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Abstract—Cyclic voltammetry and UV/VIS spectrometry studies show that 4'-(9-acridinylamino)-
methanesulfon-m-anisidide (mAMSA) can be oxidized electrochemically to N'-methylsulfonyl-N*-(9-
acridinyl)-3-methoxy-2,5-cyclohexadiene-1,4-diimine (mAQDI) in Tris buffer, pH 7.5. The formal
potential of this 2-electron process, as determined by spectroelectrochemical techniques, was 0.141 V
versus saturated calomel electrode. Voltammetric data also indicate that an electron transfer reaction
between mAMSA and Cu(Il) was thermodynamically favored. Two lines of evidence suggest that
mAQDI and Cu(I) are the active species in DNA breakage: (1) mAQDI, in the presence of Cu(I),
induced both single- and double-strand DNA breakage of the superhelical pDPT275 form I DNA.
mAQDI or Cu(I), when used alone, was less effective. (2) The DNA-breaking activity of an mAMSA~
Cu(II) mixture was kinetically correlated with the production of both Cu(I) and mAQDI. Thin-layer
chromatographic studies showed that mAMSA was oxidized to mAQDI which, in turn, was hydrolyzed.
The end product was identified as 9-aminoacridine. When DNA breakage activity was measured as a
function of reaction time, a biphasic response was observed. Maximal DNA-breaking activity was
obtained upon mixing mAMSA and Cu(II) for 2-4 hr, depending on the concentrations of mAMSA
and Cu(II), and was followed by a subsequent decrease in breakage. The decrease appears to be due
to the decrease in Cu(I) production and the hydrolysis of mAQDI. These results substantiate the
proposed mechanism that DNA breakage induced by mAMSA—Cu(II) involves a rate-limiting electron
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transfer step to form mAQDI and Cu(I), which are the active species for DNA breakages.

4’ - (9 - Acridinylamino) - methanesulfon - m - anis-
idide (MAMSA)§, a 9-aminoacridine derivative
developed by Cain and Atwell [1], is currently under-
going Phase II to III clinical trials to determine its
possible usefulness as an antitumor drug. mAMSA
is highly active against human acute leukemia [2, 3].
It is also effective in treating lymphomas [4] and
carcinoma of the breast [5]. The mechanism by which
the drug exhibits its cytotoxic activities is not under-
stood, but its strong DNA-intercalating properties
suggest that the drug receptor site may be DNA [6].
There is a close relationship between chromosome
breakage and cytotoxic potency of a range of
mAMSA analogues, indicating that chromosome
breakage may be responsible for the cytotoxic effect
of mAMSA [7]. mAMSA may induce DNA single-

* Reprint requests should be addressed to: A. Wong,
Smith Kline & French Laboratories, L-108, P.O. Box 7929,
Philadelphia, PA 19101.

§ Abbreviations:  bathocuproine, 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline; DNA, deoxyribonucleic
acid; E°’, formal reduction potential; mAMSA, 4'-(9-acri-
dinylamino)-methanesulfon-m-anisidide; mAQDI, N'-
methylsulfonyl- N*- (9-acridinyl)-3- methoxy-2,5- cyclohex-
adiene-1,4-diimine; mAQI, 3’-methoxy-4'-(9-acridinyl-
amino)-2’,5’-cyclohexadiene-1'-one; n, number of elec-
trons transferred; OTTLE, optically transparent thin-layer
electrode; RVC, reticulated vitreous carbon electrode;
S.C.E., saturated calomel electrode; and Tris,
tris(hydroxymethyl)aminomethane.

strand breaks, double-strand breaks, as well as DNA
protein cross-links in L1210 leukemia cells [8].

We have demonstrated previously that mAMSA,
in the presence of Cu(II) ion, induces in vitro break-
age of the plasmid pDPT275 and pBR322 super-
helical form I DNA [9]. mAMSA is oxidized by
Cu(II), resulting in the production of a quinodal
diimine, mAQDI (N'-methylsulfonyl-N*-(9-acri-
dinyl)- 3- methoxy- 2,5- cyclohexadiene- 1,4-diimine)
and Cu(I) ion [10]. We have proposed that a DNA-
mAQDI-Cu(I) ternary complex may be formed.
Cu(I) may then be reoxidized to Cu(II) by reducing
molecular oxygen and, in the process, generating a
variety of oxygen free radicals which may induce
DNA breakage. Since mAMSA binds to DNA by
intercalation of the acridine chromophore between
adjacent base pairs, the formation of the ternary
complex may reduce the diffusion distance from the
site of free radical generation to the targets in DNA
and enhance the cutting efficiency.

In the studies reported here, we have employed
cyclic voltammetry and spectroelectrochemical
methods to investigate the mAMSA~-Cu(II) redox
system. These techniques provide valuable infor-
mation on the redox potentials, stability and reaction
mechanism. Furthermore, by using controlled poten-
tial electrolysis, we are able to generate high purity
mAQDI in situ. We have demonstrated that mAQDI
and Cu(I) are the active species for DNA breakage
and substantiated the proposed mechanism [10] that
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DNA breakage by mAMSA-Cu(Il) involves an
initial rate-limiting redox reaction to form the oxi-
dized drug (mAQDI) and the reduced metal [Cu(D)].

MATERIALS AND METHODS

Materials. mAMSA was supplied by Bristol Lab-
oratories, Syracuse, NY. mAMSA was dissolved in
dimethyl sulfoxide (3 mg/ml) and diluted with distil-
led water to 1mg>m1. The final concentration of
dimethyl sulfoxide in the DNA reaction mixture
was 2-3%. pDPT275 plasmid is a second step copy
number mutant derived from R100(NRI) plasmid.
It was isolated according to the procedure of Clewell
and Helinski [11]. 9-Aminoacridine, bathocuproine
disulfonate, bromophenol blue, dimethyl sulfoxide,
Na,EDTA, ethidium bromide, CuSO,-5H,0, gly-
cerol, sodium citrate, sodium phosphate, and Tris
were obtained from the Sigma Chemical Co., St.
Louis, MO. Benzene was obtained from Beckman
Instruments, Palo Alto, CA. CuCl and silica gel
IB2F plates (20 x 20cm, 0.1 mm thickness) were
purchased from the J. T. Baker Chemical Co., Phil-
lipsburg, NJ. Apgarose-ME was obtained from
Bethesda Research Laboratories, Gaithersburg,
MD.

Determination of drug and DNA concentrations.
The concentrations of mAMSA and DNA were
determined spectrophotometrically. For mAMSA, a
molar extinction coefficient of 1.20 x 10* cm™! at
434 nm (in water) was used [12]. A molar extinction
coefficient of 6600 cm~!M~! (at 260 nm) was used
for pDPT275 plasmid DNA in aqueous solutions.

Electrochemical experiments. The conventional
three electrode system was used throughout this
study. The potentiostat used was a model 174A
polarographic unit from Princeton Applied
Research/EG and G, Princeton, NJ. All redox
potentials reported are measured versus a saturated
calomel reference electrode (S.C.E.). Cyclic vol-
tammetry was performed with a carbon paste work-
ing electrode. Control potential electrolysis was car-
ried out with a cylindrical reticulated vitreous carbon
(RVC) electrode of 2cm long and 0.5cm in
diameter. A platinum wire was glued to the top of
the cylinder with a graphite/epoxy mixture to pro-
vide the necessary electrical contact. The dimension
of the working electrode compartment of the divided
electrolytic cell was only slightly larger than the
porous RVC electrode so that a favorable electrode
area to solution volume ratio could be obtained.
The platinum auxiliary electrode and S.C.E. were
separated from the working electrode compartment
by a medium size frit.

Spectroelectrochemistry. A gold minigrid optically
transparent thin-layer electrode {OTTLE) was used
to monitor the spectral changes of mAMSA upon
oxidation. Spectropotentiostatic experiments, in
which a series of potentials was applied to the cell
and a spectrum was recorded after equilibrium had
been achieved, were used for determining the formal
redox potential (E°’) and number of electrons
involved (n) in the redox process. The theory and
practice of OTTLE technique have been described
in detail [13, 14]. The particular OTTLE used in this
study was made of 100 lines/inch gold minigrid,
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1x 2.5 inch quartz slides, and 0.03 inch Teflon
spacer. A Hewlett Packard model 8450A UV/VIS
spectrometer was used to acquire and record the
spectra of MAMSA/mAQDI at the OTTLE upon
sequential potential steps. The buffer used was 0.1 M
phosphate and 10 mM Tris—-HCI, pH 7.5, as a higher
ionic concentration was needed to compensate for
the cell resistance of OTTLE.

Fluorometric measurements. Fluorescence meas-
urements were performed in a 1-ml, l-cm quartz
cuvette with a Perkin-Elmer model 65040 fluor-
escence spectrometer, equipped with a 150 W xenon
arc source and a model 3600 data station. The exci-
tation wavelength was set at 400 nm. Uncorrected
fluorescence spectra were reported.

Reaction of mAMSA and mAQDI with pDPT275
DNA. The reaction mixtures contained various
amounts of MAMSA and Cu(Il) in 10 mM Tris-HCI,
pH 7.5. They were incubated at room temperature
for various times before the addition 'of 0.74 ug
pDPT275 DNA. The mixtures were further incu-
bated for 30 min. After adding 20 ul of a solution
containing 50% glycerol (v/v), 40mM EDTA, and
0.05% bromophenol blue (w/v), the samples were
subjected to agarose gel electrophoresis. In some
experiments, mAQDI (120 uM) was generated elec-
trochemically in 10 mM Tris-HCI, pH 7.5, with a
RVCelectrode. The applied potential at the working
electrode was set at 0.4 V, about 200 mV more posi-
tive than the oxidation peak of mAMSA in this
medium. Complete electrolysis was achieved in a
time frame (<15 min) in which the irreversible degra-
dation of mAQDI was negligible. Freshly prepared
mAQDI was used for the assays of DNA breakage
activity.

Agarose gel electrophoresis. Electrophoresis was
performed as described by Wong et al. [9]. Agarose
slab gels (1.1%) were run at 4 V/cm for 14 hr in
40 mM Tris-HCI buffer containing 5mM sodium
acetate and 1mM EDTA, pH 7.8. After elec-
trophoresis, gels were stained with 1 mg/ml ethidium
bromide in the electrophoresis buffer and photo-
graphed. The negative films of gels were used for
densitometric scannings. The amounts of form II and
form IIT DNA were used to calculate the extents of
single-strand and double-strand breaks respectively.
The intensities of the form I and form IT DNA were
appropriately corrected (stainability of form I DNA
was 70% of that of form II or form III DNA).

Thin-layer chromatography. Aliquots of 1ml
mAMSA and Cu(II) mixture (100/30 or 30/100 uM/
uM) were incubated at room temperature for various
times, and 150 u benzene was then added. The tubes
were shaken vigorously for 30 sec and centrifuged,
the organic phase was transferred to clean test tubes.
A 20-ul aliquot of the benzene extract was spotted
on silica gel plates. The plates were developed with
1-butanol plus acetic acid plus water (4:1:1). After
chromatography, the separated migration spots were
photographed under an ultraviolet illumination
(254.6 nm) lamp. The negative films were used in
densitometric scanning for quantitation of the
migration spots.

Determination of Cu(l) production. The con-
centrations of Cu(I) produced in the mAMSA-
Cu(II) reaction mixtures were determined by titrat-
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Fig. 1. Cyclic voltammograms of (A) 120 uM mAMSA and (B) 100 mM CuSO,-5H,0 in Tris-HCl
buffer, pH 7.5. Peak I probably corresponds to the conversion of the surface bound Cu(O) to Cu(I).
Peak II corresponds to the oxidation of a certain Cu(I) species to Cu(II). Conditions are: S.C.E.
reference electrode, carbon paste working electrode. scan rate = 100 mV/sec.

ing with bathocuproine as described previously [10].
mAMSA-Cu(II) mixtures (10/30 or 30/10 uM/uM)
were incubated at room temperature for various
times. Bathocuproine was then added to attain a
final concentration of 100 uM. The absorbance at
480 nm was recorded.

RESULTS

Cyclic voltammetric studies of mAMSA and cupric
sulfate solutions. A cyclic voltammogram of mAMSA
in 10 mM Tris—HCI buffer, pH 7.5, is shown in Fig.
1A. In the potential region between —0.4 and 1.0V,
a well-defined oxidation peak was observed at 0.15 V
vs the S.C.E. with the initial scan in the positive
direction. Upon scan reversal, a corresponding
reduction peak appeared at 0.1 V. The ratio of
anodic to cathodic peak current was approximately

equal to 1 with no significant change between 5mV/

sec to 500mV/sec. Figure 1B shows the vol-
tammetric behavior of a CuSO,- SH,0 solution. The
ill-defined cathodic response is typical for a bivalent

transition metal at the carbon paste electrode in
aqueous buffer due to the deposition of reduction
product(s) at the electrode surface. Two oxidation
peaks can be observed at 0.07 V (peak I) and 0.25 V
(peak II) after the initial reduction. Peak 1 is
unusually sharp as compared to Peak II. This sug-
gests that Peak I was a “stripping peak”, which
probably corresponds to the conversion of the sur-
face bound Cu(0) to Cu(l), whereas Peak II cor-
responds to the oxidation of a certain Cu(I) species
to Cu(II). Since the anodic peak potential of
mAMSA falls between the Cu(0)/Cu(I) and Cu(I)/
Cu(II) peak, this may suggest that the transfer reac-
tion between mAMSA and Cu(II) to form Cu(I) and
mAQDI is probable.

Spectroelectrochemical determination of the formal
reduction potential (E°') and number of electrons
transferred (n) of mAMSA. Figure 2 shows a series
of absorption spectra of nAMSA observed at a gold
minigrid optically transparent thin-layer electrode
(OTTLE) at various applied potentials. The four
spectra with isosbestic points at 238, 260, 278 and
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Fig. 2. Spectroelectrochemical response of mMAMSA in an OTTLE cell. Curves 1, 2, 3 and 4 represent

absorption spectra for mAMSA (120 uM) on an open circuit, 0.14 V, 0.15V and 0.16 V vs S.C.E.
respectively. The solution was 0.1 M phosphate and 10 mM Tris-HC], pH 7.5.
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Fig. 3. Nernstian plot based on spectroelectrochemical

data. The slope is 0.030 mV and the y-axis intercept is

0.141 V. See text for the designation of A4,, A,, and A and
the significance of the plot.

395 nm represent the transformation of the fully
reduced form, mAMSA, to a fully oxidized form
via electrooxidation. Since the oxidized mAMSA
(spectrum No. 4) has spectral characteristics equiv-
alent to the authentic mAQDI as described pre-
viously [10,15], this confirms that the electro-
chemical process indeed involves the conversion
from mAMSA to mAQDI. The spectra obtained at
these potentials were stable for at least 30 min if
S min elapsed time was allowed for the solution to
reach a Nernstian equilibrium. The process was
reversible, i.e. mAMSA could be regenerated by re-
reduction (data not shown).

Figure 3 shows a Nernstian plot which was con-
structed based on the spectropotentiostatic data

Reiative Fluorescence

1 i L
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Fig. 4. Fluorescent product produced by aging of mAQDI.

Sample contained 120 uM in 1ml of 10mM Tris-HCl

buffer, pH 7.5. Fluorescence spectrum was recorded after
1 hr of incubation at room temperature.
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Fig. 5. Thin-layer chromatography of the mAMSA-Cu(II)
mixtures. Reaction mixtures contained [mAMSA]/[Cu(II)]
=30uM/100puM in 1ml of 10mM Tris~sHC! buffer.
Samples were obtained at different hours of incubation.

obtained from Fig. 2. The Nernst equation states that
E,, (applied potential) = E* +0.059 V/n-log
(A,— A)/(A— A,). The applied potential at the
OTTLE is plotted against the logarithm of (4, — A)/
(A - A,) for the mAMSA system. A,, A, and A
represent the absorbance at 254 nm for the fully
reduced form (mAMSA), the fully oxidized form
(mAQDI), and the partially oxidized mixture at the
designated potential respectively; n designates the
number of electrons transferred during the reaction.
A slope of 0.030 and a y-axis intercept of 0.141V
were obtained. Therefore, for the redox couple
mAMSA/mAQDI, E°' is 0.141V and # is 2.

Stability of mAQDI. Cyclic voltammetry and vis-
ible absorption spectrometry showed that re-
reduction of the mAQDI solution which had been
aged for 30 min after electrolysis regenerated about
90% of the initial nAMSA. Increasing time of aging
sharply decreased the percentage of mAMSA that
could be regenerated. These data suggest that
mAQDI may undergo irreversible degradation. Like
mAMSA, the freshly prepared mAQDI solution did
not exhibit detectable fluorescence. However, aging
of mAQDI resulted in the formation of fluorescent
product(s) (Fig. 4). The fluorescence intensity
increased with the duration of aging. The degradative
product displayed the same fluorescence spectrum
as the authentic 9-aminoacridine, i.e. a doublet at
430 and 450 nm and a shoulder around 480 nm (exci-
tation at 400 nm). These data, together with thin-
layer chromatographic studies (see below), suggest
that mAQDI may slowly decompose to form 9-
aminoacridine.

Studies on the mAMSA-Cu(ll) reaction by thin-
layer chromatography. Figure 5 shows that, when
an mAMSA-Cu(Il) mixture of 30 uM/100 uM was
incubated for increasing time, there was a gradual
decrease in the amount of mAMSA band (R, 0.63),
which was accompanied by an increase in mAQDI
(R0.52) and an additional product designated band
3(R;0.49). All three compounds (mAMSA, mAQDI
and band 3) absorbed in the short u.v. region and
were nonfluorescent. After prolonged reaction
(>40hr), all the mAMSA in the mixture was
degraded and a bright fluorescent band (band 4, R
0.63) was observed (data not shown). Band 4 was
identified as 9-aminoacridine since it had the same
Rsvalue and fluorescence characteristics as the auth-
entic 9-aminoacridine. Densitometric scanning
studies (Fig. 6) show that, in the mAMSA-Cu(II)
mixtures of both 30 uM/100 uM and 100 uM/30 uM,



Active species in DNA breakage by mAMSA and copper

1075

—— T T T T T T
—~ 50, 1° -~
-
\I, A S T
I T !
H a0t . ~
=) ‘\ s
b4 = VRGPS S S S o qo=
E 30 N - - j
- 0 e
oo c
L =
5 o
£ 20 =1
o L 1° &
F a
g 10 g
2 3
0 D B | 1 L L L
2 4 6 10 12 14 16

Preincubation Time (hr)

Fig. 6. Kinetic changes of the production of mAQDI and Cu(I). Percent distribution of mAQDI was

calculated from densitometric scanning of the TLC patterns obtained from Fig. 5. Cu(I) production was

determined by titrating the mAMSA-Cu(II) mixture with bathocuproine. Key: (@) [mAMSA]/[Cu(1I)]
=10 uM/30 uM, and (O) 30 uM/10 uM.
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Fig. 7. Kinetic changes of the DNA-breaking activity of

the mAMSA-Cu(II) mixture. DNA was added at different

times after mixing of mAMSA and Cu(Il). Key: (@)

[mAMSA]/(Cu(II)] = 10 uM/30 uM, and (O) 30 uM/
10 uM.

maximal mA QDI production was obtained after 2 hr
of reaction, maintained for up to 4 hr, and then
followed by a slight decrease in mAQDI.

In 10mM Tris-HCl buffer, pH 7.5, mAQDI
(obtained from controlled potential electrolysis) was
partially (40-50%) converted to band 3 after 2 hr of
incubation (data not shown). However, mAQDI was
stable in nonaqueous media, such as benzene and
ethylacetate, in which hydrolysis could not occur (no
degradation of mA QDI could be detected after 12 hr
of incubation). This suggests that band 3 may be a
hydrolysis product of mAQDI.

Kinetic changes of Cu(l) production. Figure 6
shows that, for an mAMSA-Cu(Il) mixture of
10 uM/30 uM, Cu(l) production decreased linearly
with increasing times of incubation (1-10 hr). How-
ever, for a mixture of 30 uM/10 uM, Cu(I) pro-
duction was maintained constant during the assay
period.

Kinetic changes of the DNA breakage activity.
When the mAMSA-Cu(II) mixtures were pre-
incubated for various times before assaying for DNA
breakage, the breakage activity changed during the
time of incubation (Fig. 7). The percent increase in
DNA breakage was calculated as (4 —~ B)/B x 100
(A and B are the percentages of form II DNA
obtained with or without the preincubation of
mAMSA and Cu(II) before assaying for DNA break-
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Fig. 8. Agarose gel electrophoretic pattern of ethidium bromide stained pDPT275 DNA after treatment

with mAQDI and Cu(I). DNA migrated from top to bottom in the order of decreasing distance of form

I, form III, form I oligomer and form II DNA. Lane a: untreated DNA. Lane b: 100 uM

mAMSA + 50 uM Cu(II). Lanes c—g: 12.5, 62.5, 125, 187.5 and 250 uM mAQDI. Lane h: 50 uM Cu(I).

Lane i-m: 12.5, 62.5, 125, 187.5 and 250 uM mAQDI, in the presence of 50 uM Cu(I). Lanes n-r: 12.5,

62.5, 125, 187.5 and 250 uM mAQDI, in the presence of 50 uM Cu(II). Reaction mixtures were in
10 mM Tris—-HCI, pH 7.5, incubated at room temperature for 30 min.
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age). For an mAMSA-Cu(Il) mixture of 10 uM/
30 uM, maximal DNA breakage was obtained at
2hr, with a subsequent decline at 3-12 hr. For an
mAMSA-Cu(II) mixture of 30 uM/10 uM, maximal
breakage was achieved at 4 hr and was maintained
for 12 hr.

DNA breakage induced by mAQDI in the presence
of Cu(l). Figure 8 shows the ethidium bromide
stained DNA banding pattern of pDPT275 DNA in
an agarose gel. Lane a represents the untreated
pDPT275 DNA form I preparation. Lane b shows
that treatment of form I DNA with mAMSA
(100 uM), in the presence of 50 uM Cu(Il), caused a
decrease in the banding intensity of form I and a
simultaneous increase in that of form II, which indi-
cated single-strand DNA breakage. Treatment with
mAQDI at increasing concentrations, alone (12.5 to
250 uM, lanes c-g), or in the presence of 50 uM
Cu(II) (lanes n-1), induced no DNA breakage. How-
ever, in the presence of 50 M Cu(I), treatment
with mAQDI at increasing concentrations (12.5 to
250 uM, lanes i-m) produced a gradual increase in
form II (single-strand breaks) DNA and form III
(double-strand breaks) DNA. There was an apparent
gradual shift in the production of form III dimer
(DNA breakage product obtained from form I
dimer) to form III monomer. Cu(I) (50 uM) when
used alone (lane h) produced only a small amount
of single-strand DNA breakage.

Quantitative analysis by densitometry of the DNA
break production was performed. The untreated
pDPT275 DNA preparation contained approxi-
mately 90-95% form I DNA and 5-10% form II
DNA. Form I oligomeric DNA was not considered
in the calculation of the percentage DNA distri-
bution. In the presence of 50 uM Cu(II), 100 uM
mAMSA produced 42% of form II DNA. This is
comparable to the DNA breakage activity reported
previously [9]. Figure 9 shows the densitometric scan-
ning results of lanes h—m of Fig. 8. In the presence
of 50 uM Cu(I), DNA breakage increased linearly
with increasing concentrations of mAQDI (12.5 to
250 uM). A maximum of 66% conversion of form I
DNA to form II occurred at 185-250 uM mAQDI.
Three to six percent form III DNA was obtained at
125-250 uM mAQDI. When used alone, 50 uM
Cu(I) induced 15-18% form II DNA.

80 T T T T T
60~ 1
z
O 40 |- -
$
204 T
0 R
0 50 100 150 200 250
mAQOI (M)

Fig. 9. Percentage distribution of DNA conformational
isomers after treatment with mAQDI and Cu(I). Data were
obtained from the gel pattern shown in Fig. 8, lanes h-m.
DNA was treated with increasing concentrations of
mAQDI in the presence of 50 uM Cu(l). Key: (A) form I
DNA; (@) form II DNA; and (W) form III DNA.
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Fig. 10. Synergistic effect of NADPH on DNA breakage.
The complete reaction mixture (60 ul) contained 0.74 ug
pDPT275 DNA, 60 uM Cu(II) with various concentrations
of mAMSA, in the presence (O) or absence (@) of 0.1 mM
NADPH,; incubation was for 30 min at room temperature.

Degradation of DNA by mAMSA and Cu(Il) in
the presence of NADPH. As shown in Fig. 10, when
no mAMSA was present, NADPH (0.1 mM) pro-
duced a 5% increase in the Cu(1I)-mediated DNA
breakage. However, in the presence of increasing
concentrations of mAMSA, the effects of NADPH
on DNA breakage were enhanced greatly. mAMSA
(120 uM), together with Cu(II), induced 35% form
IT DNA production, whereas with the addition of
NADPH, 55% form II DNA was obtained. Hence,
addition of NADPH resulted in a 20% increase in
the mAMSA-Cu(II)-induced DNA-breakage.

DISCUSSION

By using spectroelectrochemical approaches, we
have demonstrated that the redox reaction between
mAMSA and mAQDI is a reversible, 2 electron
transfer process:

H_ _SO0.CH; _SO,CH;,
N N
CH:O/@ cm«@ + 26+ 2H"
, N
E%'=0.141V
= -— N
| — P
N N
m-AMSA m-AQDI

The formal reduction potential of the redox couple
mAMSA-mAQDI was 0.141 V. This is sufficient to
reduce Cu(Il) to Cu(I) (E, approximately 0.235V,
Fig. 1B, peak II), but not Cu(l) to Cu(O) (E,
approximately 0.065 V, peak I). Hence, the redox
reaction between mAMSA and Cu(Il) to form
mAQDI and Cu(I) was thermodynamically favor-
able. The presence of isosbestic points (Fig. 2) indi-
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cates redox interconversion between two chemical
species, nAMSA and mAQDI. No long-lived spec-
tral intermediates were produced during the redox
reaction. However, we cannot exclude the possibility
that some short-lived intermediates (such as the one
electron-transfer radical of mAMSA) which may
have formed, but did not accumulate significantly,
may have escaped detection.

Three sequential events in the mAMSA-Cu(Il)
mixture were resolved by thin-layer studies. They
are: (1) oxidation of mAMSA by Cu(Il) to mAQDI;
(2) hydrolysis of mA@QDI to band 3; and (3) further
decomposition of band 3 to 9-aminoacridine. This
reaction sequence is very similar to the in vivo metab-
olism of mAMSA:

H\ ~S0,CH; _-S0CH;

Dl
LD L0 —

m-AMSA m-AQDI

mAMSA is metabolized by the liver microsoma.
oxygenase system to mAQDI [16-18]. In aqueous
solution, mAQDI is hydrolyzed to a quinone imine,
3’ - methoxy - 4’ - (9 - acridinylamino) - 2', 5 - cyclo-
hexadiene-1'-one (mAQI) which, in turn, is hy-
drolyzed to yield 9-aminoacridine [19]. At present,
no structural studies have been performed to show
the chemical nature of band 3. However, like mAQI,
band 3 is a hydrolysis product of mAQDI.

Two lines of evidence suggest that the production
of both mAQDI and Cu(I) is prerequisite for
inducing DNA breakage. First, Cu(I) induced exten-
sive breakage of the pDPT275 DNA, but only in the
presence of mAQDI. Neither mAQDI (lanes c-g)
nor Cu(l) (lane h), when used alone, produced sig-
nificant DNA breakage (Fig. 8). Second, the DNA-
breaking activity (Fig. 7) was kinetically related to
the production of mAQDI and Cu(I). Figure 6 shows
that, for an mAMSA~Cu(II) mixture of 1:3, maxi-
mal mAQDI production was obtained at 2-4 hr,
whereas the production of Cu(I) by the mixture
decreased gradually during incubation. Based on
these observations, the biphasic DNA breakage
activity observed at a 1:3 mAMSA-Cu(II) mixture
is predicted. DNA breakage increased as more
mAQDI was produced; with longer incubation
times, the production of Cu(I) fell as the reducing
species (NAMSA) was depleted, leading to a sub-
sequent decrease in breakage activities. At an
mAMSA-Cu(Il) ratio of 3:1, the production of
Cu(I) by the mixture was constant; therefore, no
decrease in breakage activity was observed at longer
incubation times.

NADPH had a synergistic effect on the nAMSA-
Cu(Il)-induced DNA-breakage. The effect of
NADPH on the enhancement of DNA breakage was
probably not mediated through a reduction of Cu(II)
to Cu(I). In the absence of mAMSA, NADPH

BP 35:7-B
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together with Cu(II) induced only a small increase
(5%) in form II DNA production, whereas at
120 uM, mAMSA, NADPH and Cu(Il) induced a
20% increase in DNA breakage. We have demon-
strated that NADPH can reduce mAQDI to
mAMSA [10]. It is possible that, with the addition
of NADPH, mAMSA is regenerated and, at the
same time, the hydrolysis of mAQDI to band 3 is
prevented. Thus, NADPH may act as a redox cata-
lyst that enables the DNA-breakage cycle to
proceed, until either the reducing equivalents or the
DNA are depleted. We have studied the effects
of other reducing agents such as NaBH, on DNA
breakage. The results (data not shown) showed that
NaBH, (1 mM), in the presence of Cu(Il), induced

o
CH,O/O

N

()()

m-AQI

extensive DNA breakage. Addition of mAMSA
further enhanced breakage. This is because NaBH,
is a much stronger reducing agent than NADPH. It
may generate enough Cu(I) to induce DNA breakage
without the involvement of mAMSA.

In this report we have shown that the mAMSA~-
Cu(II) redox reaction provides a plausible mech-
anism for DNA scission. Two characteristics are
necessary for DNA scission of mAMSA: first, the
drug must be capable of being biochemically acti-
vated to mAQDI. Second, mAQDI must couple
with Cu(I). Interestingly, mAQDI was considerably
more cytotoxic than mAMSA when tested in 11210
cells [17], suggesting that, in cells, mAMSA is acti-
vated to mAQDI to produce its cytotox1c activity.
mAQDI, still retaining the acridine ring, may
intercalate into DNA, and its quinodal moiety may
complex with Cu(I) and generate oxygen free rad-
icals to break DNA.

Recent studies have shown that mammalian DNA
topoisomerase II is a possible target for mAMSA
[20, 21]. mAMSA stimulates the formation of a topo-
isomerase [I-DNA complex which may lead to DNA
breakage [22]. Furthermore, we have demonstrated
that mAMSA may interact with membrane sulfhy-
dryl-containing cofactors such as glutathlone cys-
teine and coenzyme A, resulting in the formation
of thiol adducts and that these adducts may also
intercalate into DNA [23]. Therefore, nAMSA may
interact with DNA through several mechanisms
which, in combination, may contribute to the DNA
breakage activity of mAMSA.
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