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ABSTRACT: Copper thiosemicarbazones cause considerable oxidative stress. This effect may be related to
their cytotoxicity. In the present work, the chemical and cellular properties of a new ligand, pyridoxal
thiosemicarbazone (H,T), and its copper(II) chelate (CuT) are assessed. CuT is toxic to cultured Ehrlich
ascites tumor cells, producing nearly complete cell kill at drug/cell ratios of 2.5-4 nmol/10 cells in a
monolayer culture over a 48-h treatment period. This concentration is at least 1 order of magnitude lower
than those required for a similar degree of cytotoxicity by H,T or CuCl,. The following observations support
the view that activated oxygen species are generated by interaction of CuT with Ehrlich cells: (1) Room-
temperature electron spin resonance spectroscopy and atomic absorption measurements show rapid cellular
uptake and CuT-thiol adduct formation. (2) Cellular thiol content is reduced. (3) High levels of DNA
strand scission result from 1-h treatments of cells by concentrations of CuT that cause growth inhibition
and toxicity. (4) The extent of strand scission can be increased by addition of superoxide dismutase and
decreased by catalase or DMSO in the treatment medium. Catalase and DMSO do not inhibit the toxic
effect of CuT. This suggests that DNA damage is not responsible for inhibition of cell proliferation by

CuT.

’Ee lower oxidation states of several copper and iron com-
plexes that bind to DNA are known to cause cell-free deg-
radation of the macromolecule. This is achieved through redox
reactions that activate molecular oxygen to forms that directly
attack and cleave the DNA backbone. These complexes in-
clude copper(l) and iron(II) bleomycin and the 1,10-
phenanthroline complex of Cu(l) (Sausville et al., 1976; Eh-
renfeld et al., 1985, 1987; Sigman, 1986). The metallo-
bleomycins may exert cytotoxic effects (Lyman et al., 1986)
by causing DNA degradation in cells (Suzuki et al., 1969).

1t has been proposed that thiosemicarbazonato metal com-
plexes induce toxic effects through generation of active oxygen
species (Saryan et al., 1981; Antholine et al., 1985). This
mechanism is supported by work demonstrating that copper
and iron complexes are much more toxic to cultured cells than
metal-free ligands (Petering & van Giessen, 1966; Saryan et
al., 1981) and by studies showing an extensive similarity in
oxidation-reduction activities of copper 2-formylpyridine
thiosemicarbazone (CuL)! in chemical reactions and in cells.
In particular, binding of CuL to thiols and their oxidation
together with stimulation of oxygen consumption have been
measured in both chemical and cellular model systems.
Production of hydroxyl radicals by CuL and glutathione in
a cell-free system has also been demonstrated by electron spin
resonance spectroscopy (Saryan et al., 1981). DNA binding
by some copper thiosemicarbazones (Mikelens et al., 1976,
1978; Rohde et al., 1979) suggests the possibility that the
cellular oxidative chemistry of copper thiosemicarbazones may
produce DNA damage by reactions similar to those of bleo-
mycin or phenanthroline complexes.

The increasing interest in mechanisms of metal-catalyzed
oxidative damage to DNA (Stubbe & Kozarich, 1987) and
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parallel interest in metal-dependent oxidative damage to cells
(Aust et al., 1985) have stimulated the present study. Even
though it is commonly assumed that oxidative cleavage of
DNA by agents such as bleomycin is responsible for cyto-
toxicity (Petering et al., 1990), the causal relationship between
DNA damage and cell toxicity remains unresolved and rela-
tively unexplored. Experiments were undertaken to examine
the redox chemistry and DNA binding of (pyridoxal thio-
semicarbazone)copper(II) (CuT), possessing a nitrogen, ox-
ygen, and sulfur (NOS) set of ligand donor atoms for metal
chelation (Figure 1), the effects of its presence in tumor cells
on the integrity of DNA, and the relationship between cellular
oxidative damage to DNA and cell viability.

EXPERIMENTAL PROCEDURES

All solutions were prepared in deionized, distilled water with
acid- or NaOH/EDTA-washed glassware. All reagents were
of laboratory grade. Catalase (from bovine liver, 11000
units/mg) superoxide dismutase (from bovine erythrocytes,
3000 units/mg) from Sigma were prepared in PBS prior to
use. Glutathione (Sigma) was prepared daily in water and
kept on ice until use to minimize oxidation. Radiolabeled
DNA precursors were from RPI Products.

Preparation of Pyridoxal Thiosemicarbazone. Pyridoxal
thiosemicarbazone (H,T ligand) was prepared from pyridoxal
and thiosemicarbazide as described previously (Mohan et al.,
1989).

Synthesis of Copper Monoaquomono(pyridoxal thio-
semicarbazone) Chloride Monohydrate [[Cu(CoH | \N,Oy-
S)(OH,)]CI-H,0]. Pyridoxal thiosemicarbazone (1 mM,
0.240 g) was dissolved in 15 mL of methanol and added with
constant stirring to a solution of CuCl,»2H,0 (1 mM, 0.17

! Abbreviations: CulL, the copper complex of 2-formylpyridine thio-
semicarbazone; H, T, 3-hydroxy-5-(hydroxymethyl)-2-methyl-4-formyl-
pyridine thiosemicarbazone or pyridoxal thiosemicarbazone; CuT, the
copper complex of pyridoxal thiosemicarbazone; NBT, nitroblue tetra-
zolium; GS or GSH, glutathione; DMSO, dimethy! suifoxide; PBS,
phosphate-buffered saline solution; HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; DTNB, 5,5’-dithiobis(2-nitrobenzoic acid);
DMPO, 5,5-dimethyl-1-pyrroline 1-oxide; BSA, bovine serum albumin.
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FIGURE 1: Structures of pyridoxal thiosemicarbazone (H,T) and its
copper complex (CuT).

g) in 20 mL of methanol. The solution was refluxed for 1 h
and allowed to cool at =25 °C overnight. The dark green
crystalline solid was filtered, washed with ethanol and diethyl
ether, and dried in vacuo over P,Os. Analyses for C, H, and
N were carried out on a Perkin-Elmer Model 240C elemental
analyzer. Anal. Caled for CuCyHsN,O,SCl: C, 28.87; H,
4.01; N, 14.97. Found: C, 28.72; H, 3.97; N, 14.90. The
compound decomposed above 225 °C. $*CuT was prepared
with $CuO from Oak Ridge National Laboratory, Oak Ridge,
TN. '

CuT stock solutions were prepared in either DMSO (Ald-
rich) or water. Aqueous stock solutions stored at 4 °C were
noted to gradually decrease in cellular strand scission effec-
tiveness over a 3-month period. Consequently, aqueous stocks
were either used immediately or frozen at —25 °C and used
within 2-3 weeks, with no apparent loss of optical absorption
or strand scission properties. No time-dependent alterations
in DMSO stock properties were noted.

Growth Inhibition of Cultured Ehrlich Cells. Effects of
CuT, H,T, and CuCl, on growth of Ehrlich cells during 48-h
exposure periods were studied as previously described (Lyman
et al., 1986). In one set of experiments, CuT, H,T, or CuCl,
was added to 1-mL wells in a 24-well culture plate immediately
prior to addition of 2 X 10° cells in 1 mL of complete fresh
Eagles’ minimal essential medium plus Earle’s salts with 2.5%
fetal bovine serum. After 48 h at 37 °C, cells were trypsinized
and counted. Counts were normalized relative to H,O (CuCl,)
or DMSO (CuT, H,T) controls.

In studies examining the effects of DMSO and catalase on
the toxicity of CuT, CuT (in DMSO or H,0, respectively)
was added immediately prior to addition of cells. Catalase
activity in treatment media was measured by the decrease in
absorbance of H,0, in phosphate buffer at 240 nm (Liick,
1963). Aliquots of media were added to a cuvette containing
2 mL of assay buffer plus H,O, and the time for the decrease
of H,0, absorbance from 0.45 to 0.40 was measured. The
absorbance span was altered appropriately to correct for drug
absorbance when solutions containing copper complex were
assayed. The absence of an inhibitory effect of CuT on cat-
alase was examined by using 20 uM CuT plus 0.5 units of
catalase/mL of assay buffer; no effect on activity was found.

ESR Spectroscopy. ESR spectra were obtained either at
room temperature in a flat cell or at 77 K. Samples were
placed in standard quartz ESR tubes prior to freezing. The
sides of the tubes were then warmed slightly to allow the frozen
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samples to slide into a finger Dewar filled with liquid nitrogen
for acquisition of spectra.

Spin trapping spectra were obtained at ambient temperature
by using a flat cell, a Varian dual cavity, and a Varian E-line
Century Series spectrometer. DMPO was supplied by Aldrich
Chemical Co., Inc. Aqueous stock solutions were treated with
charcoal to remove interfering impurities (Buettner & Oberley,
1978). Samples were mixed and pipeted into the flat cell with
scanning initiated within 60 s.

For cellular uptake experiments, ascites tumor cells freshly
obtained from mice were used. Cell suspensions at concen-
trations of (1-1.5) X 10%/mL in PBS were treated with CuT
and either placed in an ESR flat cell for ambient temperature
measurements or frozen in liquid nitrogen for measurements
at 77 K.

Oxygen Consumption. Consumption of oxygen in air-sat-
urated solutions was followed by using a Yellow Springs In-
strument Co. Model 53 oxygen monitor. CuCl, and CuT
concentrations were checked by atomic absorption spectros-
copy. The buffer contained 50 mM HEPES buffer, 0.1 M
NaCl, and 2% DMSO at pH 7.4. Reactions were started by
addition of GSH.

Absorption Spectroscopy. Absorption spectra were taken
on a Hewlett-Packard 8451A diode array spectrophotometer.
Digitized spectra were taken at 60-s time intervals and stored
for later retrieval and analysis.

Acid Solubilization of Labeled DNA. Radiolabeled DNA
from Ehrlich cells was prepared as follows (Blin & Stafford,
1976; Maniatis et al., 1982). Suspension cultures (8 X
10°/mL, 250 mL) were incubated 24 h in complete growth
media containing 0.02 uCi/mL [2-'*C]thymidine (specific
activity 50 mCi/mmol). Cells were washed with fresh medium
without serum, resuspended in 10 mM Tris~1 mM EDTA (pH
7.4), and lysed by addition of 0.5% Sarcosyl. Following di-
gestion with 500 ug/mL pronase, the digest was extracted
successively with phenol, 1:1 phenol/chloroform, and chloro-
form and dialyzed against Tris/EDTA/NaCl. The sample
was then further digested with RNase, extracted with 1:1
phenol/chloroform, and dialyzed against 50 mM sodium
phosphate buffer, pH 7.4. The DNA was concentrated by
ethanol precipitation and resuspended in phosphate buffer
(Maniatis et al., 1982). The product possessed an A,¢5/ 4250
ratio of 1.77 and specific activity 0.27 uCi/umol DNA bases.

Reactions were carried out in 0.4 mL of 20 mM phosphate
buffer (15 mM Na,HPO, and 5 mM NaH,PO,) at pH 7.4
and 25 °C, using a concentration of 0.32 mM DNA bases.
Components were added in the order buffer, DNA, CuT, and
finally reducing agent. Typical reaction mixtures contained
4 mM GSH and 0.2 mM metal. Reactions were incubated
for 15 minutes, followed by addition of 0.05 M EDTA, 5
mg/mL BSA, and 0.5 M perchloric acid. After a 15 minute
precipitation at 0°, the precipitate was removed by centrifu-
gation, and radioactivity in supernatant and precipitate de-
termined separately by liquid scintillation counting (Rao et
al., 1980).

Uptake of CuT by Ehrlich Cells. Ehrlich cells maintained
in spinner culture were suspended in fresh, prewarmed com-
plete medium at 37 °C at 107 cells/mL. CuT was added after
20 min. Beginning immediately after addition, 1-2.5-mL
samples were taken at intervals and cells rapidly removed by
centrifugation. Supernatants were analyzed for total copper
by atomic absorption spectroscopy. The fraction of CuT re-
maining in the medium was determined after first subtracting
out the background contribution of Cu in the medium.
Measurement of uptake of CuT into cells incubated in PBS
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FIGURE 2: Growth inhibition and cell killing of Ehrlich cells by CuT,

Cu, and H,T. Arrows on the Y axis indicate starting cell numbers
relative to final cell counts in H,O and DMSO control treatments.

was carried out at room temperature.

Depletion of Cellular Thiols by CuT. CuT was added to
a suspension of cultured Ehrlich cells (107 cells/mL) in com-
plete media at 37 °C. At intervals, 1-mL aliquots were taken
and washed by addition to 14 mL of cold PBS followed by
centrifugation. Cell pellets were suspended in 2 mL of Ell-
man’s reagent (10 mM DTNB in PBS) and sonicated im-
mediately as described previously (Saryan et al., 1981).
Cellular debris was removed by centrifugation on a tabletop
centrifuge at maximum speed for 10 min and the absorbance
at 412 nm determined (Saryan et al., 1981). Thiol content
was determined colorimetrically using ¢4, = 13600 M~ ¢cm™
(Ellman, 1959). Total cellular protein was calculated assuming
a factor of 2.5 mg/107 cells as previously determined (Kraker
et al.,, 1985).

Alkaline Elution. Alkaline elution experiments for sin-
gle-strand breaks in cellular DNA were performed by pro-
cedure B of Kohn et al. (1981). Cultured Ehrlich cells sus-
pended in fresh, complete MEM were used. ['*C]TdR-labeled
cells (8 X 10°/mL) were treated with CuCl, (Aldrich), H,T,
or CuT at 37 °C for 1 h, followed by addition to cold PBS
prior to subsequent filter elution. [*H]TdR-labeled internal
standard cells irradiated with 300-rad '*’Cs y-radiation were
used to provide a corrected time scale of elution. Forty-minute
(1.4 mL) fractions were collected.

RESULTS

Effect of CuT on Cell Proliferation. Cultured Ehrlich
ascites tumor cells have been extensively utilized as a model
system in studies of inhibition of cell growth by metal com-
plexes (Lyman et al., 1986; Antholine et al., 1985). Inhibition
of Ehrlich cell growth by CuT, the free ligand (H,T), and by
CuCl, are shown in Figure 2. Essentially complete inhibition
by CuT is achieved at concentration ratios in the range 2.5-25
nmol/(10° cells)/mL. This effect is achieved by concentrations
at least one order of magnitude lower than required for the
same level of inhibition by H,T or by CuCl,.

DMSO exhibits a concentration-dependent toxicity to
Ehrlich cells. At 2%, cell growth is inhibited by 33% relative
to non-DMSO-treated cells. CuT displays no significant
differences in growth inhibition relative to water or DMSO-
treated controls when added in the form of aqueous or DMSO
stock solutions at 2% final DMSO concentration (not shown).

Described below are results of experiments directed toward
understanding how CuT reacts in Ehrlich cells.

Properties of CuT in Solution. The ESR spectrum of CuT
in DMSO at 77 K is typical of a square-planar cupric complex
with g, = 2.22 and A, = 177 G (supplementary Figure I and
Table I). At room temperature, the ESR spectrum of CuT
in DMSO (Figure 3A) is attributed to a low molecular weight
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FIGURE 3: ESR spectra for (A) CuT (5 mM) in DMSO at room
temperature; (B) CuT (0.5 mM) plus Ehrlich cells (about 1 X 107
cells/mL) in PBS (95%) and DMSO (5%) at room temperature; (B’)
scan of solution as in (B) at increased gain; (C) solution as in (B)
frozen in liquid nitrogen; and (D) 2 mM CuT frozen in 60% ascites
fluid/40% DMSO. Spectrometer conditions. Gain: (A) 4 X 10%
(B) 2 X 10% (B’) 10% (C) 4 X 10% (D) 4 X 10°. Microwave frequency:
(A) 9.188 GHz; (B and B’) 9.393 GHz; (C) 9.183 GHz; (D) 9.238
GHz. Microwave power, 100 mW; modulation amplitude, 5 G;
modulation frequency, 100 KHz. Splitting of the high-field line into
a triplet feature by a single nitrogen atom is indicated in (A). Spectral
parameters are given in the text.

complex, gi, = 2.11 and A4, about 72 G. The high-field line
is split into a triplet due to a single nitrogen donor atom (AN
= 17 G), consistent with coordination of copper by nitrogen,
oxygen, and sulfur ligand atoms. A second set of three lines
(4N about 15 G) suggests the presence of a minor species,
one-tenth the concentration of the dominant species. Pre-
sumably the tridentate complex, CuT, completes its coordi-
nation sphere to form square-planar complexes with either
DMSO or trace amounts of water (see supplementary material
Figure 1 and Table I).

CuT is stable in the presence of competing ligands. For
example, the addition of CuT (75 uM) to ascites fluid, a model
biological medium (Petering, 1974), shifts the absorbance
bands of the complex as seen in phosphate buffer from 328
and 402 nm to 331 and 410 nm, while preserving the relative
intensities of these bands (1.5:1). This indicates that CuT
forms adduct species in this medium but is not dissociated to
yield H,T (maxima at 314 and 386 nm with equal band in-
tensity) (Table 1I of supplementary material). The absorption
spectrum does not change for at least 60 min. The pertur-
bation of 77 K ESR parameters, g, = 2.175 and AN = 195
G (Figure 3D), also supports the view that CuT forms adducts
with Lewis bases in ascites fluid without undergoing ligand
substitution.

Reaction of CuT with GSH. The effects of GSH on the
absorption spectrum of CuT in aqueous phosphate solution
are shown in Figure 4. Immediately upon mixing thiol and
complex a new spectrum is evident, which is thought to be that
of a GS—Cu(II)T adduct. This is consistent with ESR results
(Figure 1 of supplementary material), which indicate that a
new species of Cu(II) with g; = 2.15 is formed upon intro-
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FIGURE 4: Absorption spectra of CuT before and after addition of
glutathione. CuT concentration was 70 uM and the buffer was 20
mM phosphate, pH 7.4. Final glutathione concentration was 4 mM.
Spectra were taken at 1-min intervals; selected spectra are shown.
Arrows indicate direction of change from initial (¢ = 0) spectrum
recorded immediately after addition of GSH. (—-) CuT in the absence
of GSH; (—) spectra recorded at 0, 1, 3, 7, 13, 19, and 40 min after
addition of GSH; (—--), spectrum of GSH in the absence of CuT.

duction of GSH. Isosbestic points at 318 nm for all spectra
of the reaction mixture and at 386 nm after the initial 3 min
support the view that the GSH adduct proceeds on to products.
The direction of change throughout the time course of reaction
is toward the production of free ligand and copper, presumably
bound to GSH. This follows from examination of the 280-
350-nm region. At the end of 24 h in air the spectrum of CuT
is quantitatively restored as GSH is completely oxidized and
Cu(lI) rebinds to the thiosemicarbazone ligand.

Absorption spectral changes qualitatively similar to those
seen in the aerobic reaction are observed when GSH is added
to CuT under anerobic conditions. However, they occur more
rapidly. This suggests that oxygen is competing for Cu(I)T
and reoxidizing it to Cu(II)T, setting up a redox cycle in which
electrons from GSH reduce O,. To investigate this possibility
consumption of oxygen by CuT and GSH was measured by
means of an oxygen electrode (Antholine & Petering, 1979).
Addition of an excess of glutathione (4 mM) to a solution of
CuT (0.1 mM) stimulates reduction of oxygen (approximately
0.2 mM in air-saturated solution). Measurements of reaction
of oxygen was made during a 10-min observation period be-
ginning 6 min after addition of GSH, in which the rate of
decrease of oxygen concentration is constant. The rate of loss
of oxygen occurring in the absence of added drug, 0.01 mM/h,
is enhanced 30-fold, to 0.3 mM/h. This rate does not change
in the presence of 20% DMSO. In contrast, CuCl, at an
equivalent concentration enhances consumption to a lesser
degree (0.1 mM/h in the absence of DMSQ, 0.05 mM/h in
the presence of DMSO). An enhanced rate of consumption
by CuT continues until 100% of the oxygen is consumed.

In results supplied in the supplementary material it is shown
that CuT catalyzes the dismutation of O,™ to H,0, and O,
with efficiency comparable to that of CuCl,. In spin trapping
experiments, the reaction of CuT with GSH in DMSO pro-
duces a DMPO spin adduct (supplementary material, Figure
2) with proton splittings (4" = 22.5 G) and nitrogen splittings
(AN = 16 G) that are consistent with the trapping of either
a carbon-centered radical or H* (Buettner, 1987). A car-
bon-centered radical results when DMPO reacts with a DMSO
radical, generated by prior reaction of DMSO with hydroxyl
radicals (Lagercrantz & Forshult, 1969).

In Vitro DNA Strand Scission. The activity of various
forms of copper in supporting DNA degradation by reduced
forms of oxygen was examined. Acid solubilization of
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FIGURE 5: Comparison of absorbance changes to CuT following GSH
addition in the presence and absence of DNA. Reactions were carried
out in the presence or absence of calf thymus DNA (0.5 mM base
pairs) in 20 mM phosphate buffer. The CuT concentration was 70
uM. Measurements were initiated immediately after addition of GSH
at t = 0. Symbols represent absorbance at (¥) 310 nm in the absence
of DNA, (@) 310 nm in the presence of DNA, (A) 386 nm in the
absence of DNA, and (@) 386 nm in the presence of DNA.

[1C]thymidine-labeled DNA obtained from Ehrlich cells was
used as an assay of degradation, based upon previous appli-
cations of this method (Sausville et al., 1976; Sigman et al.,
1979; Rao et al., 1980). Release of radioactivity was not
observed, even when conditions were altered to include 60 min
of incubation, addition of 5 mM H,0,, or addition of GSH
prior to CuT. Varying the CuT concentration (between 20
pM and 0.5 mM), addition of 5 mM H,0,, or use of CuL in
place of CuT was also ineffective. Similarly, 40 uM CuCl,
plus 4 mM GSH solubilized less than 1%. The result with
CuCl, is similar to that of controls in all experiments (<1%).
However, a positive control, 40 uM CuCl, plus 80 uM
phenanthroline (Sigman et al., 1979) in the presence of 4 mM
GSH, achieved solubilization of 49% of the radioactivity in
15 min. Ferrous bleomycin was also effective in acid solu-
bilization using the same DNA preparation (not shown).

Absorption spectroscopy was used to study the interaction
of CuT and the free ligand with DNA. Aliquots of calf thymus
DNA, prepared by stirring at 4 °C in phosphate buffer ov-
ernight, were added to aqueous solutions of CuT or H,T (70
M) in 20 mM phosphate buffer. The absorption spectrum
of CuT decreases in intensity in the presence of DNA (Figure
3 of supplementary material), indicative of binding interaction
between CuT and DNA. This hypochromic effect is uniform
throughout the entire spectrum, including 260 nm, the max-
imum for DNA. Maximum hypochromicity (15%) occurs at
a ratio of CuT to DNA base pairs (r) of 2 to 3. H,T also
associates with DNA as shown by a decrease in intensity of
the absorbance band at 386 nm (supplementary material,
Figure 3).

To gain insight into the inactivity of CuT in the DNA strand
scission assay, the reaction of DNA-bound CuT with GSH
was studied by absorption spectroscopy (Figure 5). Upon
addition of GSH, similar absorption bands and an isosbestic
point at 322 nm are observed as in the absence of DNA. After
an initial rapid increase in absorbance indicative of thiol adduct
formation, the changes at 310 nm for the reaction in the
presence of DN A parallel those of the DNA-free system. The
386-nm band remains hypochromic relative to the reaction in
the absence of DNA, indicating that binding of this chro-
mophore persists. The similar reaction of CuT with GSH in
the presence and absence of DNA shows that GSH reduces
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FIGURE 6: Depletion of thiols in Ehrlich cells by CuT (37 °C). The
open symbols on the ordinate indicate the quantity of reduced thiol
in Ehrlich cells immediately prior to addition of CuT to cells at (A)
0.5 nmol/10° cells and (O) 3.4 nmol/10° cells. The filled symbols
at zero time points indicate thiol levels measured immediately after
CuT addition. The cell concentrations were 107 cells/mL.

and competes for Cu(I) under both conditions. Nevertheless,
the capacity to bind to DNA is not sufficient to guarantee that
reactive forms of oxygen, generated in proximity to DNA, will
be effective in causing damage measurable by the acid solu-
bilization assay.

Cellular Uptake and Reactions of CuT. Cultured cells
(107/mL) were suspended in complete medium (2.5% serum)
or PBS, and CuT was added at ratios of 0.25 or 2.5 nmol/10?
cells. Rapid distribution of drug between cells and medium
occurs, with cells taking up 11% (at 0.25 nmol/10° cells) or
21% (at 2.5 nmol/10? cells) of the drug within the time of
separation of medium and cells. At the lower concentration
in medium, a slow additional uptake occurs, for a total uptake
of about 27% of the total drug after 60 min. No additional
uptake occurs at the higher concentration within this time
period. In PBS at 2.5 nmol/10° cells, 75% uptake occurs
immediately, with no additional uptake after 60 min. It is
likely that Lewis base adducts of CuT that form in complete
medium partition less well into cells than the uncharged CuT
molecule.

Interaction between Cu complexes and cells can be observed
if ESR spectra acquired at room temperature show changes
in magnetic parameters or in mobility of the complex (Saryan
et al., 1981; Antholine et al., 1984). Upon addition of CuT
to cells in saline solution (Figure 3B), an ESR spectrum re-
sembling the rigid limit spectrum in the frozen state (Figure
3C) is immediately obtained. In the room temperature
spectrum with cells, lines on both the high-field and low-field
side of the rapidly tumbling spectrum for CuT in 100% DMSO
(Figure 3A) are observed. ESR parameters for two species
revealed in the room temperature spectrum are g, = 2.15 and
2.18 and AN = 160 and 180 G. This spectrum does not change
in intensity for at least 60 min after mixing, indicating that
a steady-state concentration of Cu!'T exists in the presence
of cells.

Lines in the g, region, which help to identify the nature of
the adduct species, are more evident after freezing the sample
(Figure 3C). Again, two sets of lines are observed. One set
(g = 2.15, AN = 185 G) possesses a g value that is identical
with the value found for CuT in the presence of GSH. By
analogy with CuL, the second species (g, = 2.19, AN = 190
G) may be a histidine adduct (Saryan et al., 1981).

CuT depletes cellular thiols rapidly (Figure 6). Between
the time of mixing drug and cells and initiation of the cellular
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FIGURE 7: Alkaline elution of DNA from cells treated with H,T or
CuT for 1 h.

thiol assay, 20% and 60% of the thiols are oxidized at ratios
of 0.5 and 3.4 nmol/10° cells, respectively. Further depletion
occurs as time progresses, leading to oxidation of 45% (0.5
nmol of CuT/10° cells) or 100% (3.4 nmol of CuT/103 cells)
of the total sulfhydryl groups at 60 min. Thus, although ESR
spectra show the presence of Cu(II)T, the loss of cellular thiols
shows that redox cycling of Cu(II)T occurs within cells.

Intracellular DNA Strand Scission. The cell-free redox
chemistry, ready cellular uptake, and cellular thiol consump-
tion by copper thiosemicarbazones indicate that generation
of reactive, reduced forms of oxygen may occur upon addition
of the complexes to cells. To assess some of their effects, the
capacity of CuT and H,T to cause strand breakage of DNA
was studied by the sensitive alkaline elution technique (Kohn
et al,, 1981). Results are shown in Figure 7. High levels of
strand breaks are generated by 1-h treatments with CuT as
the concentration is raised from 10 uM (1.2 nmol/ 10 cells)
to 35 uM (4.3 nmol/10° cells). This closely parallels the range
over which CuT exerts its growth inhibitory and toxic effect
over a 48- treatment period (Figure 2 and below). In contrast,
100 uM H,T is less than 10% as effective as 100 uM CuT.
No effect is observed for concentrations of CuCl, up to 50 uM
(data not shown).

Scavengers of activated oxygen species were utilized to
detect the possible intermediacy of these species in cellular
strand scission (Figure 8). Superoxide dismutase at 10 ug/mL
did not inhibit strand scission, and instead significantly en-
hanced the degree of strand scission. Catalase at 10 ug/mL
nearly completely inhibited DNA damage. Addition of 2.5%
DMSO also strongly inhibited strand scission. Treatment of
cells with SOD, catalase, or DMSO alone showed no strand
scission as compared with untreated controls (not shown).

To determine whether similar reactions might be important
in the toxic effect of CuT, experiments were conducted to
determine whether catalase could reverse the inhibition of
cellular growth by the complex. The results, shown in Table
I, reveal no inhibition of toxicity by catalase. To ensure that
no alteration in enzyme activity occurred during these treat-
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Table I: Absence of Reversal of CuT Growth Inhibition by Catalase

treatment  [CuT] (nmol/10° cells)  catalase? % growth?
1 2 - 50
2 2 + 40
3 4 - 1
4 4 + 2
5 10 - 3
6 10 + 1

?Presence or absence of catalase at 100 pg/mL. ®Percent live cells
remaining after a 48-h treatment relative to PBS control. Catalase
had no effect on growth (growth relative to PBS control 99.6%). Ini-
tial cell count was 42% of final control cell count.

ments, in a separate experiment, aliquots of media were cen-
trifuged to remove suspended cells and the supernatants an-
alyzed for catalase activity at the beginning of treatment and
after 48 h. The activity of the enzyme in all of the treatments
was unaffected over the treatment period. Neither CuT (at
20 uM) nor complete growth media (1% in assay buffer) in
the absence of added catalase was found to have any catalase
activity.

DISCUSSION

The present study characterizes features of the interaction
of (pyridoxal thiosemicarbazone)copper(II) with Ehrlich cells
with the objective of determining whether, and by what
mechanism, this complex causes oxidative damage in cells.
Like (2-formylpyridine thiosemicarbazonato)copper(II) (CuL)
the complex is stable to ligand substitution in the presence of
competing biological ligands in a model biological medium,
ascites fluid (Saryan et al., 1981). It also forms adducts readily
to fill out its tridentate, in-plane coordination structure.

These properties are seen as well in the reactions of CuT
with Ehrlich cells. As expected from its relatively nonpolar
character and zero charge, the complex is rapidly accumulated
by cells. This association is accompanied by adduct formation
between CuT and thiol donors, as shown by shifts in the ESR
spectrum of CuT at 77 K (Figure 3C), which can be modeled
by the interaction of GSH with CuT. Also evident from room
temperature spectra is the immobilization of CuT in cells
(Figure 3B). Model studies show that CuL can bind to hem-
oglobin, in part because of adduct formation with a sulfhydryl
group (Antholine & Taketa, 1982). Thus, in the current study,
the combination of loss of motion and evidence of adduct
formation by CuT suggests that it is immobilized through
binding to macromolecular structures.

Because of the equilibrium stability of CuT in the presence
of competing ligands, such as histidine (data not shown), it
can undergo oxidation-reduction reactions in cells as an intact
structure. The nature of reactions of CuT with the cellular
reducing agent glutathione has been studied by absorbance
and ESR spectroscopy (Figures 3-5). The following pathway
of reaction is consistent with the spectral data:

Cu(ID)T + GSH —2%+ GS-Cu(I)T- + H* (1)
GS-Cu(INT- — GS* + Cu()T- )
Cu(DT- + O, — O, + Cu(IDT (3)

Cu(I)T- + GSH + H* — GS—Cu(l) + H,T (4

GS—Cu(l) + GS* + H* — GSSG + Cu(I)  (5)

Both absorbance and ESR (77 K and ambient temperature)
results indicate that a glutathione adduct of CuT forms im-
mediately upon addition of GSH. The adduct undergoes
oxidation-reduction (reaction 2) to a Cu(I)T" species and an
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oxidized form of GSH, which ultimately forms GSSG (Saryan
et al., 1981). The absorbance experiments also suggest dis-
placement of copper from the ligand. In contact with air, thiols
will eventually be completely oxidized by copper and Cu(ID)T
can reform as seen in these experiments.

Like many copper complexes, CuT catalyzes the dismutation
of superoxide ion (Goldstein & Czapski, 1986):

Cu(IDT + O, — Cu(DT" + O, (6)
Cu()T- + O, + 2H* — Cu(IDT + H,0,  (7)

Once hydrogen peroxide is formed, Fenton chemistry can
convert it to hydroxyl radical

Cu(I)T + H,0, — *OH + OH™ + Cu(IDT (8)

The generation of *OH is inferred from the primary spin
trapping of DMSO*, formed as "OH reacts with DMSO
present in the reaction mixture. The spin adduct between
hydroxyl radical and DMPO was detected directly in the
aerobic reaction of CuL* and glutathione (Saryan et al., 1981).
That redox chemistry involving CuT occurs in Ehrlich cells
is shown in several ways. First, the presence of an ESR signal
modeled by a GS-Cu(II)T ESR signal suggests interaction
with cellular thiols. This interpretation is supported by the
CuT-dependent loss of sulfhydryl groups from Ehrlich cells
over a 60-min incubation period (Figure 6). The maintenance
of cellular CuT during redox cycling is interesting in light of
the rapid reduction/dissociation of the complex during its
reaction with GSH. Apparently, in cells reaction 3 is favored
over reaction 4. As described below, the effects of CuT on
cellular DNA and their modification by superoxide dismutase
and catalase are also consistent with the participation of CuT
in reactions such as reactions 1-8 in cells. That CuT and not
other forms of Cu is probably the major catalytic species for
the oxidation of thiols and reduction of oxygen in cells is
demonstrated by the presence of a steady-state concentration
of CuT (Figure 3b), at least during a 1-h treatment.
Alkaline elution provides a sensitive indication of strand
breakage of cellular DNA. In experiments with CuT, in-
creased rates of elution of DNA were seen only after dena-
turation at high pH (12.1). Other treatments, such as bleo-
mycin, high X-ray doses, or elevated H,0O, concentrations
(Igbal et al., 1976; Bradley & Kohn, 1979), lead to the elution
of treated cell DNA under relatively neutral conditions, such
as found in detergent lysis solution (pH 10) (Kohn et al.,
1981). Elution under these conditions is taken as an indication
of double-strand breaks (Bradley & Kohn, 1979). Since no
such elution was seen after treatment with CuT up to 35 uM,
formation of single-strand breaks seems to occur without ap-
preciable double-strand breakage in these experiments.
The need for copper in the DNA strand cleavage reaction
of CuT is shown by greatly increased levels of strand scission
by CuT above those of H,T (Figure 7). The involvement of
an intracellular pathway of reaction including reactions
analogous to reactions 1-8 is supported by the finding that
DMSO partially inhibits strand cleavage (Figure 8). In vitro
studies have demonstrated that systems that generate hydroxyl
radicals introduce single-strand breaks into DNA. Such DNA
damage can be inhibited by scavengers of hydroxyl radicals,
including DMSO (Repine et al., 1981; Brawn & Fridovich,
1981). Because of the highly reactive character of *OH, which
can initiate the strand scission reaction through abstraction
of hydrogen from nearest-neighbor C-H bonds or perhaps
through other reactions (von Sonntag et al., 1981; Deeble &
von Sonntag, 1984), only *OH formed in close proximity to
DNA will cause cleavage and only DMSO molecules in the
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FIGURE 8: Effect of activated oxygen scavengers on alkaline elution
of DNA from cells treated with CuT for 1 h. Stock solutions of CuT
in either water or DMSO (final DMSO concentration, 2.5%) were
added to 8 X 10° cells/mL Ehrlich cells as indicated. Parallel
treatments contained catalase (Cat) or superoxide dismutase (SOD)
at 10 ug/mL, plus 25 uM CuT added from an aqueous stock solution.
Separate addition of aqueous CuT stock solution and DMSO to achieve
the same final CuT and DMSO concentrations showed a closely similar
degree of inhibition as when DMSO containing CuT was used in a
single addition.

same vicinity can compete for hydroxyl radicals.

Hydrogen peroxide added to cells causes single-strand breaks
in DNA. The effects of this reagent can also be inhibited by
DMSO, implying that H,0, is converted to hydroxyl radical
(Bradley & Erickson, 1981). In the present study, nearly
complete elimination of DNA damage by catalase, which
converts H,0, to O, and H,0, also argues strongly that
production of H,0, is required for DNA damage. Indeed, the
stimulation of strand breakage by superoxide dismutase, which
catalyzes the formation of H,O, by reactions analogous to
reactions 6 and 7, supports this view and indicates that O,”
is formed in cellular reactions of CuT.

Alterations to levels of cellular DNA damage by addition
of catalase and superoxide dismutase to the treatment media
have been seen in other models of oxidative stress (Kaneko
et al., 1984; Kaneko & Leadon, 1986; Leadon et al., 1988).
It is conceptually difficult to understand how extracellular
enzymes can have decisive effects on the extent of intracellular
reactions leading to formation of hydroxyl radical. Still, su-
peroxide ion and hydrogen peroxide can traverse large dis-
tances relative to cellular dimensions and can partition through
biological membranes (Lynch & Fridovich, 1978; Hassan &
Fridovich, 1979). Thus, it seems that the reactions producing
0,7, H,0,, and *OH need not be closely coupled in space or
time. This being the case, once the reduction cascade of
molecular oxygen begins, it may possibly be catalyzed by
normal intracellular components such as superoxide dismutase
and iron or copper as well as by CuT.

Chemical results show that GSH-dependent breakage of
DNA does not occur in the presence of CuT or the related
complex CuL, although CuT is fully reactive with GSH in the
presence of DNA. Clearly, the capacity of CuT to associate
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with DNA does not ensure that damage to the polymer will
result from this redox chemistry. Thus, CuT does not resemble
copper phenanthroline or iron bleomycin in producing acid
solubilization of DNA. Both copper phenanthroline and iron
bleomycin achieve DNA degradation through close association
of reduced metal with DNA (reviewed in Stubbe & Kozarich,
1987).

Neither catalase nor DMSO inhibit the cytotoxic effect of
CuT, though they depress DNA strand breakage. Other work
has shown that H,0, treatment of cells at concentrations far
below those required for cell death produces high levels of
single-strand breaks (Ward et al., 1985). Since the damage
to DNA caused by CuT seems to be mediated by H,O,, the
apparent lack of correlation of CuT toxicity with single-strand
breaks agrees well with these data. In the case of H,0,, there
is evidence that DNA damage in the form of double-strand
breaks, detected after treatment at higher, toxic concentrations,
may be lethal (Prise et al., 1989).

Alkaline elution provides a sensitive measure of overall
single- and double-strand DNA breaks. The inability of
scavengers to affect toxicity over the same range of CuT-to-cell
ratios used to detect DNA breakage suggests that one must
look elsewhere than DNA to find a key molecular site of
reaction of CuT. For the same reason, a mechanism requiring
activation of cellular nucleases (McConkey et al., 1989) also
appears dissociated from CuT toxicity. Thiol oxidation, itself,
rather than generation of reactive intermediates, may prove
to be the source of copper—thiosemicarbazone toxicity (Petering
& Antholine, 1988).
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SUPPLEMENTARY MATERIAL AVAILABLE

A description of ESR spectral results and a summary table
of CuT ESR parameters obtained in various experiments, a
description of experiments demonstrating dismutation of su-
peroxide by CuT, a table of optical absorption features of H,T
and CuT in different buffers, a table of conditions utilized to
examine whether CuT achieved acid solubilization of radio-
labeled DNA, a figure containing ESR spectra of CuT in
various buffers at 77 K, a figure containing spin adduct signals
generated by CuT and GSH in the presence of DMPO, and
a figure containing absorption spectra of H,T and CuT in the
absence or presence of calf thymus DNA (6 pages). Ordering
information is given on any current masthead page.
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