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ABSTRACT: Catalytic DNA cleavage reactions by an ATP-dependent deoxyribonuclease (DNase) from
Micrococcus luteusvere monitored directly with a DNA-immobilized 27-MHz quartz-crystal microbalance
(QCM). The 27-MHz QCM is a very sensitive mass-measuring device in agueous solution, as the frequency
decreases linearly with increasing mass on the electrode at a nanogram level. Three steps in ATP-dependent
DNA hydrolysis reactions, including (1) binding of DNase to the end of double-stranded DNA (dsDNA)
on the QCM electrode (mass increase), (2) degradation of one strand of dsDNA in-thB' 8lirection
depending on ATP (mass decrease), and (3) release of the enzyme from the nonhydretesedSDNA

(mass decrease), could be monitored stepwise from the time dependencies of QCM frequency changes.
Kinetic parameters for each step were obtained as follows. The binding constaiaf ONase to the
dsDNA was determined as (28 2) x 1 M1 (kon = (8.0 0.3) x 10° M ~1 st andkey = (0.29+

0.01) x 108 s1), and it decreased to (0.72 0.16) x 1 M~ (Ko =(2.34+0.2) x 10°M ~1sland

Kot = (2.9 £ 0.1) x 1072 s71) for the completely nonhydrolyzed-free ssDNA. This is the reason the
DNase bound to the dsDNA substrate can easily release from the nonhydrolyfree-8sDNA after the
complete hydrolysis of the'3~ 5' direction of the complementary ssDNK, values depended on the

DNA structures on the QCM, and the order of these values was as follows: the dsDNA having a 4-base-
mismatched base-pair en8) (> the dsDNA having a '515-base overhanging en@)(> the dsDNA

having a blunt endl) > the ssDNA having a'3ree end 4) > the ssDNA having a 'Sfree end §).

Thus, DNase hardly recognized the fréeebd of ssDNA. MichaelisMenten parameterK(, for ATP

andkcs) of the hydrolysis process also could be obtained, and the ordes/&f,, was as follows: the
dsDNA having a blunt endlj ~ the dsDNA having a 4-base-mismatched base-pair 8nd the ssSDNA

having a free 3end @) > the ssDNA having a free'®nd 6). Thus, DNase could not recognize and not
hydrolyze the free '5end of ssDNA. The DNA hydrolysis reaction could be driven by dATP and GTP
(purine base) as well as ATP, whereas the cleavage efficiency was very low driven with UTP, CTP
(pyrimidine base), ADP, and AMP.

Replication is one of the key reactions in the cellular the accumulation of the acid-soluble hydrolysis products from
processes. In this process, many kinds of proteins including radioisotope-labeled substrates as a function of tBhelhe
enzymes interact with nucleic acids and express variousMichaelis—Menten constant{,, for DNAs) and catalytic rate
functions (). An ATP-dependent deoxyribonuclease (DNase) constantK:.) have been obtained; however, kinetic properties
is one of the key enzymes that hydrolyze a phosphodiesterof the enzyme binding to the substrate DNA have not yet
linkage between deoxyribonucleosides in the presence ofbeen characterized. And despite several improvements, this
ATP, and these enzymes are widely distributed in bacteriatechnique still has some difficulties, such as requirements
and thought to be involved in the processes of genetic of radioisotope labeling as probes and of special techniques.
recombination and recombinatorial repair of radiation damage Gaining insights into the total enzyme reaction mechanism,
(2, 3). The ATP-dependent DNase frawticrococcus luteus it is more useful to monitor in situ all of reaction steps such
(Mw 160 kDa) shows the activity for single- or double- as the enzyme binding, the hydrolysis along the DNA strand,
stranded linear DNAs via an end-attachmernt-3 5 and the release of the enzyme from the nonhydrolyzed DNA
exonucleolytic procession mechanism and shows no activity on the same device.
for circular DNAs @—6). So it has been used as a tool for In our preliminary paper, we reported that a 27-MHz
DNA manipulation to prepare circular DNASs in vitr@)( quartz-crystal microbalance (QCM)s a useful tool to
The reaction mechanism of a DNA hydrolysis by this enzyme

has been studied mainly in the bulk solution by measuring 1 Abbreviations: QCM, quartz-crystal microbalance; NTP, nucleoside
5'-triphosphate; ATP, adenosin&tiiphosphate; CTP, cytosiné-&i-
phosphate; GTP, guanosiné-tBphosphate; UTP, uridine '&ri-
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Ficure 1: (A) Experimental setup (Affinix € for ATP-dependent hydrolyses of on a DNA-immobilized 27-MHz quartz-crystal microbalance
(QCM) in buffer solution, (B) reaction schemes and kinetic parameters obtained in this work, and (C) DNA structures immobilized on an
avidin-QCM.

directly detect and quantitatively analyze each step of DNA lecular interactions on DNA strands, such as DNA hybrid-
cleavage reactions in aqueous solution (see Figure 9B) ( ization (13), DNA—protein interactions 14), and DNA
QCMs are very sensitive mass-measuring devices in aqueoupolymerase reactiond.p).

solution, as well as in air, and their resonance frequency has In this paper, we report precise kinetic parameters of three
been proved to decrease linearly with increasing mass onsteps in ATP-dependent DNA cleavage reactions, including
the QCM electrode at a nanogram leved{12). QCM has (1) binding of DNase to the end of double-stranded DNA
been employed recently for investigating various biomo- (dsDNA) on the QCM electrode (mass increase), (2)
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degradation of one strand of dsDNA in the-3 5’ direction
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AF andAm by changing the immobilized amount of proteins

depending on ATP (mass decrease), and (3) release of théavidin) and biotinylated DNAs on the Au electrode of the

enzyme from the nonhydrolyzed-fee-ssDNA (mass de-

27-MHz QCM (14).

crease) (see Figure 1B). These parameters were obtained Tg the cleaned bare Au electrode was immobilized-3,3

under various conditions: (1) effect of end structures of DNA
substrates such as the dsDNA having a blunt edtbe
dsDNA having a 515-base overhanging en#)(the dsDNA
having a 4-base-mismatched base-pair )dthe ssDNA
having a free 3end @), and the ssDNA having a fre€ 5
end 6) (see Figure 1C), and (2) effect of nucleotides on the
activation of DNase (ATP, GTP, UTP, CTP, dATP, ADP,
and AMP). In the binding process of DNase to DNAs, the
maximum binding amountAmyay, the binding k.n) and
dissociation ko) rate constants, and binding constarg) (
were obtained. In the following cleavage step, the catalytic
hydrolysis rate constankd) and Michaelis constant,

for nucleotides) for enzyme reactions could be obtained. In
the release process of DNase from the nonhydrolyzed
ssDNA, the dissociationkls) and rebinding Ko, rate
constants, and binding constant§ ] were obtained. The
27-MHz QCM used in this study has a sensitivity of 0.62
ng cm 2 of mass change per 1 Hz of frequency decrefse (
12—-16). This sensitivity is sufficiently large to sense the
binding of enzyme and the DNA cleavage process.

EXPERIMENTAL PROCEDURES

Materials DNase fromMicrococcus luteusvas purchased

dithiodipropionic acid, and then carboxylic acids were
activated as N-hydroxysuccimide esters on the surface. The
activated carboxyl groups were reacted with surface amino
groups of avidin (Mw. 68000). The frequency decrease
reached equilibrium around 800 Hz in albduh (10 mM
Tris-HCI, pH 7.8, 200 mM NacCl, 3C°C), and the im-
mobilized amount of avidin was regulated by the reaction
time. Avidin was not removed from the Au electrode by
rinsing it with an aqueous buffer solution several times. The
unreacted carboxyl groups were deactivated to hydroxyl
groups by the reaction with ethanolamingd), The 3-
biotinylated dsDNA 1) (51 bp, in Figure 1C) were injected
to the avidin-immobilized QCM (10 mM Tris-HCI, pH 7.8,
200 mM NacCl, 30°C). The frequency decrease reached
equilibrium around 200 Hz in about 30 min., and the
immobilized amount was regulated again by the reaction
time.

The frequency changes in the solutiohF,) and AF4;
after drying under vacuum in nitrogenrfb h were measured
at different immobilization amounts of avidin and the
biotinylated DNAs, in whichAF,; reflects an real mass
change Am). There was a good linear correlation between
AF,q and AF4; with a slope of 0.98t 0.20. This indicates

from TOYOBO (Tokyo, Japan). Each NTP was purchased that frequency changes in the aqueous phase are nearly equal
from Amersham Biosciences (Tokyo, Japan). Oligonucle- g frequency changes in the air phase when the same mass
otides were purchased from Sawady Technology (Tokyo, was |oaded on the Au electrode. Thus, the Sauerbrey’s

Japan). dATP was purchased from TaKaRa (Shiga, Japa”)equation £0.62 ng cm? per 1 Hz for the 27-MHz QCM)

ADP, AMP, and ATPyS were from SIGMA-Aldrich
(Tokyo, Japan). All other reagents were purchased from
Nacalitesque (Kyoto, Japan) and used without further
purification.

The 27-MHz QCM System and Its Calibration in Aqueous
Solution An AffinixQ* was used as a QCM instrument
(Initium Co. Ltd, Tokyo, http://www.initium 2000.com)
having four 500uL cells equipped with a 27 MHz QCM
plate (8 mm diameter of a quartz plate and an area of 4.9
mn? of Au electrode) at the bottom of the cell and the stirring
bar with the temperature controlling systeh®), Sauerbrey’s
equation L0) was obtained for the AT-cut shear mode QCM
in the air phase,

2F 2
AW Pq

whereAF is the measured frequency change [Hz]is the
fundamental frequency of the quartz crystal prior to a mass
change [27x 1(f Hz], Amis the mass change [gh is the
electrode area [0.049 ¢ pq is the density of quartz [2.65

g cn 3], anduq is the shear modulus of quartz [2.9510'

dyn cn?). In the air phase, 0.62 ng crhof mass increase

AF

Am

1)

can be applied even in the aqueous solution limited to the
immobilization of a globular proteins such as avidin (Mw.
68000) and a short oligonucleotides (ca. 50 bi¥—<16).
When the long dsDNA (5001000 bp) was immobilized on

the QCM, however, the slope was different between in the
air and aqueous phases due to the hydration and viscoelastic
long DNA strands on the QCM.

The noise level of the 27 MHz QCM waisl Hz in buffer
solutions at 30°C, and the standard deviation of the
frequency wast2 Hz for 2 h inbuffer solutions at 30C.

Preparation of DNA-Immobilized QCM PlateNA
structures used in this study is summarized in Figure 1C:
3-biotinylated dsDNA (51 bp) having a blunt ent) (having
a 5 15-base overhanging en@)( and having a 4-base-
mismatched base region at the end (underlindg)and the
5'-biotinylated ssDNAs having a-3ree end 4) and the 3
biotinylated ssDNA having a'8ree end ). Oligonucleotide
duplexes were formed by mixing biotinylated strands and
its complementary strands in 10 mM Tris-HCI, pH 7.8, 200
mM NacCl, boiled for a few minutes and then cooled to room
temperature over 3 h. These oligodeoxyribonucleotides were
immobilized on a cleaned Au electrode of the QCM using a
biotin—avidin linkage and a tetraethyleneglycol spacer ac-

per 1 Hz of frequency decrease is expected. However, whencording to previous paperi4, 15). The immobilized amount

the QCM is employed in an aqueous solution, we should
consider effects of interfacial liquid propertiese( density,
viscosity, and elasticity), thin film viscoelasticity on the QCM
(17.18), electrode morphology1@), and mechanism of
acoustic coupling impacts on the QCM oscillation behavior
(20). We therefore directly calibrated the relation between

of the dsDNA () was maintained to be 6& 2 ng cnt?
(ca. 1.9 £ 0.1 pmol cm?). This corresponds to ap-
proximately 4% coverage of the Au surface, and this small
coverage would give enough space for binding of a large
enzyme molecule. Immobilized amounts of other DNAs were
also maintained to be 18 0.1 pmol cnT? (4% coverage).
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200 ] shown in curve (a). The decreased mass from the starting
100 | OV ) T point was 30 ng (1.9t 0.1 pmol) cnt2, corresponding to
¢ i, y 50 £ 5% of the immobilized dsDNAY) (60+ 2 ng (1.9+
0 \( f;e s 0 y 0.1 pmol) cm?): the one strand was completely hydrolyzed.
T -100 L | P S Since the ATP-dependent DNase is reported to hydrolyzes
Q 200 | (@) A -| 100 < dsDNA from the 3-end @), the 3 — 5' hydrolysis occurs
300 AT & only at the upper strand of dsDNA because ther® of
[ stept step 2 | 200 the lower strand is blocked by a biotividin linkage (see
-400 - ¢ Figure 1C). Thus, the mass decrease in steps 2 and 3 of curve
-500 LN 1 ls00 (a) reflects two processes: the complete-35'" hydrolysis
0 10 20 30 40 42 44 60 70 of the upper strand of immobilized dsDNA)(and the release
Time / min of the enzyme from the QCM after the hydrolysis, respec-

FIGURE 2: Typical time courses of frequency changes of the dsDNA tively. Frequency changes in curve (b) also reflect the mass
(1)-immobilized QCM, responding_to the addition of DNase and decrease due to the hydro'ysis on the QCM electrode.
ATP. (a) DNase was added at a first arrow and then excess ATP | b) of Fi 2 th ti f d

was added at a second arrow. (b) DNase was added in the presence n _curve (b) of Figure 2, elcon Inuous requency ecrease
of excess ATP. ([DNaseF 138 nM, [ATP] = 0.5 mM, 67 mM and increase reflect the continuous reactions of the enzyme
Glyc ine-NaOH, pH 7.9, 30 mM MgG| 8.4 mM 2-mercaptoetha-  binding, hydrolysis, and the release of the enzyme, and it
nol, and 0.1% Nonidet P-40, 3C). maybe difficult to separate each step for analyzing kinetic
parameters. Therefore, we chose the stepwise reaction of
curve (a) to analyze kinetically each step: (1) binding DNase
to the end of dsDNA, (2) DNA degradation of the upper

buffer solution containing 67 mM Glycine-NaOH, pH 7.9 strand of dsDNA in the '3— 5' direction, and (3) release of
’ ', the enzyme from the remaining nonhydrolyzetfrge

30 mM MgCh, 8.4 mM 2-mercaptoethanol, and 0.1% SSDNA
Nonidet P-40 and placed until the resonance frequency was™ _, "~ :
Binding Process of DNase on Various Ends of DNAw®

kept constant £1 Hz for 30 min). Frequency changes L .
: o ; DNase binding process to DNAs (step 1 of curve (a) in
responding to the addition of the enzyme and/or various Figure 2) is described by eq 2. The amount of the DNA/

nucleotide solutions into the cell were followed with time. DN lex f d at timteafter iniection is qi b
The solution was stirred to avoid any effect of diffusion of ase compiex formed at imeafter injection 1s given by
egs 3-5. The relaxation time ] of DNase bhinding is

the enzyme and nucleotides, and the stirring did not affect
the stability and magnitude of frequency changes.

Enzyme Reactions on a DNA-Immobilized QCM Call
DNA-immobilized QCM cell was filled with 50QuL of

Kon
DNA + DNase== DNA/DNase )
RESULTS AND DISCUSSION bor

In Situ Monitoring of DNA Cleaage Reactions by an ATP- [DNA/DNase] = [DNA/DNase]{1 — exp(-t/z)} (3)
Dependent DNasé-igure 2 shows typical frequency changes

of the dsDNA ()-immobilized QCM cell as a function of

time, responding to the addition of DNase and ATP into the Am = Am{1 — exp(—t/7)} 4
aqueous solution. In curve (a), the frequency decreased (mass
increased) gradually for approximately 30 min, responding 1 = k,[DNase}, + k¢ (5)

to the addition of the DNase solution at the first arrow (final

concentration; 138 nM), due to the slow binding of DNase ey jated from curve fitting of QCM frequency changes at
to the dsDNA ) (step 1). The binding amount at equiliblium | 4ri51s enzyme concentrations-(B00 nM). DNase binding
was 280+ 10 ng (1.8+ 0.1 pmol) cm?, indicating that 414 gissociation rate constarks,@ndker) could be obtained
one DNase binds to the dsDNA by 1:1 ratio, since £9  from the slope and intercept of the plotof against DNase
0.1 pmol (60+ 2 ng) cm? of the dSDNA ) was  concentration (eq 5). The binding constarks)(could be
immobilized on the QCM cell. It was confirmed that DNase 5| obtained from the ratio d,, to kof.
hardly bound to an avidin surface without DNAs (data not Figure 3A shows typical time courses for DNase binding
shown). When an excess ATP solution (final concentration {5 the dsDNA () with different DNase concentrations (43
0.5 mM) was added at the second arrow of curve (a), the gg h\1). DNase binding amounts increase with the increase
frequency rapidly increased (mass decreased) to the constan}, pnase concentrations. Similar time courses with DNase
value (-30 & 3 ng cm2 over the starting point) within & concentrations (5400 nM) were observed for other DNAs
several minutes (steps 2 and 3). This indicates that DNase() _(5): the binding and dissociation rate constahts &nd
bound on the substrate was activated by ATP and couldy .y were obtained according to eq 5 (Figure 3B). The results
hydrolyze DNA strands. As a control experiment, wh&t  are summarized in Table 1, together with the QCM binding
ATP that could be hardly hydrolyzed by DNase was added gmount Am) when DNase was injected at 35 nM.
instead of ATP, no frequency changes could be observed |, the case of dsDNAsI( 2, and3), the DNase binding
(data not shown). amounts Am) were large and independent of terminus
On the other hand, when ATP was present in advance andstructures (76-80 ng cn1?). When the injected concentra-
then the enzyme was injected, the frequency slightly tions of DNase were increased—800 nM), the binding
decreased at first and then increased (mass decreased) asmount of DNase showed the saturation behavior with the
shown in curve (b) and reached the same mass decrease asaximum binding amountAmmax = 320 + 30 ng (1.9+
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Ficure 3: (A) Binding behaviors of DNase to the dsDNA)(
dependent on the DNase concentrations. ([DNas&B—69 nM,
[dsDNA] = 60 + 2 ng (1.9 pmol) cm? on the QCM, 67 mM
Glycine-NaOH, pH 7.9, 30 mM MgGl 8.4 mM 2-mercaptoethanol,
and 0.1% Nonidet P-40, 3€C). (B) Linear reciprocal plots of
relaxation time £) against DNase concentration according to eq 5.
(®) the dsDNA having a blunt end), (O) the dsDNA having 5
15-base overhanging en@)( (a) the dsDNA having a 4-base
mismatched base-pair en8)(and (») the ssDNA having a'3free

end @).

Am /ng cm™2

Table 1: Binding AmountAm), Binding and Dissociation Rate
Constants K;n and ko), and Binding Constant&g) of DNase for

Various DNA$

DNA" Am (ng (pmol)em? k" 100 M ST gt i 107 ST K100 m!
— 3
j & T2+6(042£004) 80203 0.29 =001 28+2
Fa=23202 k'=29+00  K.'=079:016
m—
] O —— R0+ 5(D474003) T9%0.1 0.14 £ 0.01 5646
N
3 c=5' B1+6(048£003) 28=4 0.19 £ 0.02 140 = 50
4 Cre— 25+ 5(0.154£002) 9747 49405 19+5
§ O <1 (<001) 091021 53+ 1.1 0.170.09

2 Binding experiments were carried out at different DNase concentra-
tions (5-400 nM) depending on DNA sequencéSequences are
shown in Figure 1C¢ Binding amount at [DNase¥ 35 nM. ¢ Obtained
from egs 3-5 in the text.® Ratio of ko, t0 ko F Obtained from eqgs

10-12 in step 3.

0.2 pmol) cm?) for dsDNAs (1,2, and 3). Since dsDNAs
were immobilized in the range of 68 5 ng (1.9+ 0.2 pmol)

Matsuno et al.

cm?) on the QCM, DNase can bind to dsDNAs by a 1:1
ratio. Dorp and co-workers reported that the formation of
2:1 complexes of DNase with a linear dsDNA in the bulk
buffer solution was identified by a density-gradient centrifu-
gation method and suggested the enzyme bound to two free
ends of dsDNA(5). The 1:1 binding of DNase to dsDNA is
reasonable in our system, because the one end is blocked
by biotin—avidin linkage on the QCM plate. The binding
amount of DNase to the ssDNA having afee hydroxyl

end @) was largely decreasedh = 25+ 5 ng cn1?) and
DNase hardly bound to the ssDNA with &ftee hydroxyl

end 6).

The binding constant of the dsDNA having thefiee
overhanging end?) (K, = (56 4 6) x 10f M~%) was 2 times
larger than that of the dsDNA with the blunt ert ((28 +
2) x 10° M%) due to the decreasingys values from (0.29
+0.01) x 103s1t0 (0.144 0.01) x 103 s L. Since the
structure of the dsDNAZ) is similar to that of on the way
of the hydrolysis, this is reasonable for the enzyme to
suppress the dissociation from the DNA substrate to enhance
the processivity of the hydrolysis. THex values for the
ssDNA both of 4) and &) were almost same ((4-%5.3) x
108 s1) but thek,, value for the 3free ssDNA 4) ((97 &+
7) x 10® M~1 s71) was extreme large compared to that for
the B-free ssDNA b) ((0.91+ 0.21) x 1®* M1 s7%), and
DNase hardly bound to thé &ee DNA (5) due to the very
small K, value ((0.17+ 0.09) x 1 M1). These results
indicate that DNase can bind to theehd, but hardly to the
5'-end and can remain more easily on the dsDNA than the
ssDNA. This is very reasonable to consider the hydrolysis
direction of this enzyme (3— 5'). The largesK, value of
(140 &£ 50) x 10° M~ was obtained for the 4-base
mismatched dsDNAJ) due to both of the largk,, and small
kot values. This result was contributed from easy recognition
at the 3-free end of the melting and mismatched bases and
slow dissociation from the double-stranded structure. The
Klenow fragment of DNA polymerase | frorescherichia
coli consists of a’ 5— 3’ polymerase unit and also 43 5
exonuclease unit. It is known that the primer/template region
containing mismatched bases or many AT base pairs is
preferentially recognized by the exonuclease unit of the
enzyme but hardly recognized by the polymerase (&1i}. (
Considering the necessity of the melting end of the dsDNA
substrate to hydrolyze DNA molecules, it is general that the
exonuclease could easily recognize the melting end of the
dsDNA.

Effect of Enzyme Concentrations on the DNA Géepe
Process Figure 4A shows the entire reaction process when
DNase was added at the first arrow at different concentrations
(20, 35, and 69 nM in solution) and then excess ATP was
added at the second arrow using the dsDNAifnmobilized
QCM. Final frequency changes at the steady state were the
same 30 ng cn?) independent of DNase concentrations.
Figure 4B shows the reaction process when ATP was added
at different times prior to binding equilibration for DNase
(135 nM added in the solution). In these cases, the cleaved
amounts were also ca. 30 ng chindependent of the time
of the ATP additions, and these results indicate that DNA
cleavage was completed. The amount of DNase bound on
dsDNA and the initial rate:) of DNA cleavage just after
enzyme injection were calculated from the QCM mass
increases observed after enzyme injection and the slope of
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Table 2: Michaelis Constant of ATHKf,) and Catalytic Cleaved
Rate Constantk{,) in the DNA/DNase Complex on the QCM

DNA" ke /107 7! Ky /10" M keat! Ko 108 M5!
D——SI
1 5 4.0=0.1 151 270 = 30
N
o —
3 5 3.9+0.2 14+ 1 280 £ 35
4 O s— 0.7+0.1 11£1 64+ 15
50—_5' ndu ndc I'Idc

2 [DNA/DNase complex]= 1.7 pmol cm? in the solution’ Se-
quences are shown in Figure 1QCould not be detected.

DNA" indicates released nucleotide products with degrada-
tion.

Km
DNA/DNase+ ATP == DNA/DNase/ATP

e, DNA'/DNase+ DNA"" +

ADP + P, (6)

ko {DNA/DNase][ATP],
" Kt [AT]

7

Km -1 1
k..IDNA/DNase] [ATP], k.iDNA/DNase]

®

The QCM resonance frequency was defined as the zero
position at the point of addition of ATP solution; the
frequency changes were then recorded with time. When the
initial concentration of DNA/DNase was fixed at 1.7 pmol
cm2 on the QCM, the hydrolysis processes occurred after
the injection of various concentrations of ATP in the solution

1
VO

FIGURE 4: Cleavage processes dependent on (A) the DNase (Figure 5A). The initial hydrolysis ratesg) increased with

concentration in the bulk solution (20, 35, and 69 nM), in which
ATP added after the equilibrium of the DNase binding. and (B)
the DNase concentration bound on the dsDNIA€nd, in which
ATP added before the equilibrium of the DNase binding. (67 mM
Glycine-NaOH, pH 7.9, 30 mM MgGJ 8.4 mM 2-mercaptoethanol,
and 0.1% Nonidet P-40, 3TC). (C) Plot of initial hydrolysis rates

the addition of ATP, and Figure 5B shows the plot:gf
against ATP concentrations. From the reciprocal plot inserted
in Figure 5B, Michaelis constants of ATK{), cleavage
catalytic rate constant&y), and apparent second-order rate
constantsi:./Km) were obtained from the slope and intercept

(Vo) just after the ATP injections against the concentrations of the Of eq 8. The results for the dsDNA)Y are summarized in

bound DNase on the dsDNAL) obtained from @) the mass
increase after the DNase injection in (A) ai®@) the mass increase
after the DNase injection of (B).

Table 2, together with those obtained for various DNAs on
the QCM.

The K, for ATP was independent of DNA structures,
indicating the ATP recognition site in DNase was unaffected

QCM mass decrease observed just after ATP injection in by the DNA recognition. Thé&, value of 15+ 1 uM for

Figures 4A and 4B, respectively. Thgvalues were plotted

ATP obtained in this work was consistent with those values

against the concentration of bound DNase (Figure 4C). The (50 uM) obtained in the bulk solution of the similar types
DNA cleave rate increased linearly with the bound amount of DNase 8). The catalytic efficiency was the same between

of DNase on the DNAYX). These results clearly indicate that

the dsDNA with a blunt endl) and a mismatched en@)(

the enzyme catalyzing the cleavage is the bound DNase onwith the similark.,; andKy, values. It is interesting that the

the DNA, but not the enzyme in bulk solution.
Michaelis—Menten Kinetics of DNA Cleage Process

4-base mismatch at the end of dsDNA only affected the
enzyme binding process but not the hydrolysis process.

DNA cleavage reactions (step 2 of curve (a) of Figure 2) DNase can hydrolyze from théehd of both ssDNA and

were initiated by the addition of ATP after the formation of

dsDNA, but the catalytic efficiency for the sSDNA)((Kcat

the DNA/DNase complex on the QCM. The cleavage process= (0.7 + 0.1) x 1 s %) was largely decreased in

is expressed simply by the MichaetiMenten reaction

comparison with those of dsDNA4 @nd3) (kea:= (3.9

between the DNA/DNase complex and added ATP as shown0.1) x 10° s* and (4.0+ 0.1) x 10° s%, respectively).

in eqs 6-8, where DNA indicates shortened DNA and

Although it is difficult to explain whyk., value for the
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(A) Time courses of the hydrolysis process on the
dsDNA (1)-immobilized QCM electrode, depending on ATP
concentrations (2:5100 «M). (B) Saturation behavior of initial
elongation ratesf) against ATP concentrations. Lineweav&urk
plot according to eq 8 was inserted. ((DNA/DNasg] 1.7 pmol
cm2, 67 mM Glycine-NaOH, pH 7.9, 30 mM MgCI2, 8.4 mM

2-mercaptoethanol, and 0.1% Nonidet P-40,°G0).

Table 3: Michaelis Constant of Various Nucleotidés,( and

Catalytic Cleaved Rate Constat{) in the DNA/DNase Complex

on the DsDNA ()-Immobilized QCM Plate

nucleotide  kaf1®s? Ky /10°M  (KeafKm)/1PM~1s7t
ATP 4.0+0.1 15+ 1 270+ 30
dATP 3.6+ 0.3 14+ 2 260+ 60

GTP 1.94+0.1 76+ 14 26+ 7

UTP 1.7+£0.2 270+ 22 6.3+ 2.4
CTP 1.8+ 0.1 220+ 15 8.1+ 1.2
ADP 2.1+ 0.4 150+ 10 144+ 4

AMP b b b

a[DNA/DNase complex}= 1.7 pmol cn1? in the solution. Could

not be detected.

ssDNA is smaller than those for dsDNA, it is reasonable to
consider that DNase shows smalkervalue for the ssSDNA
than the dsDNA and thk, for the ssDNA will decrease.
Effect of Various Nucleotides on DNA Clesl Process
Recognition ability of DNase for other types of nucleotides
was investigated. Table 3 shows, values for various
nucleotides, cleaved rate constarkg, and the apparent
second-order rate constantg.{Kny) for the dsDNA ().

AF/Hz
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Ficure 6: (A) Release behavior of DNase from the completely
hydrolyzed DNA depending on the bound amount of DNase on
the dsDNA (@). (B) Linear reciprocal plot of relaxation time'}
against DNase concentrations according to eq 12. (67 mM Glycine-
NaOH, pH 7.9, 30 mM MgGl 8.4 mM 2-mercaptoethanol, and
0.1% Nonidet P-40, 30C).

DNase can recognize dATP as well as ATP with the similar
Km value. The binding ability,) of DNase for nucleotides
decreased for pyrimidine bases (UTP and CTP) compared
with purine bases such as adenine and with decreasing
phosphate groups in nucleotides. Thus, DNase strictly
recognizes both a purine base and a triphophate bone but
not tightly the 2-hydroxy group of a ribose.
DNase Dissociation ProcesBNase dissociation from the
productive ssDNA (step 3 of curve (a) of Figure 2) was
observed as quick frequency increases (mass decreases) on
the QCM following the DNA cleavage process. The reso-
nance frequency of the QCM was defined as the zero position
at the time of cleavage completior-80 ng cnm? from the
point of addition of ATP solution), and the frequency
increase was recorded with time. In Figure 6A, the enzyme
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dissociation process was monitored at different DNase 2.
concentrations using the dsDNA)(on the QCM.

The dissociation process is described by eq 9. The amount
of DNA/DNase complex left at timéis given by eqs 16

12.

3.

k’OI‘I
DNA' + DNaseﬁ DNA'/DNase (9) 4
—[DNA'/DNase]= —[DNA'/DNase}{ 1 — exp(-t/z')}
(10)
—Am = —Am{1 — exp(-t/z')} (11) 5
17" =K [DNase], + K (12)

The dissociation and rebinding rate constakitg @Gndk'or) 6.

and binding constant¥(;) for the dissociation process could
be obtained similarly to that for step 1, and the results are
summarized in the second line of Table 1. The rebinding
rate constantkon = (2.3 4 0.2) x 10° M~* s7%) in step 3
was one-fourth compared to the binding rate constkft (
= (8.0£ 0.3) x 10° M "1 s%) in step 1. On the contrary,
the dissociation rate constark o = (2.9 + 0.1) x 103

s 1) in step 3 was 10 times larger than the dissociation rate
constantskyy = (0.29+ 0.01) x 103s Y instep 1. As a
result, the binding constarkz = (0.794 0.16) x 1°* MY

of DNase to the reminded nonhydrolyzed DNA (i.&fiee
ssDNA) in step 3 was 35 times smaller thén= (28 £ 2)

x 10° M ~*for the prehydrolyzed dsDNAL] in step 1. Since
the remained DNA structure after the hydrolysis is similar
to the ssDNA with a 5free end §), Kon and Kot values
were obtained as similar valueslef, andk. values for the
ssDNA with a 5-free end in step 1. Thus, DNase has a
stronger binding ability to the starting dsDNA than to the
hydrolyzed ssDNA with a'Sfree end, and DNase can release
from the completely hydrolyzed terminus as shown in curve
(a) of Figures 2 due to both the slow rebinding rate and the
fast releasing rate.

7

10.

12.

13.
CONCLUSION

We have determined all kinetic parameters for a three-
step DNA cleavage reaction by ATP-dependent DNase from
Micrococcus luteususing a DNA-immobilized 27-MHz
QCM: DNase binding of the dsDNALf with Ky = 10’ M~
(kon = 10* M1 s and k. = 107 s71), depending on the
terminus structure of DNAs (step 1). Michaelislenten
parameters of DNase in the hydrolysis procd&s € 10°°
M for ATP, kgt = 10° s71, and keafKiy = 108 Mt s,
depending on nucleotides structures (step 2), and DNase can1-
easily release from the hydrolyzed strand wikh = 10°
Mt (Kon=10* M1 standKk,s = 103 s?) (step 3). This
is the first example of investigating both kinetically and
quantitatively the binding, catalysis, and release processes
of ATP-dependent deoxyribonuclease reactions in situ on the ;¢
same device.

We believe that the 27-MHz QCM system (Affinix%Js
highly sensitive in the detection of in situ enzyme reactions
on a DNA strand without any labeling. This system will
become applicable for other DNA/RNA enzyme reactions
such as ligation and restricted enzyme reactions.
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