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Abstract: The kinetics and the reaction mechanism of some copper complexes of 1,10-phenanthroline, 5-nitro-1,10-phenanthroline,
and 2,2’-bipyridine with O,~, H,0O,, and O, in the presence of calf thymus DNA have been investigated with use of the pulse
radiolysis technique. We have found that both copper(II) and copper(I) complexes bind to DNA. The ternary complexes
react very slowly with O, relative to the free complexes, while the rates of the oxidation of free and bound cuprous complexes
by H,O, are almost the same. Therefore these ternary copper complexes turned out to be good catalysts of the reaction between

Oz_ and HzOz.

A complex between the chelating agent 1,10-phenanthroline
(OP) and copper(II) is able to induce the degradation of DNA
in the presence of a reducing agent."”” No primary sequence
specificity is apparent in the scission reaction® which proceeds
under a variety of experimental conditions. These include in-
cubtation of DNA, OP, and copper(II) ions with the following:
(a) reducing agents such as thiol or ascorbate in the presence of
molecular oxygen;' (b) systems generating the superoxide radical
in the presence of molecular oxygen;*¢ (¢) NADH and hydrogen
peroxide;®7 (d) reducing agents and hydrogen peroxide.’

The degradation of DNA was inhibited by intercalating agents
and any reagent which reduced the concentration of either the
cuprous complex (e.g., neocuproine)*S or hydrogen peroxide (e.g.,
catalase).*® The sensitivity of the reaction to other inhibitors
depended on the pathway for the generation of the cuprous
complex and hydrogen peroxide (e.g., superoxide dismutase (SOD)
inhibited the reaction potentiated by NADH and hydrogen per-
oxide but had no effect where thiol and hydrogen peroxide were
present.*”’

5-NO,-OP and 5-CI-OP were more effective than OP in
cleaving DNA while 5-CH,;-OP was less effective than OP under
comparable conditions."”” The cuprous complex of 2,2’-bipyridine
(bpy) was unable to degrade DNA at similar concentrations used
for OP > although the coordination chemistry, the kinetics, and
the mechanism of the oxidation of this complex by oxygen and
hydrogen peroxide are similar to that of OP.>!® Moreover, it
is known that complexes of bpy as well as those of OP bind to
DNA.I

The reaction mechanism for this process has not yet been
determined. It is believed that the cuprous complex intercalates
with DNA and that the subsequent oxidation by hydrogen peroxide
causg the damage due to the formation of OH- at the binding
site.

The binding constants of the various copper complexes to DNA
and the kinetics and mechanism of the oxidation of the ternary
complexes by oxygen, hydrogen peroxide, and superoxide radicals
have not yet been determined. The understanding of the kinetics
and mechanism of these reactions may shed light on the mech-
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anism of DNA cleavage initiated by the various copper complexes.

Experimental Section

Materials. All chemicals employed were of analytical grade and were
used as received: calf thymus DNA, type 1, 2,2”-bipyridine, and sodium
formate (Sigma Chemical Co.), 1,10-phenanthroline, 5-nitro-
phenanthroline (Fluka), H,0, (Merck), SOD (Diagnostic Data Int.),
cupric sulfate, monosodium and disodium phosphate (Mallinckrodt).

All solutions were prepared in distilled water which was further pu-
rified by a Millipore reagent grade water system. A stock solution of
DNA was prepared as | mg/mL containing 1| mM sodium phosphate
buffer at pH 7. The concentration of DNA per nucleic acid phosphate
wasldlt;,termined spectrophotometrically at 260 nm with ¢ = 6875 M™!
cml

The cuprous complexes were generated by using the pulse radiolysis
technique in oxygenated solutions containing 0.02 M sodium formate and
1 mM sodium phosphate buffer at pH 7. Under these conditions all the
radicals formed by irradiation reduce the cupric complexes.!>* Kinetic
studies were followed at 435 nm, where the various cuprous complexes
absorb.?10

The concentration of H,0, was determined with ferrous sulfate.!’

Apparatus, UV-visible absorption spectra were recorded with a Bauch
and Lomb Model Spectronic 2000 spectrophotometer. The pulse ra-
diolysis setup consisted of a Varian 7715 linear accelerator. The pulse
duration ranged from 0.1 to 1.5 us with a 200 mA current of 5 MeV
electrons, The total concentration of the various cuprous complexes
produced per pulse (1-15 uM) was evaluated with the use of a
(OP),Cu?* dosimeter. The yield of (OP),Cu* in oxygenated formate
solution was assumed to be G = 6.05 and ¢ = 6770 M~ cm™ at 435 nm.°

Irradiation was carried out in a 2 cm long optical spectrosil cell with
use of three light passes. A 150-W xenon lamp was used as the analytical
light source and appropriate light filters were used to avoid photochem-
istry and to eliminate any scattered light. The detection system included
a grating monochromator and an IP28 photomultiplier. The signal was
transferred to a Nova 1200 minicomputer via either a Biomation 8100
or an analog-to-digital converter. The analysis of the data was carried
out with the Nova 1200 minicomputer.

Results and Discussion
A. The Reduction of Copper(IT) by O, in the Presence of DNA.
In the irradiation of aqueous solutions containing formate ions
and oxygen, the superoxide radical is produced.!*!* As the pK
of HO, is 4.8,!*16 the reducing radical is mainly O, at pH 7.
When the cupric complexes of OP, 5-NO,-OP, or bpy (CuL,?*)
are present in excess relative to [O;7],, reaction | takes place:

ki
C:l.lez+ + 02_ h— C:uLz+ + 02 (1)
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Reactions of Cu Complexes in the Presence of DNA
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Figure 1. The effect of the concentration of DNA on the absorbance
measured at the end of reaction 1. The initial concentrations of Cul2*
are the following: (a) 30 uM (OP),Cu?*; (@) 100 uM (OP),Cu?*; (a)
30 uM (5-NO,-OP),Cu?*; (0) 30 uM (bpy),Cu?*, The oxygenated
solutions contained 0.02 M HCO;Na at pH 7. The optical path length
was 6.2 cm and the pulse duration 0.5 us.

where k; = (1.9 £ 0.05) X 10° M5!, (1.5 = 0.05) X 10° M™!
s, and (2.8 £ 0.2) X 10° M1 571, respectively.®!® The formation
of CuL,* was followed at 435 nm and the absorption change
(AOD) was followed until reaction 1 was completed. AOD de-
creased as the concentration of DNA increased until it reached
a plateau (Figure 1). It has been demonstrated that DNA-Cu*
does not absorb in the visible region!” and therefore we conclude
that the decrease in the absorption, which reached a constant value
at high [DNA], is due to the fact that CuL,* binds to DNA and
that ecy1,* > epnascur,*- The point where the plateau was reached
depended not only on DNA concentration but also on the initial
concentrations of CuL,2* (Figure 1). From these observations
we conclude that both CuL,** and CuL,* bind to DNA. As
[CuL,**] > [CuL,*], at low [DNA] there may not be sufficient
binding sites for CuL,*, and therefore as the concentration of
CuL,? increased, high concentrations of DNA were needed to
reach the plateau. From the [DNA] where the plateau was
reached, we estimated the number of binding sites per nucleic acid
phosphate (n) for CuL,2*. We have calculated for OP 0.07 <
n < 0.125, for 5-NO,-OP 0.055 < n < 0.0625, and for bpy 0.009
<n<0.011. These values are for double stranded calf thymus
DNA and may differ for circular or supercoiled and of course
single-stranded DNA,

The rate of the reduction of the cupric complexes by O, de-
creased as the concentration of DNA increased. It reached a
constant value only in the case of 5-NO,-OP. This confirms the
assumption that CuL,?* binds to DNA as we assume that bound
CuL,?* reacts very slowly with O, relative to free CuL,?*. We
suggest the following reaction mechanism for the formation of
bound Cul,*:

k

CuL,** + O, — CuL,* + O, )
k

CuL;** + DNA == DNA=CuL,** 2)
-2

k

DNA=CuL,?* + O, — DNA=CuL,* + 0, (3)
k

CuL,* + DNA == DNA=CuL,* 4
-4

We assume that k, > k, and that processes 2 and 4 reach rapid
equilibrium. The equilibrium between free and bound molecules
to a polymer is given by the well-known Scatchard equation!®

r
cn-r)
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Figure 2. Spectra of DNA=CuL,*. The initial concentrations of
CuL,?* and DNA per nucleic acid phosphate are the following: (@) 20
1M (OP),Cu?*, 300 M DNA; (0) 30 M (5-NO,-OP),Cu?*, 300 uM
DNA; (4) 20 M (bpy),Cu?*, 1.2 mM DNA. The oxygenated solutions
contained 0.02 M HCO;Na at pH 7 and the pulse duration was 0.5 us.
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Figure 3. A plot of k,[CuL,?*], — kg vs. [DNA],. The initial con-
centrations of CuL,?* are the following: (@) 100 uM (OP),Cu?*; ()
30 uM (OP),Cu?t; (0) 50 uM (5-NO,-OP),Cu?*; (a) 30 uM (5-
NO,-OP),Cu?*. The oxygenated solutions contained 0.02 M HCO,Na
at pH 7.

where in the present case r is the ratio of bound copper complex
per nucleic acid phosphate, n is the number of binding sites per
nucleic acid phosphate, ¢ is the concentration of free copper
complex, and X is the intrinsic association constant to a site.

At high [DNA], we assume that there are sufficient free binding
sites for CuL,* and the concentration of bound CuL,* is given
by

B _ [071K4[DNA]n,
[DNA=CuL."] = S~ SN

At high concentration of DNA where K,[DNA]n, > 1, the
concentration of DNA=CuL,* equals [0, ], and one can follow
the absorption spectra of the various DNA=CulL,* (Figure 2).
Processes 1-4 lead to the following rate equation (Appendix
A):
dOD

- = (i[CuL;™] + ks[DNA=CuL,*])OD = KyuuOD

Under the conditions where n,[DNA], < [CuL,?*]; and K is high
enough so that k,[CuL,?*] » k_,, [DNA=CuL,**] = n,[DNA],,
and Kopsg = k[Culy?*] + ksmy[DNA], = k,[CuLl,**], - (k, -
k3)n,[DNA]J,. In Figure 3, k,[CuL,2*], — kopeq is plotted vs.
[DNA], for OP and 5-NO,-OP. We did not get a straight line
in the case of bpy and therefore we assumed that X, in this case
is too low, and equilibrium 2 takes place even at low [DNA].
Assuming that k; > k; we obtained from the slope of the lines
ny = 0.125 £ 0.014 and 0.0525 % 0.005 for OP and 5-NO,-OP,
respectively.
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Figure 4, A plot of k;[CuL,*];/k e Vs. the concentration of DNA. The
initial concentrations of Cul,?* are the following: (@) 20 uM
(OP),Cu?*; (a) 30 uM (OP),Cu?*; (0) 20 ¢M (bpy),Cu?*. The solu-
tions contained 0.02 M HCO,Na at pH 7 and were oxygen saturated.

In the case of OP and 5-NO,-OP, at high [DNA], where
ny[DNA]J, > [CuL,?*], and at all [DNA] in the case of bpy, the
concentrations of free and bound CuL,?* are given by

[CuL,**],
" 1+ K,[DNAJn, + K [L]

[CuL,*]

and

CuL,2*]4K,[DNA]on
[DNAECUL22+] = [ 2 ]0K2[ ]0 2
1 + K,[DNAJo1, + KL [L]

where K| is the association constant of CuL;2*, which does not
bind to DNA nor react with O, (results not shown).
Thus, we obtain eq 5 for kyg. Only in the case of 5-NO,-OP

k kl + k3K2[DNA]0n2
o%d 7 1 4+ K,[DNA]gn, + K [L]

did k4 reach a constant value at high [DNA]. We assume that
in this case k,[DNA]gn, + K [L] > 1 and k3K,[DNA]n, > &
and at low concentration of free 5-NO,-OP we get kg = k3 =
(1.1 £0.2) X 103 M! 571, In the case of OP and bpy we assume
that k; > k; and at low [L] eq 6 is obtained

ki[Cul,**]o/ kopsa = 1 + K5[DNAJon, (6)

In Figure 4 we plotted k;[CuL,**]o/kobsq V8. [DNA],. From
the slope of the line we determined K,n, which is (3.7 £ 0.5) X
10* M~! and (4 £ 0.4) % 103 M~! for OP and bpy, respectively.

At low concentration of DNA the initial OD of the reduced
form was higher than that reached at high [DNA],. In the case
of OP and 5-NO,-OP we observed a fast decay to the same OD
reached at high [DNA], (Figure 5a,b). The order of the reaction
with respect to AOD was one and the observed rate constant was
independent of [CuL,?*], and linear dependent on [DNA], (Figure
6). We attribute this behavior to reaction 7 which takes place
together with reaction 4 at low [DNA], where there are not
sufficient free binding sites for CuL,*:

DNA=CuL,** + CuL,* = DNA=CuL,* + CulL,** N

The rate of the absorption decay, due to reaction 7, is given by
the equation

_dAOD = k7[DNAECuL22+]AOD = k7n2[DNA]0AOD =

dr
ko AOD (8)

From the slope of the lines in Figure 6, n,k, is obtained.
Knowing the values of n, we calculated k; = (2 £ 0.3) X 103 M™!
s'and (4.4 £ 0.6) X 102 M~' 57! for OP and 5-NO,-OP, re-
spectively.

In the case of bpy, the absorption decayed to a lower value than
that reached at high DNA (Figure 5c). Therefore we assume that
process 7 cannot be separated from the subsequent process 9 that
also causes the absorption to decay. We mentioned earlier that

[CuL,**]o &)
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Figure 5. The consecutive steps in the reduction and reoxidation of the
various copper complexes. All solutions were saturated with oxygen and
contained 0.02 M HCO;Na at pH 7. The optical path length was 6.2
cm and the pulse duration 0.5 us. (a) [(5-NO,-OP),Cu?*]; = 30 uM,
(—) [DNA] = 0, (@) [DNA] = 0.005%, (O) [DNA] = 0.02%. (b)
[(OP);,Cu?*] = 20 ¢M, (—) [DNA] = 0, (®) [DNA] = 0.003%, (O)
[DNA] = 0.02%. (c) [(bpy),Cu?*] = 20 uM, (—) [DNA] = 0, (®)
[DNA] = 0.005%, (0) [DNA] = 0.04%.
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Figure 6. The dependence of the observed rate constant of reaction 7 on
[DNAJ,. The initial concentrations of CuL,?* are the following: (@)
20 uM (OP),Cu?*; (a) 100 uM (OP),Cu?t; (0) 30 uM (5-NO,-
OP);,Cu?*; (A) 50 uM (5-NO,-OP),Cu?*. All solutions contained 0.02
M HCO;Na at pH 7 and were either oxygen or air saturated.

in the case of bpy [DNA=CuL,>*] < #,[DNA], and therefore
we expect reaction 7 to be slower in this case as compared to that
of OP or 5-NO,-OP.

We conclude that the formation of DNA=CuL,* takes place
through the reduction of free copper(II} complexes by O,”. The
CuL,* being formed yields DNA=CulL,* through reactions 4
and 7 depending on the concentration of DNA.

After the formation of DNA=CuL,* was completed, a second
slow decay to a new plateau was observed in the case of OP (Figure
5b). In the case of bpy this decay was separated from the pre-
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OD,ox = [Os lolepnamscur,+ The oxygenated solutions contained 0.02 M
HCO;Na at pH 7, [DNA], = 225 uM, [CuSO,], = 20 uM, [OP], = 48
uM. The optical path length was 6.2 cm and the pulse duration ranged
from 0.1 to 1.5 us.
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Figure 8. The dependence of k4 Of the second decay on the concen-
tration of free bpy in oxygenated solution containing 20 uM CuSO,, 1.05
mM DNA, and 0.02 M HCO;Na at pH 7.

ceding decay only at high [DNA], where process 7 was completed
(Figure 5¢). The height of this plateau depended strongly on the
concentration of the free ligand and in the case of OP it also
depended on [DNA]. The decay was first order with respect to
AOD. In the case of OP the observed rate constant was linearly
dependent on [O,7] (Figure 7) and was slightly dependent on the
concentration of OP and DNA. In the case of bpy the observed
rate constant was independent of [DNA] and linearly dependent
on the concentration of the free ligand in the solution (Figure 8).
This decay disappeared at relatively low concentration of free OP
in comparison to free bpy. We attribute this behavior to process
9, where a ligand dissociation from bound CuL,* takes place:

ki
DNA=CuL,* == DNA=CuL* + L 9)
-9

In the case of OP the observed rate constant and the height of
the plateau were dependent on [DNA] and therefore we assume
that two different binding sites for OPCu® exist in rapid equi-
librium and only one of them, DNA==CuOP"*, reacts with OP
to yield DNA=Cu(OP),*.

k
DNA=CuOP* F__T DNA=CuOP** + DNA (10)
10

As process 10 reaches equilibrium fast and [OP] was not in
excess relative to [O,7],, rate eq 11 is obtained.
dAOD
- [ks + 2k s[DNA=CuOP*],,]AOD =
2k 5[057]o

[k9 * T¥[OP1/K, + K,y/[DNA]

]AOD = kopsdOD (11)

From the intercept and the slope of the line in Figure 7, we

J. Am. Chem. Soc., Vol. 108, No. 9, 1986 2247

obtained ky = (14.7 £ 0.3) s and k_g = 6.72 X 10° M! 7!

The concentration of bpy was in excess relative to [O,7], and
therefore kg = kg + k_g[bpy]. From the intercept and the slope
of the line in Figure 8 we obtained Ky = (8.6 £ 3) X 107 M.

We conclude that at high concentrations of DNA the reduced
form in the case of 5-NO,-OP is DNA=CulL,*, while in the case
of OP and bpy an equilibrium between DNA=CuL,* and
DNA=CuL" is achieved, which depends mainly on the concen-
tration of the free ligand in the solutions.

B. The Oxidation of the Cuprous Complexes by Oxygen in the
Presence of DNA. The final decay of OD to zero was very slow
(Figure 5). In the case of 5-NO,-OP it was too slow to be
measured under the time limitation of the detection system.
Therefore, immediately after the pulse, the cell was removed to
a spectrophotometer where the decay was followed. This decay
which depends on the concentration of oxygen, DNA, free ligand,
and CuL,?* indicates a complex mechanism. However, we can
conclude the following:

(a) The decay was first order with respect to [O,] and second
order with respect to OD.

(b) The rate of the oxidation decreased as the concentration
of DNA increased and the observed second order rate constant
was linearly dependent on 1/[DNA},. This suggests the in-
volvement of both free and bound cuprous complexes in the
mechanism of the two-electron reduction of O, to H,0,. We were
not surprised as it is almost impossible for a bimolecular interaction
to occur between two cuprous complexes bound to a polymer.

(c) The rate of the oxidation increased as the concentration
of the free ligand increased. This suggests that DNA=CulL"*
reacts very slowly with O, in comparison to DNA=CulL,*. The
fact that kg continued to increase even at high [OP], where no
ligand dissociation occurs, suggests the involvement of (OP),Cu?*
and/or DNA==Cu(OP),?* in the mechanism.>!® Therefore we
assume that the one-electron reduction of O, to O, takes place
and probably through free CuL,?* since DNA=CuL,* reacts
very slowly with O,~.

(d) We confirmed the assumption that the one-electron re-
duction of O, to O, takes place by adding SOD to the solutions.
In the presence of SOD the decay of the signal turned from second
order to first order with respect to OD. In this case there was
a little dependence of kg on [ANA] and it was within the
experimental error.

We assume that the one-electron reduction of oxygen to O,”
and H,0, proceeds through free CuL,* while the two-electron
reduction of oxygen to hydrogen peroxide proceeds through free
and bound CuL,*:

k.)
Culy* + 0, == CuL2* + O )
1
k
CuL,* + Oy + 2H* — CuL,** + H,0, (12)

k
CuL;* or DNA=CuL,;* + O, == CuL,0,* or DNA=CuL,0;*
-13
(13)

CulL,0," + DNA=Cul,* ki
+ 2HY —
DNAECUL202+ + CUL2+
DNA=CuL,?* + CuL,** + H,0, (14)
In the presence of SOD, only the one-electron reduction of oxygen

(reaction 1) takes place. Assuming steady state for the concen-
tration of O, rate eq 15 is obtained (Appendix B):

_doDb _
dr
1 k_1ke[SOD][O,]
1 + K,[DNAJ(1 +a)n, k,[CuL,>*] + k. [SOD]
kobstD (15)
k., is the “turnover” rate constant of SOD. As the values of k,

are slightly different for SOD from different sources and batch-
es,'*?! we measured it directly with our SOD and we determined
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Figure 9. Reciprocal of the observed rate constant of the reaction of the
oxidation of the cuprous complexes by oxygen vs. 1/[SOD]. The initial
concentrations of CuSQ,, L, and DNA are the following: (®) 20 uM
CuSO,, 200 uM OP, 260 uM DNA; (0) 20 uM CuSO,, 200 uM bpy,
1.05 mM DNA. The oxygenated solutions contained 0.02 M HCO,Na
at pH 7.

ke = (3£0.3) X 10° M's7. For 5-NO,-OP, o = 0 and k_,
= 580 M! s".1° For OP, @ = K;Ko/[OP}[DNA] and k_, = 5
X 10 M1s7.% For bpy, @ = Ky/[bpy} and k_; = 5.82 X 10* M
sL.19 In Figure 9, 1/kou is plotted vs. 1/[SOD]. From such a
plot one can determine the value of K4, which is (2 £ 0.2) X
105, (1.22 £ 0.2) X 10% and (5.4 £ 0.5) X 10° M™! for OP,
5-NO,-OP, and bpy, respectively.

C. The Oxidation of Cuprous Complexes by H,0, in the
Presence of DNA. When [H,0,] was present in excess relative
to [0,7] and [O,] in solutions containing DNA and CuL,**, the
oxidation of the cuprous complexes by H,O, competed with that
by O, and the final decay of OD to zero was first order with
respect to [H,O,] and first order with respect to OD. The observed
first order rate constant increased as the concentration of the free
ligand increased and in the case of OP also when the concentration
of DNA increased. In the case of 5-NO,-OP, where no disso-
ciation of the ligand from bound CuL,* occurs, k,q Was inde-
pendent of DNA and free ligand concentrations.

From these observations we conclude that the rate of the ox-
idation of bound CuL* by H,0, is relatively very slow in com-
parison to that of bound CuL,*. (It is easy to show that the
oxidation of bound CuL* and the oxidation of a trace amount of
free CuL,* in these experiments are negligible.) We assume that
reaction 16 takes place. The OH: being formed at the binding

k
DNA=CuL,* + H,0, —> DNA=CuL,** + OH- + OH.
(16)

site reacts with DNA and therefore cannot initiate a chain re-
action. If the oxidation of DNA=CuL"* and free CuL,* can be
neglected, rate eq 17 is obtained, where « is defined as in eq 15.

doD _ ki

T4 = m[Hzoz]OD = kyqOD (17)
For 5-NO,-OP and at high [OP] where no ligand dissociation
takes place (a = 0), k4 was determined directly to be (270 £ 30)
and (1450 £ 100) M~ s7! for 5-NO,-OP and OP, respectively.
When free [OP] was low (a > 0), k. depended on DNA and
OP concentrations. In Figure 10 the reciprocal of kg is plotted
vs. 1/[DNA],, vielding a straight line. From the intercept we
obtained k¢ = (1150 £ 200) M~ s7!. From the slope and the
intercept we determined KK ,,/[OP] = (3.4 £ 0.4) X 107 M1,
In Figure 11 the reciprocal of kg is plotted vs. 1/[bpy]. From
the intercept we determined 4,4 = (1240 £ 100) M~! s”! and from
the slope and the intercept Ky = (1.3 £ 0.1) X 10™* M. This value
differs from that which was obtained directly from Figure 8 ((8.6

(19) Fielden, E. M.; Roberts, P. B,; Bray, R. C.; Lowe, D. J.; Maunter,
G. N,; Rotillio, G.; Calabrese, L. Biochem. J. 1974, 139, 49.

(20) Klug, D.; Rabani, J. J. Biol. Chem. 1972, 247, 4839.

(21) Klug, D.; Fridovich, I.; Rabani, J. J. Am. Chem. Soc. 1973, 95, 2786.
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Figure 10. Reciprocal of the observed rate constant of the oxidation of
the ternary cuprous complex of OP by H,0, as a function of 1/[DNA],.

The solutions contained 20 uM CuSO,, 48 uM OP, | mM H,0,, and
0.02 M HCO;Na at pH 7 and were air saturated.
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Figure 11. Reciprocal of the observed rate constant of the oxidation of
the ternary cuprous complex of bpy by H,O; as a function of 1/[bpy].

The solutions contained 20 uM CuSO,, 1.05 mM DNA, 8 mM H,0,,
and 0.02 M HCO;Na at pH 7 and were air saturated.

+ 3) X 10# M). To explain this discrepancy, we must assume
that another process which cannot be observed takes place. We
attribute this discrepancy to the existence of two isomers of
DNA=CulL,* which have almost the same absorption at 435 nm:

ks
(DNA=Cu(bpy);*); 57— (DNA=Cu(bpy);)i (18)

We assume that process 18 is in rapid equilibrium and that both
isomers are oxidized by H,O, with ks and k,¢ for the first and
second isomer, respectively. With these assumptions, eq 17 is
modified into eq 19. If the ligand dissociation 9 takes place with

dOD  kig + ki'Kjs
S =TT 3o HO0I0D = 0D (19)

isomer I, ¥ equals a, and « was defined earlier for eq 15 and 17.
From the measured intercept and slope in Figure 10 and using
K,, which was determined directly, we obtained K3 = 5.6 £ 0.8.
If the ligand dissociation takes place with isomer II, v = oK
and K5 = 0.178 £ 0.03. Thus, the value of k3 depends on whether
isomer I or II dissociates. For both cases K is the same and k¢
+ ki’Kjs = 1240 £ 100 M 57!, If process 18 occurs, the value
obtained from the slope of the line in Figure 9 for bpy is not Kn,
but K,(1 + Kjg)n, if isomer I dissociates and K, (1 + 1/K g)n,
if isomer II dissociates and hence K 7, = 818 £ 150 M1,

D. The Mechanism of the Degradation of DNA in the Presence
of CuL,**, 05, and H,0,. We have demonstrated that copper
complexes of OP, 5-NO,-OP, and bpy bind to DNA. The ternary
complexes react very slowly with O, in comparison to the free
complexes, while the rates of the oxidation of free and bound
CuL,* by H,0, are almost the same (Table I). We will show
why the free complexes catalyze the dismutation of O, and the
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Table I. Kinetic Parameters of the Various Copper Complexes in the Absence and Presence of DNA

oP 5-NO,-OP bpy
ky = ket M7 s 1.93 x 10°° 1.5 x 10°10 2.8 x 10°10
keutt+om M1 571 2.95 X 1089 8.3 X 10810 1.8 x 10810
Kany, M1 3.70 x 104 4.0 x 10°
(DNA + CuL,?* = DNA=CuL;*¥)
kpnamcar 240, M7 57 too slow to be measured 1.1 x 108 too slow to be measured
Kang, M- 2% 108 1.22 x 10° 818
(DNA + CuL,* = DNA=CuL,*)
Ko, M €22 % 10° 8.6 X 107
(DNA=CuL,* = DNA=Cul* + L)
KoKy, M2 =5 %107
(DNA=CuL,* = DNA=CulL* + L + DNA)
k%0, = keurt4my00 M7 9300 2 x 10°22 44010 1540,10 8502
Kis = kpxamcaL+Hs0p M1 71 1450 270 <1240

ternary complexes catalyze the Haber-Weiss reaction.
The mechanism of the degradation of DNA by CuL,?* in the
presence of O,” and H,0, is summarized in the following scheme:

DNA

Cul,?* = ONA==Cul,?*
0z H20,
D 2nt
0Oz 3
DNA
cul,’ = DNA==Cu,”* = oNa=cu'® + L
HZOZ 1“202

+ _ DNA
+ OH™ + OHe —=

CuLz2 damage
We can divide these systems into two extreme cases:

(a) CuL,** and CuL,* do not bind to DNA. In this case
CuL,** would catalyze the dismutation of O, >!° because the rate
constant of the oxidation of CuL,* by O, is about 10°-fold higher
than the rate constant of the oxidation by H,O, (Table I). Even
if in a system CuL,* would react with H,0, to yield OH. ho-
mogeneously in the bulk, this OH' would most probably react with
other entities and would be far less harmful than an OH" which
is formed at the binding site via a site-specific mechanism.

(b) CuL,** and CuL,* do bind to DNA. If CuL,?* binds to
DNA, the direct reduction of the various ternary complexes by
O, is very slow and it can be neglected (Table I). The reduction
of Cu(I) by O, occurs through free CuL,>* and the reduction
rate is slowed down by increasing the concentration of DNA. If
the binding constant of CuL,* to DNA is too high, then the
reduction of free CuL,?* by O, would be too slow in comparison
to the dismutation of O, at pH 7 and no reduction of free CuL,>*
by O,” would occur and the complex would not damage DNA.

If CuL,?* is reduced in the presence of DNA, the CuL,* binds
to DNA to form a ternary complex with it. The ternary cuprous
complex reacts very slowly with O, as compared to its reaction
with H,O,. Therefore, in this case the ternary copper complex
does not catalyze the dismutation of O, but rather catalyzes the
Haber—Weiss reaction. In this case OH' is formed at the binding
site and would degrade DNA. Therefore, as the binding constant
of CuL,* to DNA increases and the ligand dissociation constant
from bound CuL,* decreases, the majority of the OH- radicals
would be formed at the binding site.

It is essential to know the concentrations of bound and free
CuL,* and from this one would be able to predict and compare
the damage to DNA due to the various copper complexes.

Que et al.* and Marshall et al.’ found that under the same
conditions OP cleaved DNA while bpy did not. Their explanation
was that cuprous phenanthroline binds to DNA in a unique
orientation and that the produced OH' via the oxidation of the
ternary complex by H,O, causes the damage. We can explain
the different efficiency between OP and bpy in cleaving DNA
on kinetic grounds. Que et al.* and Marshall et al.’ used excess
concentrations of the reducing agents, DNA, and free ligand
relative to cupric ions. Using their concentrations together with

the values of K n,, Kg, Kq, K5, and k¢ determined in this work
and the rates of the oxidation of free CulL,* by H,0,
(k°g,0,),19222 all of which are summarized in Table I, we have
calculated the concentrations of bound and free cuprous complexes.
We have also calculated the effective oxidation rate constant of
the total bound cuprous complex by H,O, which is ki = k6/(1
+ KoK, o/ [OP][DNA]) and kg = (ki + ki'Ki5)/(1 + K5 +
K,/ [bpy]) for OP and bpy, respectively. We have found that for
OP, k z[DNA=CulL* + DNA=CuL,*] is about 4-10 times
higher than k°y,0,[Cul,*], while for bpy it is about 30-60 times
lower. Thus, with OP, most of the OH' radicals were formed at
the binding site, while with bpy the majority of the OH' radicals
were formed in the bulk and therefore the damage in the case of
bpy was less effective. It is possible that the methods used by Que
et al.* and Marshall et al.’ for detection of DNA cleavage were
not sensitive enough and that the extent of damage due to bpy
could not be observed.

The oxidation of the ternary complexe by O, may compete with
that by H,O,. We assume that as the rate of the oxidation of
the ternary cuprous complex by O, decreases, the copper complex
will be more effective in cleaving DNA. We assume that this is
the reason why 5-NO,-OP is more effective than OP in cleaving
DNA under comparable conditions.

The formation of ternary complexes betwen copper compound
and biological targets may change the ability of the copper com-
pound from catalyzing the dismutation of O,", which protects
systems from O, toxicity, into sensitizing the toxicity of O,™. If
the ternary complex is reduced by O,™ and then reacts with H,0,,
the OH'" is formed at the binding site and can be very efficient
in causing damage. Such a mechanism operates with several
antibiotics in their chemotherapeutic action.
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Appendix A

The Kinetics of the Formation of the Absorbance of the Cuprous
Complexes Due to the Reduction of Copper(I1) Complexes by O,
in the Presence of DNA:

k
CuL,?* + O — CuL,* + O,

(n
k
DNA + CuL,** =— DNA=CuL,* @
=2
k
DNA=CuL,* + Oy — DNA=CuL,* + 0, (3)
d[Oy7] " e
T (k1 [CuL,**] + k3[DNA=CuL,**])[0,] =
kobsd[02—]
[0,7], = [0y ]pe ot
d[CuL,*} , ) 2
—— = k [CuL,2*}[0;57] = ky[CuL,2*] [0, ]ge*omst

(22) Ponganis, K. V.; Araujo, M. A.; Hodges, H. L. Inorg. Chem. 1980,
19, 2704,
(23) Pecht, I.; Anbar, M. J. Chem. Soc. 4 1968, 1902.
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k,[CuL,?*1[057]o

Cul,*], =
[ 2 ]I kobsd

(1- e—kobsdl)

and
k3[DNA=CuL,**][O; 7],

[DNA=CuL,*], = (1 = ehomet)

kobsd
ODO =0
OD; = lepnascur, [DNA=CuL,*], + lec,1+[Cul,*],
oD, =
110310 ) I
-—k—T(k,eCuLz+[CuL2 *] + kyepnascur,*[DNA=CuL,**])
obs!
OD,/OD,, = 1 — g ko'
OD. - OD,
_——= e‘kobtd'
OD..
therefore
oD, - OD,
In "_OD’_ = —kobsdt
and
dOD /dt = kyOD
Appendix B

The Kinetics of the Absorbance Decay Due to the Reoxidation
of the Cuprous Complexes by Oxygen in the Presence of DNA and
SOD:

k.
CuL,* + 0, == CuL,**+ O, (1
1
k
DNA + CuL,* == DNA=CuL,* 4
4
ki
DNA=CuL,* = DNA=CuL* + L 9)
-9

0y + Oy =2~ 0, + H,0,
d[0,]/dt =
k_i[CuL,*][0,] - & [CuL,**}[O;7] - kcot[SOD]}[0,7] =0

__ kalCuLy(0y)
"k, [CuL,2*] + ko [SOD]
In the absence of DNA:

d[CuL,*]
e

[02—] 5.8

= k[CuL,*][0,] - k,[CuL,**}[0;7] =
k_1k.,[0,][SOD]
k,[CuL,**] + k,[SOD]

[CuL,*] = kopea[Cul,*]

Goldstein and Czapski

In the presence of DNA, where rapid equilibria 4 and 9 are
reached:

[O:]o _ 0]

= 1+ K,[DNAJona(1 + Ko/[L]) a
[0, 16K [DNA]gn,

(2

[CuL,*]o

[DNAECUL2+]0 =

0,710K«[DNAJon.Ky / [L
[DNAECuL+]O=[ 2 JoKa[DNA]on.Ky/[L]

«
and
d[Cul,*] ko
TTar T o (Cuba'] = ke [Culy’)
o-
[CUL2+]1 = [CUL2+]0€_k°M" = %e—kob,d"

[DNA=CuL,*], = K,[DNA]gn,[CuL,*],
[DNA=CuL*}, = (K,[DNA]nK,/[LD[CuL,*],

OD, = lecyr,+[Cul,*], + lepna=cur [DNA=CuL,*], +
lepna=cu*[DNA=CuL*], = (ecy » +
épNa=cuL, K{DNA]on, +
0} . . _
EDNAECuL*K4[DNA]O”4K9/[L])Te Kowsd't = B¢ Hovuct

OD, =8
OD, =0
therefore
oD, - OD. )
—_—_— = e‘kobsd'
OD, - OD,,
and
dOD
TR kops’OD

In the case of OP where reaction 10 also occurs, assuming
[DNA=CuL*] « [DNA=CulL**], [DNA=CuL,*]:

’ kobsd
ko' = 1 K, [DNATgn(1 + KoKro/ [L]IDNAT)

Registry No. Cul-bpy, 100994-53-4; Cu!l-bpy, 16482-45-4; Cu'-OP,
100994-51-2; Cull-OP, 15891-89-1; Cul-5-NO,-OP, 100994-52-3;
Cull-5-NO,-OP, 100994-50-1; H,0,, 7722-84-1; O,, 7782-44-7; O,",
11062-77-4.



