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ESR of Copper and Iron Complexes with
Antitumor and Cytotoxic Properties

by William E. Antholine,* Balaraman Kalyanaraman,* and

David H. Peteringtt

The relatively few iron and copper metal complexes which have been examined in cells and tissues for
their redox properties, radical generation properties, and antitumor activity are discussed for studies
which utilized electron spin resonance spectroscopy (ESR). A common preperty of a number of metal
complexes, which include bleomycin, adriamycin, and thiosemicarbazones described in this review, is that
they are readily reduced by thiol compounds and oxidized by oxygen or reduced species of oxygen to
produce radicals. Structural features of these reactions are identified by ESR spectroscopy in model systems
and often in cells, Furthermore, ESR spectroscopy has been most useful to probe the environment of the
complexes in cells and to measure the rate of reduction of their oxidized forms. As a result of these studies,
it is anticipated that more attention will be given to the exploration of redox-active metal complexes as

drugs.

Introduction

It has long been known that the interaction of radia-
tion with cells and tissues is a complicated process be-
ginning with the cleavage of H;O into ¢”, H-, or OH:
radicals. These radical species then react indiscrimi-
nately with cellular constituents. The cytotoxic reac-
tions are thought to involve radical attack on DNA (1~
3). The extent of radiation damage to tissues can be
modified by modulation of their oxygen and thiol con-
tent.

An analogous hypothesis exists for damage to tissues
and cells caused by radicals which are generated by
photolysis or redox chemistry which often involves a
metal ion instead of high energy radiation. While other
papers in this issue center on the detection of radicals,
this paper focuses on metal ecomplexes which can be
catalysts for generation of the more visible radicals and
radical damage. Moreover, this review is limited to a
description of those metal complexes which can be de-
tected by electron spin resonance spectroscopy (ESR).
ESR only detects metal ions with unpaired electrons in
the inner d and f orbitals. Hence, for one electron redox
reactions, it is frequently the case that the metal com-
plex will be reduced to a diamagnetic state, i.e., Cu (II)
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is reduced to Cu (I), and only the steady-state concen-
tration for the oxidized form of the metal can be detected
by ESR.

There are relatively few metal complexes which have
been examined in cells and tissues for their redox and
radical generating properties. Whatever the reasons for
this, it is not for lack of expectation that a variety of
reactions will cecur. Thus, for example, the area of cel-
lular oxygen chemistry is an important domain of me-
tallobiochemistry. Many of the proteins which interact
with oxygen are metalloproteins, including, hemoglo-
bin, cytochrome oxidase, and cytochrome P-450. There
is also abundant evidence that the generation of adven-
tious reduced species of oxygen is a common and del-
eterious occurrence during oxygen metabolism in an
aerobic organist. While these may be initially formed
as byproducts of oxygen-dependent enzymatic reaction,
further reactions are likely to involve metallo-redox
chemistry as deseribed in equations (1)-(3).

ME o+ Q=M + OF 1
M+ 05 =M + 0, (2)
M + HyO, = M**' + OH- + OH' 3

Reaction (3) is often referred to as the Fenton reaction
in which production of OH- occurs at a faster rate than
for the direct reaction of O, with Hy0,, the Haber-
Weiss reaction:

0z + Hy0; — 0, + OH™ + OH (4
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thiosemicarbazone ligand (also referred to as 2-formylpyridine
monothiosemicarbazone) to produce 1:1 and 21 ligand-to-metal
complexes.

Just as reactive forms of oxygen may be generated by
metal-based reactions, so too such entities ag superoxide
ion and hydrogen peroxide are handled by the metal-
loproteins superoxide dismutase and catalase which re-
quire Fe, Cu(Zn), or Mn. Thus, from many perspectives
one expects a wealth of oxygen based radical chemistry
to occur when exogeneous complexes of redox metals
enter cells.

Copper Complexes as Antitumor
and Cytotoxic Agents

ESR Studies of Tridentate Cupric
Complexes

More than 20 years ago French and co-workers began
synthesizing metal binding ligands as potential antitu-
mor agents with the rationale that they might extract
transition metal ions from key sites in cancer cells to
inactivate them (4). One class of these ligands is the -
N-heterocyclic carboxaldehyde thiosemicarbazones
(Fig. 1), some of which are active as antitumor agents
in animals but are not effective in humans (5). Studies
on the Cu and Fe complexes of some of the active ligands
show that the metal complexes are much more eytotoxic
than the parent eompounds (6).

Detailed examination of the reaction of 2-formylpyr-
idine thiosemicarbazonato Cu(Il) with cell types has led
to a scheme for intracelluiar reaction of the complex
(Fig. 2). Upon its addition to plasma or culture media,
adduet formation between Cul’ and Lewis bases is
observed inh the ESR spectrum at 77°K (7). The complex
or some adduct species is readily taken up by Ehrlich
cells (7). Once in cells, there is little efflux of Cul.™,
presumably because it is bound to or reacts irreversibly
with cellular structures. That cellular adducts of the
copper complex do form is shown by the change in its
ESR parameters as it enters cells (Fig. 3). The new
spectrum taken at 77°K could be modeled by the addi-
tion of CuL to excess glutathione, Cul-3G, or to cat-
hemoglobin which has several pairs of reactive thiols,
Cu-L-8-CatHb (Fig. 4) (8,9). In the absence of model
studies, a good indication of the number of nitrogen,
oxygen, and suifur donor atoms bound to Cu comes from
the value of g, and A indicated in Figures 3 and 4,
which can be ecompared to known values with the aid of
Peisach-Blumberg plots (20) and from the hyperfine

structure on the high field lines (g, region). The cellular
adduct has ESR parameters consistent with an N,S,
coordination environment, suggesting as do the model
studies that CuL forms adducts with cellular thiols.

Room temperature ESR studies of the interaction of
CuL with cells show that the complex displays an im-
mobilized spectrum indicative of its slow motion in so-
lution (Figs. 5 and 6) (11). The intensity of the signal
also decreases with time, suggesting that the complex
is gradually reduced in cells. For an adduct formed from
CuL.” and GSH, the room temperature spectrum should
be the isotropically averaged spectrum due to rapid mo-
tion of a low molecular weight complex in a medium
which is presumably about as viscous as water. Thus
CuL most likely forms an adduct with a cysteine amino
acid residue from a protein, for the motion for the com-
plex is much slower.

The time course of reaction of other tridentate copper
complexes, which are cytotoxic to Ehrlich cells, is sim-
ilar to that of CuL. Thus, the order of rate of disap-
pearance of the ESR of three such complexes is pyri-
dine-2-carboxaldehyde-2'-pyridylhydrazonate copper
(II) > salicylaldehydebenzoylhydrazonato copper (II)
= 2-CuL. The net rate of reduction of CuL in cells as
measured by ESR is faster than previously observed
by following loss of the visible absorbance of the com-
plex (11). However, both in cells and in model studies
of the reaction of Cul, with glutathione, there is a large
increase in oxygen consumption during the total course
of reaction. In addition, the thiol content of the systems
decreases (7). In the model, there is a burst of produe-
tion of 0;"and OH- as measured by spin trapping re-
actions (7). During the reaction of CuL with GSH, a
steady state is reached in which Cu(II)Li concentration
remains approximately constant, as the complex cata-
lyzes the reaction of oxygen by the sulfhydryl groups
of GSH. According to these results, when CulL is taken
up by Ehrlich cells a redox eycle is established (Fig. 2)
until oxygen is depleted or net reduction of copper is
stabilized through the binding of Cu(I) to other sites in
the cell. The fact that the room temperature ESR study
points to the binding of CuL. and the other complexes
to protein thiols suggests that this redox cycle may
involve the oxidation of important cysteinyl residues of
enzymes.

ESR Investigations of Tetradentate Cupric
Complexes

The bis(thiosemicarbazone) of 3-ethoxy-2-oxobutyr-
aldehyde and its copper complex, Cu(IDKTS, have ex-
cellent antitumor properties in a variety of animal
models. In frozen solution the ESR spectrum of CuKTS
has a hyperfine structure attributable to the binding of
Cu to two equivalent nitrogen donor atoms (Fig. 7).
When the complex diffuses into cells this signal disap-
pears ragidly with a pseudo first-order rate constant of
8 x 1072 sec™' (12). The loss in ESR intensity is con-
sistent with the schematic for Cull (Fig. 2) except ad-
ducts with either glutathione or another thiol are not
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FiGURE 2. Scheme for interaction of Cul.” with cells. ESR detectable species are enclosed in boxes.

observed. Furthermore, reduction of CuKTS to form
Cu(I)SR species oecurs in preference to the reoxidation
of Cu(DKTS to Cu(IDKTS by O,. Thus, there is rapid,
reductive dissociation of Cu(IDKTS (12,18). The re-
sultant Cu(I) species are reactive with oxygen to set in
motion a redox cycle of Cu(I) and Cu(Il), which cata-
lyzes the reduction of oxygen by thiols (12). When Ehr-
lich cells are titrated with CuKTS, the first major site
of binding of Cu(I) is metallothionein, normally a Zn-
protein (23). Cu(l)-metallothionein is not rapidly re-
active with oxygen (14), so this structure is not involved
in the catalysis of oxygen reduction.

The structure of CuKTS has been studied by means
of ESR because of its established antitumor properties
(23,15-18). The best-resolved ESR spectrum was ob-
tained from CuKTS doped into the nickel analog, NiKTS
(18). The principal values of the ESR parameters were
used to determine that the copper-ligand bonds are
highly covalent and the Cu—N and Cu-5 bonds may be
regarded as essentially independent.

The function of the bis{thiosemicarbazone) ligand of
CuKTS is both to provide a stable form of Cu(IT) which
can reach tumor cells and to set an appropriate redox
potential for the copper center for its reaction in the
reductive environment of the cell (12). Thus, 3-ethoxy-
2-oxobutyraldehyde-bis(N*-dimethyl-thiosemicarba-
zonato) Cu(ll), CuKTSM,, has a redox potential about
100 mV more negative than CuKTS (Table 1), reacts
very slowly with Ehrlich cells, and at similar coneen-
trations is not cytotoxic to tumor cells (19).

A recent reinvestigation of CuKTSM, demonstrated
that the complex destroys Ehrlich cells at higher eon-
centrations of drug than previously used (13). The com-
plex was known to localize in lipophilie parts of cells,
presumably membrane (18). Room temperature ESR
studies were undertaken to study CuKTSM; bound in
Ehrlich cells (13). The ESR signal was found to be stable
and essentially immobilized in cells (I'igs. & and 9). As
the concentration of CuKTSM; is increased, a second
mobile phase was observed. Coincidently with the tran-

sition from immobilized to mobile CuKTSM,, the cy-
totoxicity of the complex greatly increases. These ESR
results and those with the tridentate copper complexes
show clearly the importance of doing ambient temper-
ature ESR measurements to probe the dynamic envi-
ronment of the complexes.

Bidentate Copper Complexes of 1,10-
Phenanthroline and Cytotoxic Agents

It has been known for years that 1,10-phenanthreline
inhibits cell proliferation (20). The proposed mechanism
has been that this compound acts as a ligand for cellular
zine to mimic a condition of nutrient zince deficiency,
which is alse known to inhibit growth (21). Another
explanation suggests that a cuprous phenanthroline
complex is the active form of the ligand (Fig. 10) (22,23).
Indeed, several recent studies have inquired into the
reaction of copper—phenanthroline, oxygen, a reducing
agent, and DNA to degrade double-stranded DNA into
acid-soluble fragments (24—26). As with other copper
complexes discussed above, the phenanthroline-Cu
complex cyeles between Cu(Il) and Cu(I) to catalyze
the reduction of oxygen to reactive radical species by
the reducing agent. Unpublished studies of the reaction
of 1,10-phenanthroline with Ehrlich cells lends support
to the possible formation of copper—phenanthroline
complexes in cells, When the ligand is added to cells,
copper redistribution oceurs in which Cu(I) metallothi-
onein is found (20). A reasonable intermediate in this
reaction would be Cu(I)-1,10-phenanthroline. It is
noted that this ligand alse causes substantial logses in
cellular Zn and Fe, so that its effects on copper are not
clearly related to cytotoxicity.

The ESR data for copper doped into a diehloro-1,10-
phenanthroline zinc host indicate that the cupric ion is
in a distorted tetrahedral structure (27). These param-
eters, particularly A, = 123 x 10~* em™', are more
characteristic of the type I distorted tetrahedral struc-
ture than the square planar structure (2?). Bonding pa-
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FiGure 3. Electron paramagnetic resonance speetra of Cul and
Ehrlich cells at 77 X. Spectra a, &, and ¢ show EPR spectra of
solutions frozen in liguid nitrogen: (¢) CuL* in 0.1 M KC1 and
0.25 M sucrose; (b) Cul.* in Ehrlich ascites tumor cells; (¢} CuL,*
plus excess glutathione. Spectra d, and ¢ show EPR spectra of
solutions run in a flat cell at room temperature for Cul.* in KC1
at pH 7 in the absence (d) and presence (e} of glutathicne. Spec-
trometer conditions: modulation frequency, 100 kHz; modulation
amplitude, 5 G; (¢} gain 10 x 10%, time constant 1 seec, scan time
4 min, power 5 mW; (b) gain 5 x 105, time constant 3 sec, scan
time 8 min, power 5 mW; (¢) gain 10 x 10%, time constant 10 see,
gcan time 1 hr, power 5 mW; (d) gain 5 x 10°, time constant 1
sec, scan time 4 min, power 200 mW,; (¢) gain 5 x 107, time constant
1 see, scan time 4 min, power 200 mW. From Saryan et al. (7)
with permission.

rameters for ternary complexes of Cu-1,10-phenan-
throline and amino acids excluding histidine indicate
that these adducts have a considerable amount of cov-
alent bonding (28). Nitrogen hyperfine structure ap-
pears in the g, region for most of these compounds.
More recent infrared and visible studies suggest that
ternary complexes with a pyramidal square planar con-
figuration are formed between 1,10-phenanthroline and

gu=2.19
CuL* + HuHb I
X-band
CuLt + Cat Hb
X-band 100G
[— g=2.14

CuLt 4+ GSH 100G |
X-band /V
W

X-band PN
simulated \)J\/‘
!

]
CuL* +GSH .'M“l
S-band y f’“w
y t
S-band o
simulated T

Cul* + GSH

%N

FiGurg 4. X-band EPR spectra for {(a) 0.2 mM CuL.* in 5% DMSO

plus 0.1 mM human Hb and (&) 2 mM Cul.™ plus 2 mM cat Hb in
0.1 M NaCl and 0.15 M phosphate buffer at pH 7.4, Spectrometer
conditions: incident power 5 mW, med 5 G, at —196°C. (c—f) Ex-
perimental and simutated spectra for *Cul.* (1.3 mM) in 0.05 M
bis Tris buffer plus mM glutathione and a final pH of 6.9. X-band
spectrum; X-band simulated spectrum; microwave frequency 9.129
GHz, gy, 9. = 2,035, A; = 180 x 10 em™, A, = 30 x 10™*
em*l Ayx = 12 X 107* em™?, parallel linewidth 80 gauss, per-
pendicular linewidth 6.0 gauss; S-band spectrum; S-band simulated
spectrum; microwave frequency 3.32 GHz. (¢,h) Expansion of m;
= -1/2 line in gy regiocn and g, region for X-band experimental
and simulated spectra. Conditions as in Figure 2. From Antholine
and Taketa (8,9).
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Figure 5. X-band ESR spectra at room temperature for Cul*,
CuSBH, CuPCPH in DMSQ, and CuBlm in 0.1 M NaCl at pH 7.
Spectrometer conditions: incident microwave power 200 mW, mi-
crowave frequency 9.504 GHz, modulation amplitude 5 G, modu-
lation frequency 100 kHz, ESR flat cell used for samples. (Cul.”)
2-Formylpyridine monothiosemicarbazonato copper {I1); (CuSBH)
salicylaldehydebenzoythydrazonato copper 1, (CuPCPH) pyri-
dine-Z-carboxaldehyde-2'-pyridylhydrazonate copper (II);
(CuBlm) cupric bleomycin. From Antholine et al. (11),

copper—dipeptide complexes (29). ESR parameters
from room temperature and frozen solutions were tab-
ulated but no nitrogen hyperfine splittings were re-
solved. It is suggested.that the peptide supplies three
donor atoms to the square plane and one nitrogen from
1,10-phenanthroline oecupies the fourth planar position,
while the other atom occupies the apical position. This

100 G
— |
cul?t AN g=2001
S Ve AT
1 '\\ ["W
\\ '_\ '\- i
CuSBH Y

R N "-"'“\‘—WWHN‘M“J_‘;’*K TN A

\ / § /«“w—’w
’J‘\I‘A\ W \ f'
]

N S A |

CuSBH x 25 ., Y ; {
. ¥ b Ao A \ \_ /
A Py’ E J
K
CuPCPH .
N, A T e m-_,-.v-“«.-."\_.-‘\/":\r/\\‘

Fobod
s ‘“J/l,\'v. A,
ot

Ficure 6. X-band ESR spectra at room temperature of Cul.* (in-
itial conc. 6 mM), CuSBH (initial cone. 7 mM), and CuPCPH (initial
cone. 8§ mM) in 10° Ehrlich cells suspended in 0.15 M NaCl, See
Fig. 5 for names of copper complexes. From Antholine et al. (11).
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Ficure 7. Structure for H, KTS for which R =is ethoxyethyl and
Rz, RKa=H; electron paramagnetic resonance spectra of reaction
of copper complexes with cells: (1-4) time dependence of spectra
of CuKTS; (5-7) time dependence of spectra of CuCl,. Inset: first-
order kinetic plot of (W) the loss of EPR intensity and of (#) ab-
sorbance of the same sample of CuKTS and cells. Cell suspension,
27.5 mg/mL; 4.6 x 107 cellsmL; [CuKTS}mitia, 1.55 % 107* M.
From Minkel and Petering (12).

adduct is, in a sense, the mirror image of the adduct of
CuL and protein. CuL is a tight tridentate complex,
and the protein supplies the fourth donor atom to com-
plete the square planar configuration or a fourth donor
atom and an atom which binds in an axial position to
complete the square pyrimidal configuration. Nitrogen
atoms from 1,10-phenanthroline (L) complete the
square pyramidal configuration while the protein pro-
vides the tight tridentate binding site.

Although additional information about the speciation
of coordinately unsaturated copper complexes in cells
needs to be obtained, one can imagine subtle differences
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Table 1. Redox properties of copper and iron complexes of some known antitumor agents.

Structure®
Complex Ligand R, R, R, R, E(CuL™"), mV B x(Fel,”), mV Reference
HL-CF, 124 386 (94)
HL-Cl 37 311
HL-H 2 242
HL-CH; 19 209
HL-0H - 29 24
HL-N(CHj)- - 51 52
HKTS -178 (95)
HKTSM —188
H.KTSM; —283
CuKTS CH(OEt)CH; H H H
CuKTSM CH, H
CuKTSM, CH. CH;
“Key for structures:
Y X R R
O A
N
V) il “o \
— M =N R3“«'\1)\’5/\5 N/R3
[ A R~ ~R
S AN 4 4
l
NH2
ML-X
Y agent to the active site containing a Lewis base site (B:)
T and release the protein carrier, while the lower reaction
z 50 CUKTS would crosslink proteins and other macromolecules and
29 release the original copper-binding ligand, L’. ESR data
G 40 of the oxidized forms of copper introduced into cells may
pp
w3 . P . .
< = be used to identify its speciation to substantiate or re-
<ag 30 fute hypothetical reactions such as those suggested
i 2 N CuKTSMz above.
= 20 i v ? Another class of copper complexes with cytotoxic ac-
O m - v - - . . Kl
== tivity has been discovered in the investigation of the
:f( 10 report that cells treated with diethyldithiocarbamate
a 1 L n | (dte) are more susceptible to bleomyein (Blm), a drug
0 L1 1 I |

t{min)

FiGure 8. Disappearance of CuKTS (0.6 mM) ESR signal at room
temperature but not CuKTSM, (0.6 mM) after addition to 6 x 107
Ehrlich ascites tumor cells/mL of cell suspension. From Antholine
et al. (13).

in their mechanisms of reaction may exist [Egs. (5) and

(6.

CuL-protein -+ :B-active-site — Cul.-B-active site + protein ()

- -

protéinﬁuy- L' + :B-active-site — prot‘éin Cu-B-active site + L'

Thus the upper reaction would fransfer the antitumor

discussed in following sections, than control cells (30).
The dte was thought to enhance the effect of Blm either
by inhibiting superoxide dismutase which resuits in an
increase of Oy° and/or by reducing the level of weakly
bound and kinetically available Cu®* in the cell which
could bind and inactivate bleomycin in the strand scis-
sion of DNA, the putative mechanism of cytotoxicity of
this drug (31). Recent data of Ujjani and Petering in-
dicate that Cu(dte), is substantially more toxic than dtc
under metal-free conditions. EPR studies indicate that
0.54 mM Fe(IID) Blm is almost completely stable in the
presence of about 20 mM dte for at least 10 min. In
contrast, (.27 mM Cu(II) Blm is rapidly and completely
converted to Cu(dte), + Blm upon addition of 0.92 mM
dte. Clusters or aggregates of Cu(dte), are formed con-
sistent with the low solubility of Cu{dtc); in aqueous
solvents, which probably helps pull the reaction toward
Cu(dtc),. Thus, dte may enhance the activity of Blm by
limiting its reaction with cellular copper. However, to
the extent that Culdte), forms in cells, a new, highly
cytotoxie copper complex is generated which independ-
ently augments the effects of Blm.
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FiGure 9. X-band ESR for CuKTSM, in Ehrlich ascites tumor cells
at room temperature: (a} 0.6 nmole/10° cells; (5) 1.2 nmole/10° cells.
For the partial apectra in the low-field region, the gain is increased
twofold, the modulation amplitude was inereased threefold, and
the time constant was increased from 1 to 3 sec. The peak to peak
height (position indicated by the solid arrow) of the center hy-
perfine line in the 1:2:3:2:1 pattern for the M, = /2 high-field
ESR line for CuKTSM, was used to indicate the concentration of
the mobile form. This line has the largest intensity for the signal
in the mobile phase and overlaps at a point of low intensity for
the immobile signal. The low-fleld line for the immobile signal
(position indicated by the dashed arrow) in the g, region does not
overlap with the mobile signal and was used to indicate the relative
concentration of the immobile signal. From Antholine et al. (13).

Q=214

The ESR spectrum of Cu(dtc), has been well studied
(32-34). The use of dte to measure quantitatively in-
organic cupric ions using ESR has been reviewed by
Janzen {(§5). The source of a copper ESR signal previ-
ously observed in fatty tissues has been identified as
Cu(dte)s. This eomplex is formed through contact of
copper-containing tissue with surgeon’s gloves laced
with dte-like complexes (36). Cu(dtce), levels of 0.5 pM
can be detected in tissues because the ESR lines are
very sharp for this ecopper complex. Besides sensitivity,
Cu(dte), complexes are expected to form adducts in
complex biological systems. Model ESR studies have
already shown that mixed complexes of the type
Cu(dte)X can be identified (37).

Cufdte), + CuX; = 2 CuldioX n

In summary, paramagnetic copper complexes and their
adduets shouid form in cells and be relatively stable in
cells depleted of reducing equivalents. Detection and
isolation of these adducts in cells is, in our opinicn, the
next step to better understanding for the interaction of
cupric forms of these antitumor agents with cells.

ESR Studies of Cupric Bleomycin

Bleomyein is a clinically used antitumor agent
(Fig.11). It is isolated from Streptomyces verticillus as
a copper complex {28). Although CuBlm is an active
antineoplastic drug, it is inactive in the cleavage of

DNA, a reaction thought to be the molecular basis of
cytotoxicity (see FeBlm, below) (31,39,40). An inquiry
into the redox reactivity of CuBlm with thiols such as
glutathione and oxygen demonstrated that in contrast
to the tridentate thiosemicarbazonato copper com-
plexes, there is little redox cycling of copper and little
reduction of oxygen as reductive dissociation oecurs
(81,41-43).

ESR studies generally have supported the contention
that the cuprie site in CuBlm is square pyramidal (44~
50). Data from electron spin echo spectroscopy, which
is useful for determining whether imidazele is a ligand,
confirms that an imidazole is involved in the binding of
cuprie ion {51). Nitrogen hyperfine structure is better
resolved in both the g, and g, regions at lower micro-
wave frequencies (S-band) than at the commercial fre-
quency (X-band) (52). Computer simulation of the S-
band spectra suggests that cupric ion binds to four donor
nitrogen atoms, three with Ay = 10 G and one with
Ay = 15 G, ENDOR data confirm the assignment of
at least two inequivalent nitrogens with couplings of
11 and 15 G {(52). In addition, six proton couplings are
well resolved in the ENDOR spectra, and the matrix
ENDOR indicates that H;O is accessible to the metal
site.

Ambient temperature ESR studies of CuBlm have
also been carried out at several microwave frequencies
to obtain rigid limit parameters for the complex in the
liquid phase (53). We have argued that the cuprie bleo-
myein structure opens up at room temperature and that
the cupric ion is displaced from the square plane (53).
Not only is the work important from the standpoint of
the reactivity of an important antitumor complex, but
these studies are fundamentaily important as model
studies. Thus, the comparison of complexes in frozen
and mobile states can reveal dynamic changes which
oceur upon changing from the immobile, frozen state to
the mobile, fast tumbling, liquid state. For example,
analysis of the rotational correlation time suggests that
copper bleomycin is cigar shaped or has segmented flex-
ibility and rotates about a hinge (53).

It occurred to us that Zn®* and especially Cd®* might
alse form five-coordinate square pyramidal structures
with Blm. If Cd®* binding to Blm was analogous to
Cu?*, the structure of the ligand, Blm, could be deter-
mined from C-13 NMR in the presence of diamagnetic
Cd®*. C-13 NMR spectra in the presence of Cu®* are
30 broadened and shifted that useful structural data has
not been fortheoming. Unpublished cadmium-113 NMR
results at temperatures lower than ambient tempera-
ture suggest that the secondary amine, for which lines
are broadened and shifted, as well as the primary amine,
the pyrimidine nitrogen, and the imidazole nitrogen are
bound to Cd. The latter three donor atoms are directly
implicated from the examination of '**Cd-Blm in which
two-bond and three-bond *Cd-'3C spin-spin couplings
are observed at earbons associated with these potential
ligand sites (54). As the temperature approaches am-
bient temperature only the primary amine, the pyrim-
idine nitrogen and the imidazole nitrogen from Blm are
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bound to Cd-113. The Cd-113 isotope was also used to
monitor the Cd-113 NMR spectrum of the metal itself.
These data indicate that a solvent anion is bound, for
example chloride ion, at ambient temperature but not
at lower temperatures. Both the NMR data for CdBlm
and the ESR data for CuBIm at ambient temperature
substantiate a change in structure as a function of tem-
perature. We intend to use these techniques to probe
how metal complexes of Blm react in media such as
tumor cells, which may involve mechanisms not easily
envisioned from data in the static state.

Finally, no evidence exists from low temperature
ESR studies to support, the formation of CuBlm-Lewis
base ternary complexes such as CuBlm-pyridine ad-
ducts. However, at room temperature our first indiea-
tion of ternary complex formation comes from the ESR
data for CuBlm in the presence of a large excess of
pyridine (11). Pyridine slows down the motion of CuBlm
presumably because a ternary complex is formed; the
shape of the complex also becomes spherical. Prelimi-
nary studies do suggest that CuBIm forms adducts in
the presence of cells similar to the pyridine adduet (11).

Iron Complexes as Antitumor and
Cytotoxic Drugs

ESR Studies of Iron Bleomycin and Co(II)
Blm and Ni(III) Blm

Interest in the properties of iron bleomyein (FeBlm)
was enormously increased in 1978 by reports of Hor-

witz, Peisach and co-workers that Fe®' greatly stim-
ulates the oxygen-dependent DNA strand secission ac-
tivity of Blm (40,47). Since the degradation of DNA by
this drug had been thought to cause cytotoxicity, it was
suggested that Fe(IDBlm may be the biologically active
form of the glycopeptide.

A number of elegant studies by Peisach’s group
(82,56-58), together with resuits of Sugiura (59-66)
have led to the current view of oxygen activation by
Fe(II)Blm shown in Egs. (8)—(10).

Fe(IDBIm + O, - Fe(IDBIm - O,
High spin ferrous Dipxygen addnet )]
probably penacoordinate Fe(IT)
Fe(IDRBIm
\
Fe(IDBlm - 0. + e~ = 0
> (!) 7
Fe( IDBim

possible intermediate

1
2 Fe(lIDBIm —~ O’

or

Fe{lI[}Blm + FeBim-QOH "~ (9)
g = 2,26, 2.17, 1.94 (31

Fe(I1I) Blm — OH'
or = Fe(lI)Blm + OH’ (10
Fe(1II)Blm ~ OQOH~
g = 245 2,18, 189 (1)

The intermediate, Fe(III)BIm—QH: or Fe(II)Blm-
OOH™, wag shown to be an iron-oxygen adduct with
the use of "0, (I = 5/2) (31). This trapped intermediate
has broadened ESR lines. The ESR spectrum arises
from Fe(11I) and not a free radical and Fe(IV) because
with *Fe, I = 1/2, the g = 1.94 line is clearly split into
a doublet indicating hyperfine interaction from the nu-
clear gpin of iron.

The electronic nature of this intermediate is of inter-
est. Its g values are contracted toward the free-electron
value relative to Fe(IID)Blm, presumably beeause of the
quenching of orbital angular momentum. The g values
of Fe(III)Blm are similar to those of iron prophyrins,
suggesting the presence of four in-plane nigrogen donor
atoms. In the iron-porphyrin system, g-value econtrac-
tion only occurs when axial sulfur donor atoms replace
oxygens or nitrogens (65). A similar effect is seen in
Fe(1IT)Blm adducts (58,66). The only sulfur atom in Blm
is part of the bithiazole moiety and is not thought to
bind to iron in the intermediate. However, in a recent
NMR study it was shown that the bithiazole group of
excess Blm interacts with iron in Fe(IT)Blm and NO-
FeBlm, so it is plausible that bithiazole sulfur may act
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Figure 11. Structures for bleomyein (Bim) and CuBlm.

as a ligand in some intra- and intermoleeular complexes
of FeBlm (67).

Spin-trapping studies have demonstrated that the re-
dox process summarized in reactions (1)-(3) generates
a large flux of hydroxyl radicals (41,63,64,68). Although
OH’ was thought to initiate strand scission, the addition
of scavengers for OH- or for 0., and H,0; to the re-
action mixture does not affect the yield of degraded
DNA (69). Thus free reduced-oxygen species are not
involved in attack on the backbone of DNA. In fact,
since kineties of conversion of the product of reaction
(9) to Fe(IIT)Blm and the rate and extent of DN A strand
cleavage are identical, it is suggested that a bound form
of oxygen, Fe(III)BIm-OH- or Fe(III)BIm-OOH ™, in-
sengitive to radical scavengers, is the reactive species
(31). This conclusion was beautifully supported by the
demonstration that in the presence of HyO,, Fe(I1I)Blm
was converted to the same intermediate as formed when
Fe(III)Blm reacts with O~

0-SUGAR

2 Fe(ll)Blm + Hy0; = 2 Fe(111)Blm—OH-
or

Fe(III)Bim + Fe(IIBm—OO0H + H* (11

and that this intermediate degrades DNA (31).

The reductant to cleavage site stoichiometry for the
DNA strand scission reaction is thought to be 4-5to 1.
Thus, at least two electron equivalents are required
beyond those generated in reactions (8) and (9). Indeed,
it is unlikely that the p incipal source of reducing equiv-
alents in cells is Fe*™ because of its very small free
concentration. An alternative is that the other cellular
reductants such as thiols may supply electrons for the
overall reaction. In one study the authors demonstrated
that cysteine but not glutathione stimulates the reaction
of Fe(II)Blm with DNA (67). However, GSH en-
hances the amount of strand scission caused by Fe®*
and Blm, which suggests that thiols can supply electrons






