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ABSTRACT. Surface plasmon resonance (SPR) detection technology was employed to investigate the kinetic
mechanism of deoxyadenosine kinase fildiycoplasma mycoidessp.mycoidesSC. In our experimental
approach, the enzyme was attached to the sensor surface, the reactants were injected in the mobile phase,
and the produetenzyme complex formation was measured using the fact that the rate of product formation
exceeds that of its dissociation. The pre-steady-state analysis of deoxyguanosine phosphorylation showed
the presence of a burst phase, which is consistent with product dissociation being a rate-limiting step.
High activity of the immobilized enzyme was demonstrated by analyzing the reaction mixture eluted
from the chip and by determining the Michaeti§lenten constants for several phosphate acceptors (e.g.,
deoxyadenosine) and phosphate donors (e.g., ATP) using SPR detection. These values were in good
agreement with those reported previously [Wang, L. et al. (204dl) Microbiol. 42, 1065-1073]. The
bisubstrate initial rate pattern obtained was characteristic of a sequential kinetic mechanism. Because in
the method applied here it is the mass change on the surface that is monitored, a new mathematical
approach to interpreting product inhibition experiments was proposed. According to that approach, product
inhibition studies, supported by product binding experiments, indicated that the reaction mechanism was
of Bi Bi sequential ordered type, involving the formation of a ternary complex, in which ATP and
deoxyadenosine bound sequentially, followed by a transfer of the phosphate group, and an ordered release
of products with ADP dissociating before dAMP.

Deoxynucleoside kinases catalyze the transfer of a gammaprocedure involves immobilization of the enzyme onto the
phosphoryl group from nucleoside triphosphate to the 5 chip and a continuous delivery of the substrates, at a constant
OH group of a deoxyribonucleoside, which is a rate-limiting flow rate, to the enzyme. Therefore, the total concentration
step in the salvage pathway as well as the prerequisite stepof the enzyme, as well as that of the substrates in the bulk,
in activation of nucleoside analogues used in chemotherapycan be regarded as constant. It can also be assumed that, for
(1, 2). Since only limited and conflicting data concerning the initial phase of the reaction, the concentration of the free
the kinetic mechanism of the deoxynucleoside kinase family substrate is almost identical to the concentration that is
are available, a clear understanding of the modes of substraténjected in the mobile phase and vastly exceeds that of the
binding and enzymatic regulation in this family is highly enzyme. Furthermore, if a mass change can be detected on

desirable. the enzyme in the course of the reaction, then an enzymatic
In this work, we go some distance toward explaining the activity can be monitored using SPR technology. Such

kinetic mechanism of deoxyadenosine kinase (dAKOm conditions occur, for instance, when the product is produced

Mycoplasma mycoidessp.mycoidesmall colony type J), in a much faster way than it is released from the enzyme. In

for which natural deoxynucleosides, deoxyadenosine (dAdo), such a case, the increasing SPR response corresponds to the
deoxyguanosine (dGuo), and deoxycytidine (dCyd) are product formation on the enzyme. The rate of the reaction
substrates, and nucleoside triphosphates, ATP, CTP, TTPcan thus be measured, since it is proportional to the rate of
and UTP are phosphate donors. Our experimental approactthe enzyme-product complex formation.

to explaining the kinetic mechanism is based on surface

lasmon resonan PR i .SPRr n
plasmon resonance (SPR) detectidn §). S esponse 1 Abbreviations: app, subscript denoting an apparent rate constant;

d_el_oe_”ds on a change in the refraCt'Ve m_dex in the ClosedAK, deoxyadenosine kinask;, the association rate constakt;, the
vicinity of the sensor surface and is proportional to the mass dissociation rate constarit;, the rate constant for the conversion of
of the molecules bound on the surfaé® (The experimental  the enzymesubstrate to the enzym@roduct complexks, the dis-
sociation rate constant of the enzyamoduct complex;k,, the
observed burst ratéss the observed steady-state ratgy;, turnover
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200 . . . T T T T to evaluating data is therefore called for, because, unlike the
traditional methods measuring the overall rate of reaction,
the method used in our experiments monitors the mass
150 - change on the enzyme. In this paper, we propose such a new
- approach in the form of a concrete mathematical framework.
The equations describing the effects of the product inhibitors,
100 |- - offered in the next section, can be viewed as the first step
A toward a better understanding of the complex nature of the
processes involved.
50 L i Theoretical Backgroundl'he enzymatic reaction studied
involves two substrates and two products, but since one of
. the substrates is kept at a saturating level, the reaction scheme
0 L | L . ! . ! can be simplified by omitting the second substrate and
0o 1 2 3 4 5 6 7 8 product. By adopting the Briggs-Haldane steady-state ap-
time (s) proach (2, 13), the reaction can be described as follows:

[dGMP] {(nM)

Ficure 1: Pre-steady-state kinetics of phosphorylation of dGuo K K K

by dAK using ATP as a phosphate donor. A preincubated solution E+S=—ES—EP—E4+P (1)
of dAK (5 uM) and H-dGuo (20uM) was mixed with ATP (10 k-1

mM) and the reaction was stopped at various time points by adding

1 M HCI. A fitting to a biphasic equation gave the rate constants Where E denotes the enzymé&; and k-, denote the

for exponential and linear phase of #30.5 s'* and 0.09+ 0.07 association and dissociation rate constants, respectikely;
s1, respectively. denotes the rate constant for the conversion of the enzyme
substrate to the enzym@roduct complex; an#t; denotes
the dissociation rate constant of the enzyrpeoduct com-

Table 1: Comparison of thk;, Values Determined by SPR

Detection and by Radiometry plex. It is assumed here that the reverse reaction converting
K’ K product to substrate is negligible. For an isolated system,
variable fixed (M) determined M) determined the ratep, the Michaelis-Menten constany, the maximal
substrate  substrate in Biacore by radiometry €) rate, Vmaxs, and the turnover numbek.,, of the catalytic
ATP dAdo (16+ 3) x 10° (11+2) x 10°© reaction presented by eq 1 can be calculated using the King-
CTP dAdo (214 4) x 10°° (22+4) x 10°© Altman and Cleland method/{10):
TTP dAdo (774 12) x 10°6 (674 7) x 10°©
uTP dAdo (135£26) x 10® (1764 12) x 10°® kokg/ (K, + Ko)[E] o S]
dAdo ATP (10+£2) x 106 (124+3) x 10°© v=
dGuo ATP (20+ 4) x 10°© (21+4) x 10°© (k_; + K)/K kgl (K, + kg) + [S]
dCyd ATP (121+ 13) x 10? ’(\117D7i 15) x 1076
X D, —
dow TP (18:2)x10°  ND. K = (ky F kil + k)
dCyd CTP (146+ 18) x 10  N.D.

Vmax: k2k3/ (kz + k3)[E] tot

aMeasured values are giveh SE. The methods and buffers used
in the determination oK, are given in the Materials and Methods
section. N.D., not determined. Kear = KoKs/ (K, + Kg)

A minimal kinetic scheme of dAK, derived in this work where [E]ot.is the total enzyme concentration and [S] is the
from a pre-steady-state experiment, showed that the produconcentration of the substrate. o
dissociation is a rate-limiting step of the reaction (Figure | k2> ks (i.e., if the product formation is much faster
1). Moreover, the MichaelisMenten constants for several than the product dissociation), then
phosphate group donors and acceptors, determined from the _ _ ~
initial slopes of the enzymeproduct complex formation d[EPYA = IG[ES] ~ kEP] ~ k;[ES]

curves, were comparable to the constants determined previrq a5t step in Scheme 1 can be omitted, thus reducing the
ously @) (Table 1), which, by indicating that the true rate o4 ction to a simple bimolecular binding with a subsequent

of the product formation is measured on the chip, provides .,.version of the bound substrate into the product:
a firm ground for examining the kinetic mechanism of the

enzyme-catalyzed reaction. ke K,

Information about the sequence of events on the enzyme E+ S‘T_l‘ ES—EP (2)
was obtained by determining the initial velocity pattern and
by performing the product inhibition experimen® 9—11). The equations describing Km, Vimay andkeat can then be

However, in the product inhibition study, the initial slopes reformulated giving the values valid for eq 2. The symbol
observed were no longer correlated with the initial rate of is added to these constants to distinguish them from those
the product formation. Instead, the net mass change on thealready described above:

surface depended on two different events occurring simul-

taneously: the production of the product during the catalytic J = Ko[ElioS]

reaction and the binding of the product-inhibitor, added prior (k_y + ky)k, + [S]

to the reaction, to the enzyme. To interpret adequately the

results obtained from this type of experiment, a new approach Kin = (kg + ko)lky
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Vi ax= Ko[El ot In the remainder of this section, we outline a new
mathematical account that allows the interpretation of the
Kot = Ko 3 data obtained from the product inhibition study, in which
the net mass increase of the product, formed during the
By substituting k-1 + ko)/k; for Ke', andko[E] ot for Vi, catalytic reaction as well as added prior to it, is measured.

in eq 3, we obtain the HenryMichaelis—=Menten equation:  As in the case of the classical method, the product inhibition
pattern obtained using our account, should in principle reveal
V' = Vi SI(K;, + [S]) 4) any kinetic mechanism involved. Since there are three
different possible types of inhibition (noncompetitive, un-
To apply SPR technology as a tool for the study of enzymatic competitive, and competitive), we shall consider each of them
activity, the substrate-to-product conversion must be con- separately.
nected to a mass change on the sensor surface. In our Noncompetitie Product-Inhibitor A noncompetitive prod-
experimental approach, the net mass increase on the imact-inhibitor binds to the enzyme independently of the
mobilized enzyme is monitored by taking advantage of the substrate and with the same strength regardless of whether
product dissociation being the rate-limiting step of the it binds before, simultaneously, or after the substrate has
reaction. The total concentration of the immobilized enzyme bound.
is a sum of the concentrations of free and bound enzyme. The following two binding events take place:
The total free enzyme gives a baseline response and the e
molecule bound to the immobilized enzyme gives rise to the 1. E+ S=ES, withK}, = [S][E]J/[ES] (6)
SPR respons®, which is measured in resonance units (RU)
(4, 5). The theoretical maximal response obseniRgl is
reached when no free enzyme is present on the sensor
surface, i.e., when the enzyme is saturated. The observe
initial binding slope of the product formation curveR/dt,
corresponds to the initial rate of reactiar, The Biacore
response is correlated to the amount of a molecule bound
and is an indirect measure of the enzyme concentration in R=Res+ Ry (8)
molar terms. We can therefore assume thag{E] Rnaxand
that the concentration of the free enzyme, [E], is equal to By substitutingRnax — R for [E], and Res for [ES], and by
Rmax — R Equation 4, expressed in Biacore terms, is then rearranging eq 6, we obtain the following expression for the
as follows: steady-state response of the enzymaebstrate complex at
infinite time:

2.E,+ | = El, with K, = [I][E J/[EI] @)

here E will henceforth be used to denote the enzyme
raction available for the binding of the product-inhibitor.
Since the two binding events occur independently, the
response observed is a sum of individual responses:

o' = dRIdt = k,Res = KRy [ST/(Ky + [S)  (5)

Res= [SI(Ryax — RI/K, )
where Res is the steady-state response of the enzyme o
substrate complex at infinite time wheiRidt = 0. Similarly, by substituting ([Sfma/Ki, — R) for [Ey], and
Underlying our theoretical considerations is the assumption Rer for [Ell, and by rearranging eq 7, we obtain the
that the substrate concentration on the sensor surface is equ&iXPression for the steady-state response of the enzyme

to that injected in the mobile phas&4j. inhibitor complex at infinite time:
Interpretation of Product Inhibition Experiment8roduct _ .
inhibition study is typically used to help to determine the Re) = I([SIRna/Kin = R K (10)

Kinetic m.e.chamsm of_enzyme-catalyz.ed reactigro(-11). The initial rate of product formation in the presence of the
In a traditional experiment, net velocity of the substrate to inhibitor is

product conversion is measured in the absence and in the
presence of the preexisting product. This velocity is always v = dR/dt = k2,ap[R (11)
lower in the presence of the product for the same substrate
concentration and the way in which it decreases determineswherek, .p,can be described as an apparent rate constant of
the type of inhibition. By examining the inhibition of each the product formation in the presence of the product added.
product versus each substrate, a specific inhibition pattern Putting eqs 9 and 10 into eq 8 we get:
emerges that helps in identifying the kinetic mechanism.

If the release of the product is a rate-limiting step of a R= ([SIRnax — RIKG, + H([SIRpa/Km — RI/K,
multistep reaction, the product inhibition can be studied by . ) )
monitoring the product formation on the immobilized enzyme Which ultimately leads to the equation:
using SPR detection. However, in the presence of the _ '
preexisting product (that acts as an inhibitor), the net mass R=[SIRna (1 + [V KAIST + K1+ [IK)) - (12)
increase is not proportional to the rate of the reaction. In Finally, from eqs 11 and 12 we obtain the equation that

such a case, the increasing response consists of tWOharacterizes the noncompetitive product-inhibitor:
components: the first arising from the accumulation of the

product formed during the catalytic reaction, and the second ' = k; o, R, [S](1 + [I}/ K)/([S] + K(1 + [I/K)))
arising from the binding of the initially added product. Then,

the initial slopes of the binding curves obtained in the absenceAccording to this equation, the apparent maximal initial
and in the presence of the product-inhibitor will differ. binding rate, ky apRmax, and the apparenk;, value are
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higher in the presence of the noncompetitive product- Let us also consider a situation in which the uncompetitive

inhibitor, and both increase with the same factort 1l]/ K, inhibitor binds directly to the ES complex before any product
(compare with eq 5). is formed. The amount of the enzymsubstrate complex
The double reciprocal equation is as follows: that can be converted into the enzynmoduct complex is
, diminished by the amount of the enzymsubstrate-product
1 K 1 n 1 complex. Translating all this to responses we get:
== (13)
v k2,ap;Rma>IS] K 1+ m
zapdma 1 T} Res=Res ~ Re (16)

Thus, the linear pattern showing the effect of the noncom- Where Ris is the steady-state response of the enzyme
petitive inhibitor, obtained when #/is plotted against 1/[S], ~ Substrate complex that produces the product. Replaisg
will give parallel lines with the intercepts decreasing with and Rei in eq 16 by egs 14 and 15, respectively, and

the increasing inhibitor concentrations. substitutingREs for Rin eq 11, we obtain:
Uncompetitvte Product-Inhibitor. The binding of the
uncompetitive inhibitor requires a previous or simultaneous " [SIRna{1 — [/ K)/(L + [I)/K))
binding of the substrate to the enzyme. The binding events 2ap[S]+ K/ + [I/K)
occurring in the presence of the uncompetitive inhibitor can
be described as follows: The above equation describes the effect of the simultaneous
] binding of the uncompetitive inhibitor and the substrate to
1. E+ S=ES, withK{, = [S][E}J/[ES] the enzyme. The apparent initial maximal binding rate
. increases or decreases depending on the [I]Kanehlues,
2. [E)] + 1= El, with K, = [I][E )J/[E] and the apparent!. value decreases with the factor-[l]/

K| (compare with eq 5).

For the uncompetitive inhibitor Bi = [ES]. The double reciprocal plot (Z/ plotted against 1/[S]) is
The steady-state concentrations of both the enzyme described by the following equation:

substrate and enzyménhibitor complexes, expressed in
Biacore terms as responses, are [
1+
|

Res = [SI(Ryax — RI/K, (14) 1_ K 1

1

= — +
N\ [S |
and Y kz,ap;Rmax(l - %) 15] k2,appRmax(l - %)

Rei = [N RedK; = [II[SI(Ryax — R/(KLK)) - (15) Both the slopes and the intercepts of this plot vary depending

In the case in which the product-inhibitor binds to the enzyme " the [Il andK; values.

after the substrate, the total response observed is a sum of qupetlt_vg Product-lnh|bltor.'_l'h¢ binding of the com-
individual responses, since the binding of S and | is not petitive inhibitor precludes the binding of the substrate. The
mutually exclusive: ’ competitive product-inhibitor competes for the same enzyme

form and site as the substrate. The equation that describes
R=Rst+ R = this process is similar to that offered previously for two

_ ' _ ' analytes competing for the same site on the immobilized
[S1(Rmax = RY/Ken + [SI(Rmas = RIKK) ligand (5). By applying this equation to the case in which

(17)

This yields: the product formed from the substrate during the catalytic
reaction and the product added prior to it compete for the
R=[SIR,./([S] + K//(1 + [I/K))) same binding site, we obtain the expression for the steady-
state response in the presence of the competitive product
Inserting this expression into eq 11 we finally obtain: inhibitor:
V' =Ky apdSIRyad/ ([S] + Ki/(1 + [1/K))) _ Ruad[S] + [NKMw2/(Mw1K))) (18)

In the case when the uncompetitive product-inhibitor binds [ST+ K1+ 1K)

to the enzyme after the substrate has bound, the appare
maximal initial binding rate remains unchanged and the
apparenK|, value decreases with factor# I/K; (compare
with eq 5).

The double reciprocal plot (&/ plotted against 1/[S]),

r\5\/here Mw1 and Mw2 are molecular weights of the product
formed and added, respectively. The double-reciprocal equa-
tion obtained by inserting eq 18 into eq 11 and by taking
the inverse expression is

described by the following equation, will give the lines with 1 1+ K (1 + [/ K)[S]
. . m [
the common intercept and the slopes that decrease with the == -
increasing inhibitor concentrations: v k2,amRmax(l + [IMw2 K/ ([SIMw1K;))
1 K, 1 1 In the case in whiclK, > K[, the differentiation of the
v 1 X ﬁ + K R curves obtained in the absence and in the presence of the
k, aermaK(l + _) 2.apg max preexisting product-inhibitor becomes difficult. Another
' K, difficulty lies in the higher degree of complexity of the
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equation describing the process, which results in the non-
linear double reciprocal plot.

Biacore Assays- General ConditionsAll the assays were
run at room temperature in 0.01 M Hepes (pH 7.4) containing
0.15 M NaCl and 0.002 M MgGland consisted of 20g/
MATERIALS AND METHODS mL dAK injection, followed by the injection of the reactants

Instrumentation. Biacore S51 (Biacore AB, Uppsala, ©OVer the_anti-His antibody surface. The enzyme, diIu_ted in
Sweden) was used for SPR studies aiming to determine theth® running buffer, was captured at a flow rate/40min
Michaelis-Menten constants and for the studies of the PY means of the His-tag on one spot of the flow cell and the
kinetic mechanism, whereas Biacore 3000 (Biacore AB) was anti-His antibody on the second spot was used as an
used for analyzing the composition of reaction mixtures. Immobilized reference (in Biacore S51). In the experiments
Radioactivity was counted in a LS6500 multipurpose scintil- devised to obtain information about the composition of the
lation counter (Beckman Coulter AB, Stockholm, Sweden). réaction mixture (in Biacore 3000), the enzyme was captured

Software Biacore S51 Control Software version 1.2 and ©n one flow cell, as described above, and the assays were
Biacore 3000 Control Software version 4.0.1 were used for conducted without using the reference surface. The reactants,
running the assays, whereas Biacore S51 Evaluation SoftwaréliSsolved in the running buffer, were injected at flow rate
version 1.2, BlAevaluation version 4.1 and KaleidaGraph 30 #L/min. The capture of the enzyme on the covalently
version 3.5 (Synergy Software, Reading, PA) were used for immobilized antibody resulted in the response increase with

analyzing and fitting the data obtained.

Enzyme, Substrates, and Produ@eoxyadenosine kinase
from M. mycoidesssp. mycoidesSC was expressed in
Escherichia colias a fusion protein with an N-terminal 6X
histidine tag and purified by metal affinity chromatography

about 1800 RU. The antibody surface was regenerated after
every cycle with 0.01 M glycine-HCI (pH 1.5).

RESULTS

Burst Kinetics.To examine whether the dAK-catalyzed

on a TALON resin (BD Biosciences Clontech, Mountain phosphorylation mechanism follows the biphasic kinetic
View, CA) as described previouslyB) Active dAK is @  scheme, a pre-steady-state kinetic analysis of the dGuo
homodimer, and the enzyme was used without the removalphosphorylation was performed under conditions in which
of the His-tag. Deoxynucleosides and deoxynucleotides werethe substrate was in slight molar excess over the enzyme.

purchased from Sigma-Aldrich Sweden AB Stockholm,
Sweden.

Pre-Steady-State Kinetic Analysigen microliters of the
mixture containing %M enzyme and 2@M tritium-labeled
dGuo were placed into a well of the 96-well microtiter plate.
Two micropipets provided with tips, one containings of
10 mM ATP and the other containing 1@ of 1 M HCI,
were immersed in the enzyme/dGuo droplet. The reaction
was started and stopped at multiple time points by a rapid
addition of ATP and HCI, respectively. The time for each

start and stop point was measured in milliseconds using a

stopwatch on the site http://www.sikeston.k12.mo.us/
gwilliams/stopwatch.htmiTo analyze the reaction products,
20 uL of the above mixture was first neutralized with 2 M
NaOH and then spotted onto DE8L filter paper (Whatman
plc, Brentford Middlesex, UK) and dried. The filters were
washed three times with 0.005 M ammonium formate and
once with water. The reactants were eluted with 0.5 mL of
0.1 M HCI and 0.2 M KCI, and after mixing the sample
with scintillation fluid, the radioactivity was counted in a
scintillation counter (Beckman AB). The data from the burst
kinetic experiments were fit by nonlinear regression analysis
to a biphasic equation:

[P]=[E](1 — exp(-kyt) + k)

where [P] is the concentration of product formed, [E] is the
concentration of the active enzynig,is the observed burst
rate, andkss is the observed steady-state rate.

Preparation of Sensor Surfacé2enta-His antibody (Qiagen
Inc. Valencia, CA) was immobilized on the both spots of
the flow cell (in Biacore S51) or on one flow cell (in Biacore
3000), using the standard amine coupling metha6).(
Coupling buffer was 0.01 M sodium acetate (pH 5.0), and

dGuo was selected because of its lowlegtvalue @).

Figure 1 shows the biphasic kinetics of the formation of
dGMP during the course of the reaction. The observed burst
rate and the observed steady-state rate aree03 s* and
0.09+ 0.07 s, respectively. Despite the high value of the
standard errors caused by this rough-and-ready method of
measurement, the biphasic character of the reaction is very
clear.

Analysis of the Reaction Mixtur&he analyte recovery
feature of Biacore 3000 was used to elute the reaction
mixture from the chip (Figure 2A). Two types of recovery
experiments were performed: (i) a mixture of 1 mM ATP
and 1 mM tritium-labeled dAdo was injected over dAK and
the incubation time was varied from 10 to 600 s in nine
consecutive experimental cycles; (ii) the incubation time was
kept constant at 1 min and a concentration series of tritium-
labeled dAdo (21000uM) was injected over the enzyme
in the presence of 1 mM ATP. The eluted material was
collected in the tubes containl M HCI to stop the
reaction, then neutralized Wi2 M NaOH, and spotted onto
the DE-81 filter paper. The filter paper was then dried,
washed, eluted, and counted, as described in Materials and
Methods.

The results show (i) the time-dependent product formation
on the sensor chip (Figure 2B), and (ii) the high activity of
the immobilized enzyme, manifested by tK& of dAdo
estimated to 1M (Figure 2C).

Product Binding StudiesThe binding of 2-deoxyadeno-
sine 3-monophospate (dAAMP) and adenosifelphosphate
(ADP) to dAK was studied by injecting a series of product
concentrations ranging from 35 to 6@M over dAK. The
injection of JAMP gave a set of curves showing a slow, but
very stable, binding of this product to dAK (Figure 3). The

running buffer was 0.01 M Hepes (pH 7.4) containing 0.15 association and dissociation rate constants for this interaction
M NaCl. The immobilization level was approximately 9000 were estimated by fitting the binding curves to a bimolecular
RU. A new surface was prepared for every Biacore assay.binding model with a mass transport tertv). The values
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A 56000 Injection of
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FiGure 2: Showing that an enzymatic reaction occurs on the sensor surface. (A) A real-time monitoring of events on the sensor chip in
Biacore 3000: the injections of dAK and of 1 mM ATP together with tritium-labeled dAdo are shown. The presence of the product in the
eluted samples was examined using the DE-81 filter paper technique. (B) A linear dependence of product formation against time, when a
mixture of ATP and 1 mM R-dAdo was incubated during an increasing period of time.KZ¥or dAdo was estimated to 1M, when

a concentration series of*tlAdo (2-10004M) was incubated 1 min with ATP and the amount of dJAMP formed was determined.

Determination of MichaelisMenten ConstantsThe K;,
values for ribonucleoside triphosphates: ATP, CTP, TTP,
and UTP with concentrations ranging from 5 to 2Q04d
were determined in the presence of 1 mMJi2oxyadenosine
(dAdo) in running buffer. Similarly, theK' values for
deoxyribonucleosides: dAdo, dGuo, and dCyd, with con-
centrations ranging from 2 to 1500, were determined in
the presence of 1 mM ATP or CTP in running buffer. The
injection of the substrate pair of dAK over the enzyme
“0 50 100 150 200 250 300 350 400 450 resulted in the increased SPR responses. The sets of curves
(sensorgrams), corresponding to the concentration series of
Ficure 3: The binding curves representing the interaction of JAAMP the substrate, were prepared for ev.aluatlon by .SUbtraCtmg
(concentration series 3500,M) with immobilized dAK. The data ('€ reference surface and the running buffer signals. The

are fitted globally to a 1:1 interaction model with a mass transport Sensorgrams were aligned at the point approximatelg &
term, yielding association and dissociation rate constants of (3.25 after the substrate injection (Figure 4). The linear slopes of

+£0.01)x 10"tM™ s and (5.43: 0.21)x 10°s™, respectively.  the jnjtial linear portions of the curves were measured and
plotted against the concentration of the substrates.Khe

obtained were (3.2% 0.01) x 10* M~ s! and (5.43+ values were determined by fitting the plots to the Michaelis

0.21) x 10* s1, for the association and the dissociation Menten equation (eq 5), using a nonlinear least-squares

rate constants, respectively, yielding the dissociation equi- analysis (Figure 4).

librium constant of 1.67 mM (Figure 3). The injection of TheK values obtained are in good agreement with those

ADP over the dAK surface showed no binding. obtained previously3), as shown in Table 1. The use of

Response (RU)

Time (s)
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Ficure 4: Determination of th&], values— examples. A concentration series of (A) ATP{B000uM) or (B) dAdo (2—1000uM) were

injected in the presence of excess of dAdo and ATP, respectively, over the dAK surface. The sets of curves, corresponding to the concentration
series, were prepared for the evaluation by subtracting the reference surface and the running buffer signals. Initial slopes, marked with
dotted ovals, were plotted against the substrate concentrations, and the plots were fitted to theMitdraglis—Menten equation (eq 5).

The fitted parametel},, is reportect the standard errors.

CTP as an alternative phosphate group donor to ATP hasplex, Kiarp andK{, ,rp, are of the same order of magnitude
only a moderate effect on thi|, values of deoxyribo-  (7—11). The Kiarp and K, o1p values, estimated from the
nucleosides (Table 1). crossing points with the horizontal axes of the re-plats (
Bi-Substrate Kinetic AnalysisBi-substrate initial rate  11), are~24 and~22 uM, respectively (Figure 5B).
patterns were analyzed to distinguish between a sequential Product Inhibition StudiesTo decide whether the kinetic
and ping-pong mechanisi#, ©). The analysis was performed mechanism is Bi Bi ordered or Bi Bi random sequentiat (
for dAdo concentrations ranging from 5 to 100M at four 11), a product inhibition study was performed at the saturated
fixed nonsaturated ATP concentrations: 5, 20, 50, and 100level of the fixed substrate to ensure the best measurable
uM. The curves were prepared for evaluation as above. Theinitial slopes. Continuous delivery of this substrate to the
initial binding velocities were obtained as the linear slopes sensor surface sustained truly saturated conditions. One
of the initial linear portions of the curves and plotted against concentration series, containing the varied substrate only, was
dAdo concentrations in a double-reciprocal format. The plot included into each inhibition assay for comparison. Product
was fitted to the linear equation by a least squares linear inhibition studies with dAdo as varied substrate (concentra-
regression analysis. The slopes and intercepts of the lineattions ranged from 5 to 1300M), were performed at three
fits were re-plotted against the reciprocals of the ATP concentrations, 30, 60, and 12M, of ADP and with 1 mM
concentrations. ATP in running buffer. The sensorgrams obtained were
The double-reciprocal plot shows an intersecting pattern prepared for evaluation, and the initial velocities were
that is characteristic of the Bi Bi sequential mechanism measured, plotted against the dAdo concentrations in the
(Figure 5A), in which both substrates have to bind to the reciprocal format, and fitted to the linear equation as above.
enzyme before catalysis can occtt(1). The lines intersect The double reciprocal initial binding rate pattern shows
to the left of the vertical axis, approximately on the horizontal parallel lines with intercepts inversely proportional to the
axis, indicating that the dissociation equilibrium constant and inhibitor concentrations (Figure 6A). According to the
the Michaelis-Menten constant of the enzymedAdo com- proposal offered in Theoretical Background, the pattern
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obtained indicates a noncompetitive inhibition mechanism.
The dissociation equilibrium constant of the enzyrm®P
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Ficure 6: Determination of inhibitions patterns. Initial binding rates
were plotted against the concentration of varied substrate in the
reciprocal format and fitted to a linear equation. (A) ADP inhibition
versus dAdo in the excess of ATP. dAdo concentration series (5
1300uM) were injected in the absence of ADP and in the presence
of several ADP concentration®, no ADP added#, 30uM ADP,

A, 60 uM ADP, E, 120 uM ADP. The parallel lines indicate a
noncompetitive inhibition mechanism (eq 13) with the affinity of
the enzyme-ADP complex 0f~200uM. (B) ADP inhibition versus
ATP in the excess of dAdo. ATP concentration series{80uM)

were injected in the excess of dAdo, in the absence and in the
presence of ADP:®, no ADP added®, 30uM ADP, A, 60uM
ADP. The lines with varying slopes and intercepts suggest the
uncompetitive inhibition mechanism (eq 17), in which the inhibitor
binds directly to the enzymesubstrate complex with the affinity
constant of~110 uM.
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1,210°

When 120uM dAMP was used as the product-inhibitor
under the conditions described above, the product binding
pattern did not change, thus suggesting that this product does
not act as an inhibitor versus dAdo.

Product inhibition studies with ATP as varied substrate
were performed as above but in the presence of two
concentrations, 30 and 60V of ADP or 60 and 12Q«M of
dAMP, with ATP concentrations ranging from 5 to 70®!
and with 1 mM dAdo in running buffer. The binding curves
obtained were evaluated as above.

Both products affect the binding of ATP to the enzyme,
yet in different ways. The double reciprocal pattern, obtained
from the binding curves with ADP as the product-inhibitor,

complex, estimated from the intercepts of the plot using eq shows the lines with varying slopes and intercepts (Figure

13, is about 20Q:M.

6B), thus indicating the existence of the uncompetitive
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inhibition in which the inhibitor binds to the enzyme ATP  dAdo ADP dAMP
simultaneously with the substrate (see Theoretical Back-
ground). The dissociation equilibrium constant of the (dAK
ATP)—ADP complex is approximately 11@M, irrespective
of whether it is calculated from the slopes or from the IAK JARATP QAK-ATP.dAdo QAK-JAMP GAK
intercepts of the double reciprocal pattern using eq 17. t
When dAMP is used as the product-inhibitor, the initial
rate of product formation increases only very slightly at the dAK-dAMP-ADP
lowest ATP concentration, and the use of 60 or 120 Ficure 7: Proposed kinetic mechanism of deoxyadenosine kinase

dAMP makes no appreciable difference on the curves (data(dAK).
not shown). Although such a behavior may indicate a
competitive inhibition for the case wheK, > K, it

provides no conclusive evidence for this type of inhibition. LT ) T iy
Nevertheless, thi sae andK?, 1 values, determined in the inhibition pattern described is distinctive of Bi Bi

this work from the separate experiments (Fiqures 3 and 4A ,seque'ntial Qrdered mechanism. In this kinetic mechanism,
are 1.67 mM and 1ﬁ'F\)/| respecgively (e IEI i K’ ). This ) ATP binds first, followed by dAdo and a subsequent transfer
. , €. )

of the phosphate group, and an ordered release of products
with ADP dissociating before dAMP (Figure 7). The product
binding study that shows the binding of dAMP, but not of
DISCUSSION ADP, to the free enzyme, s}rongly supports this conclusion.
According to the mechanism proposed, substrate ATP and
dAK belongs to the deoxycytidine kinase/deoxyguanosine product dAMP can only bind to the free enzyme and,
kinase (dCK/dGK) enzyme family with broad substrate consequently, the binding of one of them prevents the other
specificity regarding both phosphate acceptors and donorsfrom binding to dAK. When dAMP was used as product
(1, 2). The core structure of the dCK/dGK enzyme family inhibitor with dAdo as varied substrate, no inhibition could
consists of a phosphate-binding loop, a lid structure that is be observed, because the inhibitor was completely competed
involved in phosphate transfer, and a substrate-binding pocketout by the saturated amount of ATP being the fixed substrate.
(18). In the literature, controversial kinetic mechanisms have All the available dAK was incorporated into the complex
been proposed for human dCK. An ordered sequential with ATP, which precluded the binding of dAMP. This
pathway, with ATP being the first substrate to bind and product inhibition experiment also indicates that dAMP is a
dCMP the last product to dissociate, was determined for dCK competitive inhibitor of ATP.
purified from leukemic T-lymphoblastd 9). A rapid equi- Our results suggest that ATP binds to the enzyme first
librium random Bi Bi mechanism with a possible formation and, in the course of the dAKATP complex formation, the
of dead-end complex of the enzyme with ATP as phosphate enzyme undergoes a conformational change to an open state,
donor Q0) and a mechanism with sequential binding of the thereby facilitating the binding of dAdo. In the process, the
substrates and random release of the products with UTP asADP binding site can emerge, which in turn can lead to the
the phosphate dono2{), were proposed for dCK prepared formation of the dAK-ATP—ADP complex. Consequently,
from MOLT-4 T-lymphoblasts. For the dGK enzymes, a although ADP normally binds to the dAKAIAMP complex,
rapid-equilibrium random Bi Bi kinetic mechanism, which it can even bind to the dAKATP complex, in both cases
may include the formation of a dead-end complex, was acting as an uncompetitive inhibitor of ATP. When both ATP
proposed for the bovine liver mitochondrial dGKRZj, and dAdo are bound, the enzyme assumes the form of a
whereas an ordered Bi Bi reaction mechanism, with UTP as closed state and the phosphate transfer occurs. Once the
the leading substrate and UDP as the last product to leave products are formed, the enzyme conformation changes to
was proposed for thBacillus subtilisdGK (23). another open state and ADP leaves the enzyme before dAMP,
In this paper, we investigate the kinetic mechanism of dAK thus completing a reaction cycle. The noncompetitive inhibi-
using the fast, convenient, and label-free Biacore assays,tion, observed when ADP was used as an inhibitor versus
which combine the initial rate studies with product binding dAdo, is consistent with the dAdo and ADP binding to
experiments. First, we establish that the catalytic reaction in JAK—ATP and dAK-dAMP complexes, respectively.
fact occurs on the sensor surface and that the activity of the The reaction mechanism, described above, appears to
immobilized enzyme is close to that of the enzyme in solution involve dynamic conformational changes. A detailed under-
(Figure 2). Second, we demonstrate that the dissociation ofstanding of this mechanism may help to design specific
deoxyribonucleoside monophosphate is the rate-limiting Stepinhibitors of dAK that could either interfere with the binding
of the reaction (Figures 1 and 3). These experiments showof substrates or bind to the enzymsubstrate/product
that our method for studying the enzymatic activity of dAK intermediate thus blocking the reaction. The 3-D structure
on the sensor surface must be considered highly reliable. determination of dAK, which is in progress, can give further
The conclusion to be drawn from the analysis of the bi- insights into the relationship between the enzyme structure

substrate initial rate pattern is that the mechanism is of the @nd its mechanism of action.

Bi Bi sequential type (Figure 5). The pr_oduct |nh|p|t|on study, ACKNOWLEDGMENT
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