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Novel Enzymatic Properties of DNA —Pt Complexes
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DNA—Pt complexes have shown novel enzymatic activity as a peroxidase similar to that of horseradish peroxidase
in the colorimetric reaction with its substrate. The enzymatic activity of these complexes increased with increasing
reaction time and pH in reaction solutions of DNA ang/&Cl,]. This enhanced enzymatic activity was attributed

to the increase in Pt conjugated to DNA in the complex. The enzymatic activity per unit mole of the-BNA
complex was significantly higher for complexes prepared with high molecular weight DNA because the enzymatic
activity of the complex per repeat unit of DNA was almost constant for these complexes prepared under the same
reaction conditions. All the DNAPt complexes in this study prepared with different DNA sequences (i.q, [A]

[Gl20, [Cl20, [T]20, @and [AGlo) exhibited peroxidase enzymatic activity. These complexes showed good thermal
stability as compared to native horseradish peroxidase.

Introduction mice1® Another type of DNAzyme was also reported as a signal
) . ) amplification for DNA detection, when DNA was complexed
_DNA has not played a role as a biocatalyst in evolutionary ith hemin, which expresses peroxidase characterittic3.
history, although RNA and proteins function as biocatalysts. pNA complexed with hemin can catalyze a chemical oxidation
There are nine known classes of natural ribozymes that catalyzeang generate a colorimetric output, which can be used in the
phosphoester cleavage/formation or peptide bond forming getection of specific DNA such as M13 phage single-stranded
reactionst The ability of RNA to serve as a catalyst was first pnA (ssDNA) 2L
shown for the self-splicing group | intron ofetrahymena Recently, we found that DNAPt complexes might have an
thermophilaand the RNA moiety of RNAse P2 An HIV enzymatic activity similar to peroxidase (unpublished data). A
ribozyme directed to the nucleolar compartment was reported colorimetric reaction of substrate took place on immobilized
to inhibit HIV replication successfull§. Recently, double- DNA membranes in the absence of a secondary antibody
stranded RNAs (dsRNAs) that induced targeted degradation of conjugated with peroxidase during experiments quantifying
complementary RNA sequences by a process known as RNAadsorbed proteins on membranes using an enzyme-linked
interference (RNAI) have also been developéd. sorbent assay, ELISA (unpublished data). Because the im-
However, it was believed that it was impossible to form the mobilized DNA membranes were prepared from the reaction
double-helix structure of DNA into intricate active enzymatic of DNA on immobilized Pt membranés; 25 it was thought that
sites. In addition, the chemical stability of DNA prevents self- a DNA—Pt complex in aqueous solution would act as a
modifying reactions. However, recent developments in DNA  peroxidase. Such a complex would be more chemically stable
engineering have enabled the creation of an artificial enzymatic than a natural enzyme because the phosphodiester bonds of
ability in DNA (forming substances known as DNA enzymes, DNA are 100-fold more resistant to hydrolytic degradation than
DNAzymes, or deoxyribozymes) for activities such as RNA the peptide bonds of proteirs.
cleavag& 1! and DNA2"15 and RNA modificationts~18 A We report here optimal conditions (i.e., oligonucleotide
catalytic DNA molecule, Dz13, was reported to suppress sequence of DNA and pH) for the preparation of DNRt
vascular permeability and transendothelial emigration of leu- complexes having oxidase enzymatic activity and compare their
kocytes by targeting the transcription factor c-3tAn RNA activity with that of horseradish peroxidase. We further compare
cleaving phosphodiester-linked deoxyribozyme, targeting Egr-1 the thermal stability of DNA-Pt complexes with that of the
(an immediate early gene inducibly expressed in growth- natural enzyme upon heat treatment.
quiescent fibroblasts exposed to serum), was found to inhibit ;
endothelial expression of a fibroblast growth factor (FGF)-2 but Experimental Procedures
not that of a vascular endothelial growth factor (VEGF) and  Materials. DNA (from salmon testes, D-1626 for dsDNA and
consequently inhibited human breast carcinoma growth in nude D-7656 for ssDNA 1, = 46 800 Da)), adenosiné-Bronophosphate
sodium salt, and horseradish peroxidase (HRP, P-6782, 1000 units/
mg) were purchased from Sigma Aldrich, Inc. (St. Louis, MO).
Adenosine-5triphosphate disodium salt was purchased from Oriental
Yeast Co., Ltd. (Tokyo, Japan). DNA oligonucleotides (adenine (A)-
5mer, -10mer, -15mer, -20mer, -25mer, guanine (G)-20mer, cytosine
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(Shizuoka, Japan). TMB (3,3,3-tetramethylbenzidine) microwell ' T T T T
peroxidase substrate systems were purchased from KPL (Gaithersburg, “  (a) DNA(5mer-A)
MD). Dulbecco’s phosphate buffered saline (PBS, pH 7.0) was |
purchased from Nissui Pharmaceutical Co., Ltd. (Tokyo, Japan). L,
Tetraborate pH standard solution (6283205, pH 9.18) purchased :
from Wako Pure Chemicals Ltd. (Tokyo, Japan) and buffer prepared
from 0.05 mol/L NaHPQO, and 0.1 M NaOH (pH 11) were used to
adjust the pH of the reaction solution of[RtCl,] and DNA. TE buffer
containing 5 mmol/L Tris-HCI and 0.5 mmol/L EDTA at pH 7.0 was
used to dissolve the DNAPt complexes. Other chemicals, purchased
from Tokyo Chemical Co. (Tokyo, Japan), were reagent grade and were
used without further purification. Ultrapure water was used throughout \ -
the experiments.

Preparation of DNA—Pt Complexes.DNA was dissolved in a
buffer solution of pH 7, 9, or 11 to give 500 mg/L DNA solutions. 1 1 1 ) 1
Potassium tetrachloroplatinate (Il) {IRtCls]) was dissolved in ultrapure 1400 1500 1600 1700 1800 1900 2000
water to yield an 8330 mg/L {PtCl,] solution. A total of 100uL _ m/z
each of the DNA and {PtCl}] solutions was mixed and incubated at  Figure 1. Mass spectroscopy of DNA and DNA—Pt complex
25°C for 24, 48, 72, 96, 120, and 144 h in the dark. A total ofi20 measured by MALDI-TOF mass spectroscopy. 5mer.-aden|ne oligo-

IIL sodium acetate solution and §@0 of ethanol (99.5%) mer was used as _DNA (aand b). Spe_ctrum of pa\_nel b is the spectrum
ofa 3 mo ; - of panel a multiplied by a factor of 7 in the y-axis. DNA—Pt complex
were added to each DNAPt complex solution, which was then kept oo prepared at pH 7 and reaction time of 24 h (c).
in a freezer at—20 °C for 24 h to precipitate the complex. After
centrifuging the solution at 15 000 rpm {&, 15 min), the supernatant  Table 1. Atomic Concentration Ratio of DNA—Pt Complex
was removed carefully, and 5@Q of 70% ethanol solution was added. ~ Prepared Using ssDNA at pH 7, 9, and 11 and Reaction Times of
The solution was centrifuged again in the same way for recrystallization, 24 @nd 120 h

(b) DNA(5mer-A),
(a) x7 in y-axis

s hesumnunntien
4 (c) DNA-Pt complex

Intensity of Signals

and the ethanol solution was removed from the DNZ complex by reaction conditions
decantation, which was finally dried in vacuum for 24 h at room sample reaction time (h) pH P1s/Ptls
temperature.

Characterization of DNA—Pt complex. The DNA—Pt complex was Bmﬁ:zt; gj 11 122 2
diluted to 106-200 pmol/L in ultrapure water. Samples were prepared DNA—Pt-3 120 - 12 6-
for mass analysis using the following matrices: 10 mg of 3-hydroxy- t
picolinic acid (HPA) was dissolved with 2QeL of H,O and 200uL DNA-Pt-4 120 9 56.5

DNA—-Pt-5 120 11 33.9

of acetonitrile and adjusted to 25 mg/mL. A total oi«R of sample
solution (DNA—Pt complex solution) was mixed with 2L of the

matrices solution on the sample holder and aIIowe_d to dry at room complex, indicating the binding of-PtCk or —PtCl, to DNA,
temperature. The mass analyses were performed with a MALDI-TOF . . L
whereas no peaks were observed in this region in the spectra

mass spectrometer (AXIMA-CFRplus, Shimadzu, Japan), equipped with .
a nitrogen laser. The spectra were obtained in the negative or positiveOf DNA. These results SqueSted_ that at least one platinum atom
could possibly attach to DNA with a covalent bond.

ion mode at 96-135 kV by summing 100 laser shots. Atomic analysis
of the DNA—Pt complex was performed using XPS (ESCA-3400, XPS analysis was performed on DNt complexes pre-
Kratos Analytical Ltd., Kyoto, Japan). pared using ssDNA at pH 7, 9, and 11 and reaction times of 24

Enzyme ReactionsHRP was dissolved in PBS (pH 7.0), and the and 120 h. Table 1 shows the atomic mole fractions(Ptlls)
DNA—Pt complex was dissolved in TE buffer (pH 7.0), to the Of DNA in the DNA—Pt complexes. This indicated that one
appropriate concentrations. Next, 0.2 mL of aiDbisolution containing atom of Pt was conjugated per DNA repeat unit because there
the TMB substrate for peroxidase and the DNRt complex was added  is only one atom of P in each repeat unit. It was found that the
to 0.2 mL of HRP solution or the DNAPt complex solution of each ~ amount of Pt bound to DNA increased with an increasing
concentration in a 24-well tissue culture flask. The reaction solutions reaction pH and time. However, each atom of Pt bound to more
were incubated for 20 min at 37C. The buffer solution without than 33.9 repeat units of DNA under the present reaction
containing HRP or the DNAPt complex and kD, solution containing conditions from Table 1.

the TMB substrate were also incubated in the same procedures as stated Enzymatic Activity of DNA —Pt Complex. The peroxidase

previously. The absorbance of the solution was measured at 450 and_ .. . .
595 nm using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, activity of the complex prepared using [AGIDNA at pH 7,

CA. Model 550) after 0.2 mL of a stop solution (1 mol/LsPD; 9, and 11 was investigated. The substrate selected was TMB,

solution) was injected into the enzyme reactions in the tissue culture Wh'Ch is widely used as a substrate for horseradish peroxidase

) . . et . .
flask. These measurements were carried out 4 times for each solution.” diagnosis and ELISA b'_oassa%' Horserad'Sh pero_X'das_e
and DNA—Pt reacted with TMB, showing a colorimetric

reaction at the absorbance maximum of 450 nm (Figure 2). No
Results and Discussion oxidation reaction of TMB (no color change) was found in the
TMB reagent solution and buffer solution without containing
Characterization of DNA—Pt Complex. We first used HRP or the DNA-Pt complex after the incubation in the present
MALDI-TOF mass spectroscopy to examine the formation of reaction conditions as found in the lanes of ssDNA and K
DNA—Pt complexes from the reaction between DNA and K [PtCly] in Figure 2. The absorbance at 450 nfagp) minus the
[PtCly]. Figure 1 illustrates the mass spectra of DNA (A-5mer) absorbance at 575 nnAgzs) was investigated as a function of
and the DNA (A-5menrr-Pt complex prepared at pH 7 and 24 HRP concentration in 1 mL of reaction solution containing TMB
h reaction time. The molecular weight of A-5mer is 1536 Da, and 1000 units/mg of HRP (see Supporting Information). The
and the mother peak at around 1540 Da was found in the masscalibration curve of the enzymatic activity could, therefore, be
spectra of both DNA and DNAPt complex. Additional peaks  obtained from the absorbance at HRP concentrations from 0.03
at around 18061840 Da were also found in the spectra of the to 14 unit/L Curp) CDV
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400 i P e o ‘_%ﬁ {2;%‘% Figure 3. Effect of reaction time on enzymatic activity of DNA—Pt

200 from [AG]10 DNA and K;[PtCls] at pH 7, 9, and 11. Data are expressed
agiaangiall S as means + SD of four independent measurements.
Figure 2. Enzymatic activity of HRP, DNA—Pt complex, DNA, and

K3[PtCls]. ssDNA—Pt complex was prepared using ssDNA at reaction

NS Y g , " g o= complex at Cpna—pt = 50 pmol/L. DNA—Pt complexes were prepared
s s /“\f‘\%%ﬁ %ﬁéﬁ

time of 24 h and pH 7. dsDNA—Pt complex was prepared using 12.5 T T T I

dsDNA at reaction time of 24 h and pH 7. = I z:;

i E 10.0 |- % T pH11| 4
Ao — As75= 0.1862Z, o J(unit/L) — 0.0015 (1) s; % % T

£ - | . | -
IRCII
The correlation coefficientr] of eq 1 was found to be 0.999. g % % % % %
Figure 3 illustrates the peroxidase enzymatic activity of the % 5.0 - g/% % % % %
DNA—Pt complex as a function of reaction time at pH 7, 9, £ %% ¢/% %%% %,/% %%%
. w - = -
It was found that the DNAPt complex acted as a peroxidase, 00 -%%/ _%% %/% %Z %%/

and this enzymatic activity increased with increasing reaction AG20 A20 C=20 G20 T-20

time and pH in the reaction solution containing DNA angt K- rjgyre 4. Enzymatic activity of DNA—Pt complex at Cona_pt = 50
[PtCly]. Because the mole ratio of Pt to DNA in the DN/t pmol/L. DNA—Pt complexes were prepared from several DNA 20mers
complex increased with increasing reaction time and pH in this at pH 7, 9, and 11 and reaction time of 72 h. Data are expressed as
reaction solution, as shown in Table 1, the increase in enzymaticmeans =+ SD of four independent measurements.

activity of the DNA—Pt complex was attributed to the greater

amount of Pt conjugated to the DNA in the complex. The - 30
enzymatic activity of the DNAPt complex originated from S 25
platinum bound to DNA because no peroxidase activity was S
found when using only DNA or KPtCl,], as shown in Figure ‘E 20
> , . g 15
The effect of specific DNA sequences in these complexes o
on their enzymatic activity was investigated using the following g 1.0
DNA 20mer oligonucleotides: AG-20mer ([A&), A-20mer, E‘ 05
C-20mer, G-20mer, and T-20mer. Figure 4 illustrates the w
enzymatic activity of the complexes prepared from these 20mers 0.0 |
atpH 7,9, and 11 and 120 h reaction time. Complexes prepared AMP ATP A5 A10 A5 A20 A-25

at higher pHshowed a higher enzymatic activity. The DNA Figure 5. Effect of DNA length on enzymatic activity of DNA—Pt
complexes prepared from AG-20mer and A-20mer showed a complex at Cona-pt = 50 pmol/L. DNA—Pt complexes were prepared
higher enzymatic activity than those prepared from C-20mer, at pH 9.and 24 h reaction time. Data are expressed as means + SD
G-20mer, and T-20mer, although all the complexes in this study of four independent measurements.

showed peroxidase activity. [AG]20 and A-20mer was found to be higher than for the
Platinum binding sites on DNA have been extensively studied G-20mer, as shown in Figure 4.
for the antitumor drug cisplatircis-diamminedichloroplatinum Effect of Oligonucleotide Length on Enzymatic Activity.
(1), but the analogous binding sites on our DNRt The enzymatic active site of these complexes was thought to
complexes are as yet unknown. Cisplatin has been reported tope the platinum bound to the DNA. This would mean that each
bind to the N7 atom of guanine; the N7 and N1 atoms of DNA—Pt complex would have multiple active catalytic sites,
adenine; and the N3 atom of cytosine under neutral condi- whereas a native enzyme such as horseradish peroxidase has
tions282° Competitive reactions of the four nucleoside mono- only a single active site. The enzymatic activity per unit mole
phosphates with cisplatin have established the order of reactivity of the DNA—Pt complex was expected to be significantly greater
by Raman difference spectrophotometry as GMRAMP > for higher molecular weight DNA. Therefore, the effect of DNA
CMP > UMP, confirming that N7 of GMP was the most length on the enzymatic activity of these complexes was
preferred binding sité82° Therefore, the binding structure and examined. Figure 5 shows the effect of DNA length on the
conformation of platinum from KPtCl,] on DNA might be enzymatic activity of the corresponding complex at 50 pmol/L
different from those from cisplatin on DNA because the concentration. The enzymatic activity per unit mole of complex
enzymatic activity of the DNA-Pt complexes prepared from increased with increasing DNA length except for the nucleogi_jﬁ/



Enzyme of a DNA—Pt Complex Biomacromolecules, Vol. 8, No. 9, 2007 2687

phosphates AMP and ATP. This was ascribed to the easier 0.30 T T T T
binding of platinum to nucleoside phosphates than to DNA =

oligonucleotides because there was no steric hindrance for the 2 0.25

former reaction. The enzymatic activity of the DN/t complex 3; 0.20

per DNA repeat unit was calculated as 0.096, 0.101, 0.095, 3

0.090, and 0.096 unit/L for the A-5mer, A-10mer, A-15mer, '§ 0.15

A-20mer, and A-25mer, respectively. Therefore, the DNA 8

complex had an average enzymatic activity of 0.896®.006 g 0.10

unit/L per DNA repeat unit for complexes prepared at pH 9 8 0.05

and 24 h reaction time in this study. This observation also w

indicated that the active site of the complex was the platinum 0.00

bound to DNA. dsDNA ssDNA ssDNA ssDNA HRP

atpH7 pH7 pH9 pH11

The enzymatic activity of the DNAPt complexes prepared ) T )
from high molecular weight DNA was investigated next. Figure Figure 6. Enzymatic activity at 0.064 pmol/L concentration of DNA—
6 illustrates the enzymatic activity of a DNAPt complex S;gﬁ;‘p;%ezsgﬁAHS%HDygZ;goﬂp;ixfigvﬁrﬁfprfﬁg{gg tfi'gg"
Rz)ergarszcljr:]v(;w ?SSIEISA g?rgsal;nog tzsr;[gs f ;.pgr?cll V\ag]rs'ssr[z)a’(;léh Data are expressed as means + SD of four independent measure-

peroxidase at the same concentration as that of the BIRIA ments.
complexes (i.e., 0.064 pmol/L). The DNAPt complex prepared 10.000 . . . .
from dsDNA showed a weaker enzymatic activity than that O HRP o
containing ssDNA. This was attributed to the double-helical A .
structure of DNA, which prevented the binding of Pt to DNA. 1000 | @ -ssDNA(pHY) T
This was in keeping with the lack of evidence for DNA being 8 o B m
used as a biocatalyst in evolution, as for RNA or proteins. The S o100l ’,f’ ot
DNA—Pt complex prepared from ssDNA showed almost the s & s W
same enzymatic activity as the native HRP enzyme at the same - e
molar concentration. L~ - -
Calibration Curve of Enzymatic Activity of DNA —Pt .

Complex and Native Enzyme HRP has been widely used in =4 w

: - ; 0.001 L L L L
ELISA bioassays to detect antigens in a sample (e.g., tumor 0.0001 0001 001 041 1 10
antigen in blood). In this case, the enzymatic reaction increases CIDNA-Pt, HRP] (pmol/L)

when the sample contains a high concentration of antigen gigyre 7. calibration curve of concentration of DNA—Pt complexes
because of the increase in conjugation of the antibodies havingm, o, and @) and HRP (O). DNA—Pt complexes were prepared using
HRP to the antigen. Thus, ELISA detects the concentration of ssDNA at pH 7 (W), 9 (O), and 11 (®) and 72 h of reaction time.
HRP to quantify the antigen in the sample. One possible

application of our DNA-Pt complex is in ELISA assays using M
the antibody conjugated to a DNAPt complex instead of HRP. o 12f ]
To test this concept, the DNAPt complex and HRP were 8 L# - I *
quantified using their respective enzymatic reactions. Figure 7 2 1.0 = T { ]
illustrates the concentration calibration curves for the complexes 2 o8l % ¥ ]
and HRP. The equations for the calibration curves using the <
DNA—Pt complex prepared at pH 7, 9, and 11 and for HRP g 06F 1
are as follows: 5 04l ]
c N
(a) for the DNA-Pt complex at pH 7 Woo2f {) {) .
0.754 0.0 P ——
absorbance+) = 0.083Cpya_p/[Pmol/L]) 2 10 20 30 40 50 60 70 80 90
Temperature (°C)
(b) for the DNA—Pt complex at pH 9 Figure 8. Dependence of enzymatic activity ratio of a DNA—Pt
complex (®) and HRP (O) on heat treatment temperature. Both
absorbance«) = 0_482CDNA7P![me|/|_])0-758 ) Cona—pt and Curp Were 0.64 pmol/L, and the heat treatments were

carried out for 10 min on each sample. The DNA—Pt complex was
prepared using ssDNA at pH 9 and 72 h of reaction time. Data are

and (c) for the DNA-Pt complex at pH 11 expressed as means + SD of four independent measurements.

absorbance) = 1.811Cpya_p/[PMOIL) > (4)
enzymes is their denaturation upon heating. The enzymatic

where Cpna—pt indicates the concentration of the DNARt activity of the DNA—Pt complex was compared to that of HRP
complex in solution. The molecular weight of HRP was after solutions of complex and HRP were each heated for 10
considered to be 40 000 Da for the calculation of the concentra- min at 20-80 °C, and the results are shown in Figure 8, where
tion c|>f HRP |r}f.a. unit c;f r|:)|con|1'i))les./llter in Figure 7. The  he enzymatic activity ratio indicates the ratio of the activity at
correlation coefficients of the calibration curves using DNA = 5 coain temperature to the activity at 20. The enzymatic

PLcomplevesprepare atp 7.0, and 11 verecalcted 0 v L SIS 0 e S 070, T el

correlation between enzymatic activity and concentration for (réatment temperature above 8D, whereas the activity of the
the DNA—Pt complex. DNA—Pt complex remained constant under the same treatment

Thermal Stability of Enzymatic Activity in DNA —Pt conditions. Therefore, the DNAPt complex was found to have
Complex and Native Enzyme.One drawback of natural better thermal stability than native HRP. CDV
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Conclusion (5) Volpe, T. A.; Kidner, C.; Hall, I. M.; Teng, G.; Grewal, S. I.;
Martienssen, R. AScience2002 297, 1833.
The present study has shown that DNRt complexes (6) Reinhart, B. J; Bartel, D. PScience2002 297, 1831.

possess peroxidase enzymatic activity, even though it has been (7) Breaker, R. RScience200Q 290, 2095.
generally believed that the enzymatic activity of DNA is limited ~ (8) Breaker, R. RNat. Biotechnol1999 17, 422.

P (9) Cairns, M. J.; Hopkins, T. M.; Witherington, C.; Wang, L.; Sun, L.
to DNA or RNA cleavage and DNA or RNA modification (such Q. Nat. Biotechnol 1999 17, 480.

as phosphoesterification). DNAPt complexes prepared at & (1) santoro, S. W; Joyce, G. Proc. Natl. Acad. Sci. U.S.A997, 94,

higher pH and with longer reaction times showed a higher 4262.

peroxidase activity upon the TMB substrate. XPS analysis (11) Fahmy, R. G.; Waldman, A.; Zhang, G.; Mitchell, A.; Tedla, N.;
revealed that this enhanced activity could be attributed to the Cai, H.; Geczy, C. R.; Chesterman, C. N.; Perry, M.; Khachigian, L.
increase in the amount of Pt conjugated to the DNA in these M. Nat. Biotechnol2006 24, 856.

complexes. The enzymatic activity per unit mole of the DNA ~ (12) 1“;; §§3“Sei' S. H.; Brennan, J. D.; Li, YJ. Am. Chem. So@003

Pt complex was significantly higher for complexes prepared with .

high molecular weight DNA because their activity per repeat 13 igidhara, A Li, Y.; Breaker, R. B Am. Chem. S02004 126,
unit of DNA was found to be almost constant when prepared 14y sheppard, T. L.; Ordoukhanian, P.: Joyce, GPfac. Natl. Acad.
under the same reaction conditions. These complexes showed Sci. U.S.A200Q 97, 7802.

good thermal stability as compared to the native HRP enzyme. (15) Wang, W.; Billen, L. P.; Li, Y.Chem. Biol.2002, 9, 507.
Therefore, such DNAPt complexes could be useful as enzymes  (16) Fahmy, R G.; Dass, C. R.; Sun, L. Q.; Chesterman, C. N.;
conjugated to the antibody in ELISA assays due to their high Khachigian, L. M.Nat. Med.2003 9, 1026.

thermal stability, possibly allowing the development of ELISA ~ (17) Mei, S. H.; Liu, Z.; Brennan, J. D.; Li, YJ. Am. Chem. S02003

. . . f 125 412.
kits, which do not need refrigeration. (18) Purtha, W. E.; Coppins, R. L.; Smalley, M. K.; Silverman, SJK.
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