concentrations. However,
demonstrated that these kinetic differences noted in Figureat concentrations of dCyd greater thapd, the amount of
1 were not due to differential aggregation of subunits in the dCMP produced at all time points was less than at lower
presence of either ATP or UTP. Elution of native enzyme dCyd concentrations. The results demonstrate that enzyme
from a Superose-12 column in the presence of 2 mM ATP inhibition is dependent upon dCyd concentration and not
or UTP yielded a molecular mass of 60 kDa, indicating that length of incubation. Thus these data confirm that end-
in the presence of either nucleotide dCyd kinase is a dimer product inhibition cannot account for the kinetics presented
as previously reported (Datta et al., 1989a). Further studiesin Figure 1B.
demonstrated that the observed inhibition was independent The results in Figure 2 suggested that dCyd was directly
of the UTP concentration since experiments with 100 or 10 causing enzyme inhibition at high concentrations. To
uM UTP produced results similar to those presented in Figure determine the nature of this inhibition, studies employing
1B (data not shown). increasing concentrations of dCyd versus variable UTP

To understand the mechanism by which dCyd kinase was concentrations were performed. These studies indicated that
inhibited at high nucleoside substrate concentrations, the enddCyd produced noncompetitive substrate inhibition with
products of the reaction were evaluated for inhibition of dCyd respect to UTP (Figure 3). It should be noted that the
phosphorylation at a saturating concentration of UTP (2 mM). substrate inhibition was only partial since a measurable
Inhibition studies demonstrated that dCMP was a weak, velocity was obtained at all concentrations of dCyd tested
mixed inhibitor of the enzyme witK; andK;s values of 6.9 (Figures 2 and 3). Based on the noncompetitive nature of
and 19.4 mM, respectively. Therefore, concentrations of this inhibition, the data indicate that dCyd does not bind to
dCMP generated during the dCyd kinase assay were too lowthe nucleotide binding site to cause the inhibition.
to inhibit the enzyme significantly. UDP was a more potent,  Since the kinetics of phosphorylation of dCyd were
uncompetitive inhibitor with &; value of 735%M. Although markedly different in the presence of UTP compared to ATP,
this is a relatively highK; value, the presence of contaminat- initial velocity experiments were performed to determine the
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was 0.5uM, compared to 1.«M in the presence of ATP

(Table 1). TheVma/Kn measure of substrate efficiency FIGURE 5: Product inhibition studies with dCyd and UTP as
P B substrates for dCyd kinase. (A) Inhibition of dCyd phosphorylation
indicated a preference for UTP by a factor of 2.3-fold. /" y~y0” &y infibition of dCyd phosphorylation by UDP: (C)
Larger differences were found in the relative values for the jnpipition of UTP utilization by dCMP: (D) inhibition of UTP
phosphate donors, in which UTP was strongly preferred over utilization by UDP. In all panels, UTP was present at a saturating
ATP with respectiveK, values of 1.2 and 54M, with a concentration of 1(M.

50-fold greater efficiency for UTP as indicated by Mg,/

K value (Table 1). Since dCyd kinase can accept a variety Table 2: Kinetic Constants for Product Inhibitors of dCyd Kinase

of endogenous nucleoside-tliphosphates as phosphate  kinetic value  varied concn of pattern of
donors, we also compared the trig, values for the constant (uM) substrate(s) fixed substrate  inhibition?
nucleotides GTP, CTP, and dTTP (Table 1). These studies k;ubpP 0.4 uTP uMdCyc  competitive
demonstrated that, of all nucleotides tested, UTP is the KidCMP 1.5 (ljJTPd 2M dCyd®  competitive

; ; i KiUDP 6.9 Cy 1M UTP¢  uncompetitive
preferred phosphate donor for the dCyd kinase reaction, with Kdomp 22 dCyd 1M UTPS  noncompetitive

dTTP as the next best nucleotide substrate. On the basis of

relative values foKn and substrate efficiency, ATP was the Fa Pat:_em Ofti”higtion Id@cﬂbir;}g data fro”: d?“b'e'r?cé%roga' plots.
pOOI’eS'[ Of a” phosphate dOI’lOI’S teSted our umes trueky, value; nigher concentrations o yd cause

inhibition. ¢ Saturating concentration (10 times triig value).
Interestingly, the initial velocity plots when both dCyd and

the phosphate donor were varied showed large differences. . .
depending upon the nucleotide used. As illustrated in Figure involves formation of a ternary complex of enzyme with both
4, when dCyd and UTP were varied, the double-reciprocal substrates.
plots yielded a series of parallel lines, in contrast to the Product inhibition studies were performed to define the
converging pattern of lines found when dCyd and ATP were dCyd kinase reaction sequence when dCyd and UTP were
varied (Datta et al., 1989b). While the pattern displayed in used as substrates (Figure 5, Table 2). With UTP as the
Figure 4 is suggestive of a two-step transfer (ping pong) variable substrate, both reaction products, UDP and dCMP,
mechanism (Segel, 1975), it seemed highly unlikely that were competitive inhibitors. These studies were performed
dCyd kinase would form a binary substratsnzyme complex ~ with 2 uM dCyd since the nucleoside produces inhibition at
with UTP, in contrast to a ternary complex in the presence concentrations 3 uM (Figures 1B and 2). When dCyd was
of ATP. Initial velocity kinetics performed with the other studied as the variable substrate, UDP was an uncompetitive
nucleotide phosphate donors shown in Table 1 also producednhibitor while dCMP produced noncompetitive inhibition
a series of converging lines (data not shown). These dataat a saturating concentration of UTP. Similar patterns of
strongly suggest that the kinetic mechanism for dCyd kinase inhibition were obtained with dCMP and UDP with respect
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FIGURE 6: Inhibition of dCyd kinase by dCTP. (Left panel) UTP 1/[UTP] (uM")

concentration was varied {110 «M) and dCyd was held constant . - 7. |nhibition of F2PIUTP utilization b
- ) ; : y ATP. fH]dCyd
at 2uM. (Right panel) dCyd concentration was varied (8132 was present at a constant concentration gV Enzyme activity

#M) and UTP was held constant at /. was measured as described in Materials and Methods based on the

. . amount of f2P]JdCMP formed after separation by thin-layer
to dCyd when the UTP concentration was increased to 100 chromatografphg/. P Y Y

or 2000uM (data not shown).

The competitive pattern of inhibition between UDP and is a less favorable order of substrate addition and results in
dCMP versus UTP indicate that these three compounds car@ lower velocity. The finding that the inhibition by dCyd
bind to the same enzyme form, presumably free enzyme.appeared to be only partial suggests that there is some
This would suggest that the release of products is random,randomness in the kinetic mechanism (Cleland, 1981).
since both products compete with UTP for binding to free Consistent with this interpretation, we have reported previ-
enzyme. Inhibition by dCMP or UDP versus dCyd clearly ously that, with ATP as the phosphate donor, the dCyd kinase
was not competitive, eliminating the possibility of random reaction follows a random bi-bi sequence (Datta et al.,
binding of substrates. The noncompetitive pattern with 1989b).
dCMP and the uncompetitive pattern of inhibition by UDP ~ We also considered the possibility that the altered kinetics
indicates that these compounds bind to enzyme forms distinctobserved with UTP compared to ATP were due to the
from that which binds dCyd. Taken together, the product presence of an additional site on dCyd kinase to which UTP
inhibition data are consistent with an ordered pattern of but not other nucleotides would bind. To test this possibility,
substrate binding with UTP as the leading substrate, thenan experiment was designed that employedvb[ *H]dCyd,
binding of dCyd, followed by random release of the products With [y-**P]JUTP as the variable substrate and unlabeled ATP
dCMP and UDP. Consistent with this interpretation, ke was added as an inhibitor of UTP utilization. As illustrated
values for inhibition of dCyd phosphorylation by dCMP or in Figure 7, these results demonstrated that ATP was a
UDP increased at higher constant UTP concentrations (100competitive inhibitor of UTP in this reaction, with an
or 2000uM; data not shown). We propose the following apparent; value of approximately 6@&M, similar to the

reaction sequence: observedK, value of 54uM for ATP (Table 2). The
decrease in*fP]dCMP formed from UTP was accompanied
Scheme 1 by an increase in the amount ofH]JdCMP produced,
UDP dCMP indicating that ATP was able to displace UTP from the
UTP  dCyd catalytic site and act as a phosphate donor for the reaction.

The reciprocal experiment using-f?P]JATP as the variable
substrate with UTP as the inhibitor demonstrated that UTP
was a potent competitive inhibitor of ATP utilizatioK;(=

0.6 uM; data not shown). Thus, the data indicate that ATP
dCMP  UDP and UTP compete for binding to the same site on the enzyme.

The inhibiion pattern with the deac-end inhibior dCTP is " Poralel patter of ines i the inifal velocly kdnetics
alsq consistent W't.h an ordered pattern of substrate add'f['on'substrate addition. For either an ordered bi-bi or a rapid
As illustrated in Figure 6, dCTP was a potent competitive ¢ jiliprium random bi-bi system, the slope of the plot for
inhibitor with respect to UTP with &; value of 0.07uM, 1/v vs 1/[A] is given by (Segel, 1975)
which is consistent with UTP as the first substrate to bind ’
to the enzyme. With dCyd as the variable substrate, dCTP slope= (K,./Vina) (1 + KiK. /KidB])
was a mixed inhibitor withK; andK;s values of 0.3 and 2.7
uM, respectively. This inhibition appears to be surmountable The slope equation predicts that the double-reciprocal plots
since theK; value (with respect to dCyd) increased to 60 would produce a family of intersecting lines. However, if
uM when the UTP concentration was raised to 2 mM the dissociation constant for the first substratg)(is much
(Shewach et al., 1992), again indicating that UTP is the less than it¥,, value Kn2), then the double-reciprocal plots
leading substrate. would appear to be insensitive to changes in substrate
The substrate inhibition data are also consistent with this concentration. In that case, the lines would appear to be
kinetic model. The noncompetitive pattern of inhibition by parallel when in fact they intersect at a far distant point in
high concentrations of dCyd and the inability of high UTP the lower left quadrant (Segel, 1975). A similar rationale
concentrations to reverse the inhibition indicate that dCyd would produce seemingly parallel lines for thes ¥5 1/[B]
produces this inhibition by binding to a site other than the plot. With UTP as the proposed first substrate to bind, its
UTP binding site. Therefore, we propose that the substratedissociation constan,, was calculated on the basis of
inhibition reflects the binding of dCyd prior to UTP, which replots of the slope of (2/vs 1/[dCyd]) vs 1/[UTP] (data

b

E EeUTP Ee¢UTP*dCyd < Ee UDPedCMP
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from Figure 4), which yielded a value of approximately 0.09 reaction followed an ordered bi-bi sequence with ATP as
uM, more than 13-fold lower than the correspondikg the phosphate donor (Kim & Ives, 1989). While the substrate
value. Calculation of dissociation constants for ATP, GTP, addition sequence is similar to that reported here, product
CTP, and dTTP indicated that eakh value was similar to release distinguishes these two enzymes. The enzyme from
its associate®, value, with less than a 3.2-fold difference the freshly isolated leukemic cells may represent a distinct
between corresponding values (Table 1). These data stronglyprotein since it appears to be a monomer (Kim et al., 1988)
suggest that the appearance of parallel lines in Figure 4 isinstead of the dimer used in our studies, which could account
due to a low dissociation constant for UTP relative td<s for the difference in mechanism. The monomeric enzyme
value. also differs in that it did not exhibit substrate activation at
high dCyd concentrations (Kim & Ives, 1989). Nonetheless,

DISCUSSION in view of the altered kinetics presented here using UTP as

Although ATP is commonly considered to be the universal the phosphate donor, it may be interesting to determine
phosphate donor for many phosphate-transferring enzymeswhether the monomeric dCyd kinase exhibits a strong
recent reports from this (Shewach et al., 1992) and other preference for the nucleotide substrate.
laboratories (White & Capizzi, 1991; Krawiec et al., 1996)  The family of parallel lines observed in the initial velocity
demonstrate a compelling role for UTP as the true physi- plots only when UTP was used as the phosphate donor was
ologic phosphate donor for dCyd kinase. The comparison unexpected for a mechanism that involves formation of a
presented here of tru€, andVmax values for cellular deoxy-  ternary enzymesubstrate complex but is likely explained
and ribonucleoside'Sriphosphates demonstrate that UTP by a low dissociation constarit;,, relative to thek, value
is a 50-fold better substrate for dCyd kinase than ATP. for UTP (Segel, 1975). The alteration in double-reciprocal
Furthermore, of the six nucleotides tested, ATP was the plots with UTP but not other phosphate donors further
poorest substrate. These data are consistent with a recentonfirms that UTP binds to the enzyme prior to dCyd. If
report indicating that the appareKt, value for UTP was dCyd were the first substrate to bind, then the dissociation
15-fold lower than for ATP (Krawiec et al., 1996) and constant would be independent of the binding of the
previous reports of the greater efficiency of nucleoside nucleotide and no change in slopes of initial velocity data
phosphorylation with UTP instead of ATP as the phosphate would be expected. A low dissociation constant relative to
donor (White & Capizzi, 1991; Shewach et al., 1992). This the K., value has been suggested as the explanation for
first report of the trué,, value for UTP demonstrates clearly parallel lines with double-reciprocal plots of initial velocity
that, even with a 2-fold higher cellular concentration of ATP kinetics for other enzymes that follow an ordered pattern of
compared to UTP (Hauschka, 1973), dCyd kinase will utilize substrate addition (Baumann & Wright, 1968). Parallel
UTP 96% of the time as the phosphate donor. Thus, in initial velocity plots have been observed in random systems
previous studies with dCyd kinase employing a mixture of as well (Bar-Tana & Cleland, 1974; Gold & Segel, 1974,
nucleotides including ATP and UTP as phosphate donors Bognar & Meighen, 1983), but the apparent ordered pattern
(White & Capizzi, 1991; Shewach et al., 1992; Krawiec et of substrate addition shown here is inconsistent with such
al., 1996), the kinetics of phosphorylation of the nucleoside interpretations.
substrate closely resembled that of UTP alone due to the The data shown here demonstrated that dCTP was a potent
50-fold preference for UTP. inhibitor with respect to both dCyd and UTP when assays

The choice of phosphate donors is important for dCyd were performed with UTP concentrations neaitsvalue.
kinase since the data presented here demonstrate that thBreviously we have reported a highkr value and an
kinetic mechanism is different when UTP is present com- uncompetitive inhibition pattern for dCTP with respect to
pared to previous studies with ATP (Datta et al., 1989b). dCyd when UTP was the phosphate donor (Shewach et al.,
Previously we have reported that human dCyd kinase follows 1992). These results may be explained by a low dissociation
a rapid equilibrium random bi-bi reaction sequence when constant for UTP. For a dead-end inhibitor that competes
ATP was used as the phosphate donor (Datta et al., 1989b)with the leading substrate for an enzyme with an ordered
In the presence of the preferred phosphate donor UTP, thepattern of substrate addition, the slope of the double-
product inhibition studies indicated that an ordered mecha- reciprocal plot for inhibition against the second substrate is
nism of substrate addition and a random release of productsgiven by (Segel, 1975)
occurs with this enzyme. These results suggest that dCyd
kinase can follow a random bi-bi reaction mechanism but, slope= (K,t/Vimad (1 + Ki/[A] + K[/ K[A])
in the presence of UTP, the ordered addition of UTP followed
by dCyd is strongly synergistic. Consistent with this If the Ki; << [A], then the slope will appear to be insensitive
interpretation, the noncompetitive substrate inhibition at high to changes in the concentration of inhibitor. Indeed, in
concentrations of dCyd, showing that the nucleoside inhibits Figure 6 the inhibition by dCTP with respect to dCyd showed
by binding to a site other than that for UTP, and the a small change in the slope replot with increasing dCTP,
observation that this inhibition was only partial all indicate indicated by a&Ks that was more than 10-fold greater than
that there is some randomness in the mechanism of substrat¢heK; value. Thus, inhibition by dCTP with respect to dCyd
addition which results in a lower reaction velocity (Cleland, may appear to be uncompetitive in the presence of saturating
1981). In contrast, in the presence of ATP there does notUTP when in fact it is noncompetitive. A similar rationale
appear to be a preferred order of substrate addition and thewould also explain the apparent uncompetitive inhibition of
random bi-bi reaction sequence predominates (Datta et al.,dCyd by UDP with a constant UTP concentration. We have
1989b). attempted to estimate th&, value for UTP directly, but the

A report on human dCyd kinase purified from human enzyme preparation was too dilute to measure this parameter
leukemic cells obtained from a patient concluded that the accurately. Also, the purified enzyme contained micromolar
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concentrations of UTP and dCyd that were used to elute or in vivo (Plunkett et al., 1987a; Muus et al., 1987,
dCyd kinase from a dCTPSepharose affinity column, Grunewald et al., 1991; White & Capizzi, 1991; Abbruzzese
further complicating measurement of the dissociation con- et al., 1991; Shewach et al., 1994b). In those studies,
stant. In support of the concept of a low dissociation constant concentrations of the analogs above @@ did not lead to
for UTP, we have noted that efficient removal of UTP from  increased accumulation of the cytotoxic triphosphates. The
the enzyme preparation was difficult. Studies that measuredgata presented here with dCyd suggest that binding of these
the_ablllty of the enzyme to phosphorylat#H[dCyd fol- analogs prior to UTP results in unfavorable kinetics with
lowing double desalting indicated that the amountf]{ dCyd kinase in intact cells. Thus, these data provide
dCMP formed was at least 8 times more than expected yqitional rationale for the development of drug infusions
(average 9%& 28, range &260) In 9 out of 1.2 experiments, designed to deliver nucleoside analogs at a dose that will
based on the desalting efficiency QH"L.JTP in the absencg allow efficient phosphorylation without causing inhibition
of enzyme. These data further indicate that UTP binds of dCyd kinase (Plunkett et al., 1987b: Grunewald et al
tightly to dCyd kinase, which appears to prevent its dis- 1990) " ' "
sociation over a desalting column. '
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