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SUMMARY

ANTHOLINE, WILLIAM, KNIGHT, JUDITH, WHELAN, HARRY & PETERING, DAviD H.
(1977) Studies of the reaction of 2-formylpyridine thiosemicarbazone and its iron
and copper complexes with biological systems. Mol. Pharmacol., 13, 89-98.

The interactions of 2-formylpyridine thiosemicarbazone with various biochemical sys-
tems have been studied to understand the potential behavior of this antitumor agent in
vivo. This ligand removes iron from ferritin to form the iron(III) complex. The complex is
rapidly reduced by hemoglobin and is only slowly reoxidized by oxygen in aqueous
solution or plasma. Both the iron(III) and iron(Il) chelates are stable in plasma. These
results suggest that the iron(Il) complex exists in vivo. However, the thermodynamic
stability of the copper complex is also consistent with its formation in biological systems.
Electron paramagnetic resonance spectra show that in plasma two adduct species of the
copper complex form. One of these may involve histidine. Reaction of the ligand or its
iron, copper, or zinc complex with the assay mixture used for ribonucleoside diphosphate
reductase produces in each case the iron(II) complex of the ligand. These results are used
to interpret a number of observations on the physiological effects of a-N-formyl hetero-
cyclic thiosemicarbazones as well as some features of the inhibition of ribonucleoside
diphosphate reductase by these compounds.

INTRODUCTION
a-N-Heterocyclic formylthiosemicarba-
zones comprise a class of compounds under
active investigation as antineoplastic
agents (1). They are unusual in that they
strongly complex transition metals such as
Fe?*, Fe?*, and Cu?** with their common
S tridentate ligating structure, as
shown in Fig. 1 (2, 3). This metal chelation
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Fi1c. 1. 2-Formylpyridine thiosemicarbazone
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early and has become the foundation for a
detailed hypothesis of mechanism of action
(4). Based upon the known sensitivity of
DNA synthesis to these compounds, to-
gether with the localization of this inhibi-
tory effect on the conversion of ribonucleo-
tides to deoxyribonucleotides, the follow-
ing mechanism of action has been devel-
oped.

Moore has shown that this reaction, cat-
alyzed by ribonucleoside diphosphate re-
ductase, is markedly enhanced by the ad-
dition of Fe?* to the assay mixture (5). By
analogy with other metal-activated sys-
tems, the iron atom may bind in a coordi-
natively unsaturated way to the enzyme,
generating the active site in which the
vacant first coordination sites of the iron
atom serve to bind and orient substrates
(S) undergoing reaction.
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K S
E + Fe** 2 E-Fe=2E-Fe:S—E-Fe-P (1)

Inhibition by «-N-heterocyclic formyl-
thiosemicarbazones then

N
E-Fe + N"?«’“s——-E-re\—-N 2
s

involves binding to E - Fe to prevent catal-
ysis.

Observations on animals and humans
exposed to such materials indicate that
these compounds severely disrupt normal
iron metabolism by complexing iron in
these organisms, thereby placing the
metal in a form which is excreted in large
quantity (6-8).

Recent work from this laboratory has
explored some basic features of the transi-
tion metal chemistry of a representative
of these complexing agents, 2-formylpyri-
dine thiosemicarbazone (3). In addition,
both iron and copper complexes of 5-sub-
stituted 2-formylpyridine thiosemicarba-
zones and 1-formylisoquinoline thiosemi-
carbazone have been shown to be cyto-
toxic to tumor cells in vitro and, in the
latter case, in vivo (9, 10).

A complex picture exists, therefore, in
which ligands and their metal complexes
have been used as cytotoxic agents. Are
they separate, independently active com-
pounds, or are they related by biological
metal-ligand reactions which occur as in-
ferred from the effect of ligands on iron
metabolism? The present- research was
undertaken to begin the examination of
these questions through the investigation
of the interactions of the parent com-
pound, 2-formylpyridine thiosemicarba-
zone, and its metal complexes with appro-
priate components of biological systems.

MATERIALS AND METHODS

Materials. The preparations of 2-for-
mylpyridine and its iron(Il), copper, and
zinc complexes are described elsewhere
(9). Horse spleen ferritin was obtained
from Miles Laboratories. Human hemo-
globin was prepared by hemolysis of red
blood cells and used without removal of
2,3-diphosphoglycerate. Outdated whole
blood and blood plasma were provided by

the Milwaukee Blood Center. The mouse
ascites fluid was the centrifuged superna-
tant of Ehrlich ascites tumor suspensions
removed from Swiss mice bearing the tu-
mor. Sperm whale myoglobin, batch 10,
was obtained from Miles-Servac. Cytidine
diphosphate, ATP, and dithiothreitol
were purchased from P-L Biochemicals.
Other chemicals were reagent grade.

Stability of compounds in biological me-
dia. Changes in the ultraviolet and visi-
ble spectra of compounds added to human
plasma or mouse ascites fluid were used
to detect reactions in these media. The
visible-near ultraviolet bands of copper,
iron, and zinc complexes change or disap-
pear upon oxidation-reduction or substi-
tution reactions and appear when HL?
chelates these metals. The compounds
were 10 uM in plasma. The details of this
procedure are given elsewhere (11).

Hemoglobin titrations. Variously li-
gated hemoglobin and myoglobin were ti-
trated with Fe(TII)L,* in 0.015 M Tris-Cl
at pH 7.3. The titrations of oxy and car-
bonmonoxy heme proteins were done in
aerobic solutions with a set of rapid addi-
tions of titrant to minimize reoxidation of
the product, Fe(II)L,. Deoxyhemoglobin
was titrated in an anaerobic cell after
oxygen had been removed slowly and re-
placed by an atmosphere of nitrogen.

Reaction of ferritin with HL. A 1.0-ml
solution of 0.2 g atom of iron per milliliter
of horse spleen ferritin was dialyzed with-
out stirring at room temperature against
50 ml of 200 um HL. The dialysis tubing
had previously been treated with EDTA
to remove extraneous metals. At inter-
vals the composition of the external me-
dium was examined spectrophotometri-
cally for the presence of FeL,*.

Electron paramagnetic resonance spec-
tra. Spectra were recorded on a Varian E-
9 spectrometer, which was generously
made available by Dr. Harold Swartz,
Medical College of Wisconsin.

2 The abbreviations used are: HL, 2-formylpyri-
dine thiosemicarbazone; ML,, 2-formylpyridine
thiosemicarbazonato metal complexes, in which M
is the metal and n the number of ligands bound to
metal; NTA, nitrilotriacetate; 1Q-1, 1-formyliso-
quinoline thiosemicarbazone.
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Reaction of HL with assay mixture of
ribonucleoside diphosphate reductase.
The components of the usual assay me-
dium for ribonucleoside diphosphate re-
ductase were made up fresh, adjusted sep-
arately to the given pH, and mixed prior
to reaction. Both Fe(NH,)(SO,). and
Fe(NH,),(SO,), were used as sources of
iron, although the ferrous salt is typically
used in enzyme assays (12). Ligand, HL,
or Fe(IlII)L, was added, and the appear-
ance of Fe(II)L, was followed spectropho-
tometrically over time. Results are dis-
played as the percentage of total HL pres-
ent as Fe(Il)L, plotted against time.

RESULTS

Reaction of HL and its metal complexes
in human plasma and mouse ascites fluid.
In other communications the thermody-
namics of binding of Fe®*, Fe?*, Cu?*, and
Zn?* to HL have been examined® (13).
For the iron and copper complexes, large
formation constants are observed, which
exceed the pH-dependent binding con-
stants for complexes of these metals in-
volving amino acids and other typical cel-
lular ligands. To gain further insight into
the probable reactivity of HL and its iron
and copper complexes in biological media,
human plasma and mouse ascites fluid
have been used as sources of a spectrum of
biological ligands and metal complexes
(11). When Fe(III)L,*, Fe(II)L, under an-
aerobic conditions, or CuL* is incubated
in these media and their visible spectra
are observed, no reaction occurs during a
30-60-min period. A similar result is ob-
served with the ligand. However, when
FeL,* is added to plasma, a small differ-
ence spectrum between plasma in the
sample and reference cells develops in the
region of 400-430 nm. The nature of this
effect is described later. In each case sev-
eral different samples of plasma and as-
cites fluid were used. Hence these metal
complexes are stable in typical biological
environments, and the ligand finds no
available metal ions for complexation
within the sensitivity of the observation.

3 Antholine, W. E., and Petering, D. H., sub-
mitted for publication in J. Inorg. Chem.

The lower limit for observation of FeL,*
and CuL* is about 1.6 um, based on an
instrumental capability of detecting a
change in absorbance of 0.01 in these dif-
ference spectra.

Reaction of HL with ferritin. Iron(III)-
chelating agents such as nitrilotriacetate
can slowly remove ferric iron from the
iron storage protein ferritin (14). To probe
the effect of HL on ferritin-bound iron, a
similar dialysis experiment was em-
ployed. Figure 2 shows the results of this
experiment, in which NTA was used as
the standard for efficient metal complexa-
tion. The Fe(IIl)L,* complex formed
slowly, at a rate commensurate with the
kinetics of iron binding by NTA.

The slow rate of complexation probably
reflects the general difficulty in removing
Fe(II) from its hydrolyzed polynuclear
form, which exists in solution at pH 7 and
which may be similar in structure to the
iron core of ferritin (15). The qualitative
interpretation given the ferritin-NTA re-
action by Pape et al. is that the results are
consistent with a metal chelation mecha-
nism for the normal liberation of iron
from ferritin in vivo (14). Following this
view, it appears that such a reaction in-
volving HL and ferritin provides a rea-
sonable mechanism by which iron metab-
olism is disrupted by HL and by which
FeL,* can be formed in vivo.

Reaction of Fe(IIl)L,* with hemoglobin
and myoglobin. Having seen a difference
spectrum in the 410-430 nm range after
adding Fe(III)L,* to plasma, which re-
sembled the difference spectrum of the
oxidized vs. reduced Soret bands of hemo-
globin, we examined the possible reaction
of Fe(IIl)L, with human hemoglobin and
whole myoglobin. Fe(III)L, reacts rapidly
with human oxy- and deoxyhemoglobin in
an oxidation-reduction reaction. Methe-
moglobin is readily identified by the de-
velopment of a 635 nm band in the spec-
trum of the reaction mixture. The spec-
trum of the sample between 500 and 600
nm is a superposition of hemoglobin spe-
cies and Fe(II)L,, which has a peak and
shoulder at 600 and 540 nm. Because
Fe(II)L, reoxidizes slowly in aerated solu-
tions (see below), there was little diffi-
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F1G. 2. Reaction of HL and NTA with horse spleen ferritin
Equilibrium dialysis of 1.0 ml of ferritin, 0.2 g atom in iron, against 50 ml of 200 um HL in 0.1 M Tris, pH

7.6.

culty in examining this system with oxy-
genated hemoglobin or myoglobin. The
stoichiometry of the reaction was deter-
mined in titration experiments using oxy-
and deoxyhemoglobin and oxymyoglobin
(Fig. 3). As expected, it is 1:1, leading to
an over-all equation of reaction for myo-

globin of
Fe(IIIlL, + Mb(Fe(Il)) = Fe(II)L, + Mb-Fe(IIl) (3)

The complex does not reduce the carbon-
monoxy derivatives of these proteins.

The reduction potentials of oxyhemo-
globin, oxymyoglobin, and Fe(III)L,* are
given in Table 1, together with the equi-
librium constants for the 1-electron trans-
fer between each of the heme protein spe-
cies and FeL,*. It is clear that each reac-
tion reported to occur here has a favorable
equilibrium constant. However, as indi-
cated by the small magnitude of the equi-
librium constant for oxyhemoglobin plus
FeL,*, the titration is not expected to be
complete in the region of the stoichiomet-
ric end point of the reaction. This is
shown in Fig. 3.

Oxidation of Fe(Il)L, by oxygen. The
thermodynamically stable form of the
iron complex in the presence of air is the
iron(III) species (Fig. 4). Upon exposure
to solution equilibrated with air at 25°,
previously formed Fe(II)L, oxidizes

| 2 . 3
FeL, / Heme

Fic. 3. Titration of human hemoglobin with
Fe(IIl)L,*

Hemoglobin concentration, 12.5 uM; absorbance
(A) = Asip — Aszo-

slowly to Fe(III)L,. The isosbestic point at
492 nm is consistent with two intercon-
vertible species in solution — Fe(III)L, and
Fe(I)L,—with no other oxidation prod-
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TABLE 1
Comparative half-wave potentials®
Species E,. AG*'®  log K..°
mV kcal/mole
Fe(IIDL,*
Myoglobin 61 (pH 6) —4.2 3.1
Hemoglobin 150 (pH 7.0) -2.0 1.5
Fe(II)L,* 242 (pH 17.0)
¢ From ref. 16.

b Fe(III)L,* + heme protein & Fe(II)L, + heme
protein*, at 25°.
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F16. 4. Autoxidation of Fe(Il)L, in aqueous solu-

tions at pH 7.4, in 01 M Tris-Cl

ucts observed (4). One may therefore con-
ceive of the following oxidation-reduction
system in vivo:

hemoglobin, rapid

Fe(II)L, Fe(lL, (4)

0,, slow

Because of the prevalence of hemoglobin,
the lower po, of the tissues relative to air-
equilibrated buffer, and the relative ki-
netics of the two processes, it is likely
that the predominant form of the complex
in the organism is Fe(II)L,.

That the oxidation of Fe(II)L, in plasma
is also slow and not catalyzed in this bio-
logical medium was confirmed by observ-
ing the reaction in plasma. Although
complete oxidation to Fe(III)L, does oc-

cur, it is only about 70% complete in 20
min.

Forms of CuL* in vivo. The ligand HL
forms a very strong, three-coordinate
complex with Cu®* (13). This chelate can
then bind other mono- and bidentate li-
gands to constitute 1:1 adducts:

o)

N—/(.\?—NL N—Cu—L
\S/ \s/

These adducts are observed by electron
paramagnetic resonance spectroscopy in
frozen solution. When CuL* is added to
human plasma, two new EPR-detectable
species are formed. One of these may be a
histidine adduct, for the EPR parameters
of the CuL - His adduct are very similar to
one of the two signals present in plasma
(Fig. 5 and Table 2). At a lower concentra-
tion, 10 uM, comparable to that used in
studies of the stability of CuL* in plasma,
a similar situation appears to exist. The
g, region of the EPR spectrum of CuL*
shifts, as occurs in Fig. 5b. However, be-
cause of instrumental noise, it is impossi-
ble to observe the g, region of the spec-
trum.

Reaction of HL with ribonucleoside di-
phosphate reductase. Several studies have
emphasized the sensitivity to HL of the
conversion of ribonucleotides to deoxyri-
bonucleotides in tumor cell systems and
identified this as the molecular site of
HL-induced cytotoxicity. Using 20-30-fold
purified reductase, HL and many of its
ring-substituted analogues have been
shown to be remarkably strong inhibitors
of the enzyme-catalyzed conversion (12,
17, 18):

(o] B (o] B
k ﬂ + mﬂ —_— k 7|
HO OH HO H

Recently evidence was presented that the
iron, copper, and zinc complexes of 1-for-
mylisoquinoline thiosemicarbazone in-
hibit this reaction in vitro as strongly as
the ligand alone (10). In order to clarify
this complicated picture, a spectral analy-
sis of the reaction of HL, FeL,, FelL,*,

+ §=3
5)



94 ANTHOLINE ET AL.

9u

f A'l 1

H—

Fi1c. 5. EPR spectra of CuL*

a. CuL acetate in water. b. CuL* in human plasma. b x 10. Ten-fold expansion of the g, region of b. All
spectra were taken at 77°K; microwave power, 5 mW; modulation amplitude, 6 G; modulation frequency, 100
kHz; microwave frequency, 9.089 GHz. The concentration of CuL* was 60 um.

TABLE 2
EPR parameters for CuL in frozen solutions
Species & A
G
CuL 2.206 185
Cul + His 2.188 183
CulL + plasma® 2.152, 2.181 167, 188
2.160, 2.187 170, 184

2 Two values are shown for each of two different
samples of human plasma.

CuL*, and ZnL* with the assay mixture
excluding enzyme was carried out. Some
of the results are summarized in Fig. 6.
Using HL and a freshly made assay mix-
ture containing Fe®* adjusted to pH 6.9,
Fe(II)L, forms in a biphasic manner. At
pH 5.2 the over-all reaction is consider-
ably faster, leading to complete complex-
ation of iron. If Fe(III)L,* is added di-
rectly at either pH, reduction occurs
within the time of mixing. When
Fe(NH,),(SO,). is used instead of the fer-
ric salt, complete complexation of the lim-
iting amount of HL occurs immediately at
pH 5.2 and within 4 min at pH 7.35.

100 Frv—o. o
o] /
N o]

P
w -]

50 o—
;e D

o
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Fi1c. 6. Reaction of HL with assay mixture for
ribonucleoside diphosphate reductase

The percentage of total ligand as Fe(II)L; is plot-
ted against time. Concentrations were 8.3 mM potas-
sium phosphate buffer (pH 7.0), 4.2 mm ATP, 4.2 mm
Mg(C,H;0,),, 10 mM NaF, 6.3 mM dithiothreitol, 23
uM Fe(NH,) (SO,);, 0.17mM CDP, and 16 uMmHL. V,
Fe(IIT)L, added instead of HL or medium containing
Fe**, pH 5.2; @, Fe**, pH 7.35; O, Fe**, pH 5.2; O,
Fe’*, pH 6.9.
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The addition of CuL* or ZnL* to the
assay medium containing either Fe®* or
Fe?* leads to their quantitative conver-
sion to Fe(II)L,. Dithiothreitol reduces
Cu(II)L* and presumably removes its cop-
per as the copper(I) mercaptide, leaving
HL to form Fe(II)L,. The zinc complex is
partially dissociated in the absence of
competing ligands, so that it is readily
converted to the more stable Fe(II)L, (13).
With 2-formylpyridine thiosemicarba-
zone, therefore, ligand and metal com-
plexes are qualitatively similar, in that
the introduction of each into the assay
system generates Fe(II)L,. Since the stan-
dard assay mixture contains Fe?*, it is
clear that these metal-ligand reactions
are rapid and go to completion (12).

DISCUSSION

A substantial research effort has fol-
lowed the initial observation by Brockman
et al. (19) that monothiosemicarbazones
with the S functional grouping
have antitumor properties. Included in
this work have been the synthesis and
testing by French and co-workers of a
large number of such compounds. Signifi-
cant structure-function correlations have
not been found among these materials (20,
21). In complementary studies, Sartorelli’s
group has focused on the biochemical
mechanisms by which compounds of this
general type destroy tumor cells (17, 18).
Central to the thinking of each of these
two lines of inquiry has been the finding
that the N S constellation of func-
tional groups can act as a tridentate
metal-binding ligand which is hypothe-
sized to have cytotoxic activity because of
its binding to a metal, such as Fe?*, lo-
cated at a sensitive site in the cell,
namely, ribonucleoside diphosphate reduc-
tase (4, 22). Lacking thus far have been
relevant facts about the metal-binding
chemistry of these ligands which can be
used to evaluate this work. Hence the
present work focuses on the bioinorganic
chemistry of the parent ligand, 2-formyl-
pyridine thiosemicarbazone, as a model for
the study of comparative properties of var-
iously substituted thiosemicarbazones. It
is recognized, of course, that ring substitu-
ents will modify the chemistry of the par-

ent compound, perhaps to a large extent.
Therefore extrapolation of results of this
work to related ligands can only be based
on the supposition that substituent effects
are secondary perturbations of the chemi-
cal properties of 2-formylpyridine thiosem-
icarbazone.

The ligand 2-formylpyridine thiosemi-
carbazone (HL) reacts with horse spleen
ferritin to remove iron from its core as
Fe(III)L,. Its efficacy in this chelation
process is similar to that of nitrilotriace-
tate. The results with NTA have been used
previously as a basis for postulating the
physiological mobilization of iron from fer-
ritin by a chelation mechanism (14). In
both cases the rates of reaction are slow,
and direct comparisons with the move-
ment of iron from ferritin stores in vivo are
difficult. Nevertheless, this result sug-
gests a biochemical site for the chelation of
iron by monothiosemicarbazones.

Once formed, Fe(III)L, does not readily
react with typical biological ligands, such
as amino acids, which are present in these
media. However, it does react rapidly with
hemoglobin and myoglobin in oxidation-
reduction reactions, which produce the
met-heme proteins and Fe(II)L,. This re-
duction process should facilitate the move-
ment of the complex across lipid mem-
branes, for Fe(II)L, has a net charge of
zero and consequently has substantial sol-
ubility in nonpolar solvents.

These results and their proposed exten-
sions to the situation in vivo are consistent
with the thermodynamic stability of
Fe(II)L,, the kinetic inertness of Fe(II)L,,
and some of the observed responses of or-
ganisms to 5-hydroxy-2-formylpyridine
thiosemicarbazone (12, 6-8). From other
work the value of K,K, at pH 7.4 for the

pH-dependent equilibria
k
Fet* + HL 2h Fel* 2L FeL, (6
-1 -2
K, K,

is 6.3 x 10", with K, > K3 This is a
large constant for an iron(II) complex (12).
Likewise Fe(III)L, is stable in biological
fluids both because of its thermodynamic
stability and because it is extremely inert
to dissociation or to ligand substitution.?
Apotransferrin is typically present in
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human plasma in the concentration range
of 1-2 uM. Present experiments are not
sensitive enough to decide whether apo-
transferrin at these concentrations can re-
move iron(Ill) from the complex. Such
competition is thermodynamically favora-
ble, because log K (pH 7.4) for Fe(IIl)-
transferrin under physiological conditions
of pH and pco. is 10** (23-25). However,
the kinetic inertness of Fe(III)L, in ligand
substitution processes would probably pre-
vent this metal exchange.? For instance,
the rate constant for ligand exchange
between Fe(III)L, and 200-300 um EDTA
is extrapolated to be 6 x 10~ hr! at
pH 7.4.

Toxic manifestations of the intravenous

administration of 5-OH-HL to humans in-
clude intestinal toxicity, the excretion of
large quantities of iron, anemia, and he-
molysis (7, 8). Assuming a similarity in
behavior between HL and 5-OH-HL in the
biochemical systems studied here, some of
these responses may be rationalized as fol-
lows. 5-OH-HL encounters available iron
in the ferritin of intestinal mucosa. The
Fe(III)L, formed, carrying a 1+ charge,
tends to be localized within these cells.
Since FeL, may be a toxic material itself,
as suggested by its probable inhibition of
ribonucleoside diphosphate reductase, ad-
verse effects may occur at this site. Iron,
obtained from ferritin here and perhaps
elsewhere and bound as Fe(III)L,, is re-
duced in the blood to Fe(II)L, and excreted
as the blue complex, accounting for the
intense dark green urine of patients given
this drug.
Recently Peisach et al. (26) have de-
scribed the events leading to lysis of red
cells exposed to acetylphenylhydrazine.
The initial reactions lead to the oxidation
of hemoglobin. Later Heinz bodies develop
and increased hemolysis occurs. Possibly a
similar mechanism is involved in the he-
molytic process associated with exposure
of humans to the 5-hydroxy compound,
given the results described here for the
oxidation of hemoglobin by Fe(III)L,.

Although there is no direct evidence for
the formation of CuL* in vivo, the magni-
tude of its stability constant at pH 7.4, 2.0
x 10'3, suggests the possibility (13). It is

clearly large enough to remain stable in
the presence of typical biological ligands
found in plasma or Ehrlich ascites tumor
fluid. Since CuL has been shown to be
cytotoxic to tumor cells when incubated in
vitro, the finding that it is stable in plasma
argues that it can exist in vivo as a poten-
tial antitumor agent (9).

In other work the pH-dependent binding
constant for ZnL* in aqueous solution was
determined (13). At pH 7.4 it is 4.0 x 105,
so small that ZnL is partially dissociated
at this pH. In the presence of other li-
gands, such as found in plasma, it will be
completely dissociated. Therefore this
metal complex is not expected to be impor-
tant in vivo.

Having described the thermodynamic
behavior of metal complexes of HL, which
supports the known existence of FeL, and
possibly of CuL in vivo, we now ask: What
is the proximate reactive molecule in the
cytotoxic reaction, HL or one of its com-
plexes? Because a variety of monothiosem-
icarbazones inhibit the cellular conversion
of ribonucleotides to deoxyribonucleotides,
the molecular basis of cytotoxicity has
been identified with this lesion in the syn-
thesis of DNA (17, 18).

The mammalian enzyme present in a
crude preparation from the Novikoff hepa-
toma is iron-activated, according to the
work of Moore (5). This has been confirmed
recently by Hopper (27, 28) with the highly
purified protein from rabbit bone marrow.
Hence in the enzymatic assay mixture fer-
ric or ferrous iron has been added to stimu-
late catalysis, presumably by replacing
iron lost during purification. In other stud-
ies, using a partially purified preparation
from Ehrlich tumor cells, no iron was
added to obtain activity (29). Neverthe-
less, in all of the work on inhibition by
monothiosemicarbazones, the assay mix-
ture has contained iron (4, 21).

Both Sartorelli and French have envi-
sioned the general mechanism of inhibi-
tion of the reductase by representative
monothiosemicarbazones as follows. The
enzyme loosely binds iron, which further
coordinates components of the reaction in
the active site and perhaps participates in
the oxidation-reduction reaction itself (4,
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22). The inhibitor also can bind to the free
first coordination sites of bound iron to
prevent catalysis. Alternatively, FeL can
react with the enzyme to form an inactive
ternary complex. Reactions 7-10 formally
describe this mechanism.

K
E + Fe == E-Fe ()

K,

E-Fe + S

E-Fe-S — products 8)

3

K
E-Fe + HL=——=E -Fe'L + H*

9
inactive ternary complex

K,

E + FeL E-Fe-L (10)

The assay used to examine catalysis by
ribonucleoside diphosphate reductase is it-
self a complicated set of iron-binding li-
gands together with the strong reducing
agent dithiothreitol (E,’ = —340 mV). In
particular, the mixture contains phos-
phate, cytidine diphosphate, adenosine tri-
phosphate, acetate, dithiothreitol, and hy-
droxide, all of which can bind ferrous and
ferric iron. Hence the set of reactions pre-
sented above is, itself, oversimplified.

When the very strong iron(II,III)-bind-
ing ligand HL is added to the assay mix-
ture, which was made up with either Fe**
or Fe?* salts in the presence of the reduc-
ing agent dithiothreitol, Fe(II)L, is ob-
served to form. Using Fe?*, as is done in
the actual enzyme assays, the reaction at
7.35 is so rapid that all of the ligand is
converted to Fe(II)L, within a fraction of
the total time used for incubation of the
enzyme with the medium. Hence inhibi-
tion of ribonucleoside diphosphate reduc-
tase by HL in this assay system appears to
involve principally the interaction of the
enzyme with Fe(II)L,.

That ligand-bound iron is the active in-
hibitor is further supported by two brief
reports that the previously formed ion che-
late of 1-formylisoquinoline thiosemicar-
bazone inhibits the reductase as efficiently
as the ligand (10, 30). This picture has
been complicated by the report that the
zinc and copper complexes of this thiosemi-
carbazone also prevent catalysis by this
enzyme, to a degree similar to the iron
chelate (10). In view of the results with HL
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presented here, what surely occurs with
the zinc complex is that it is dissociated by
ligands in the assay mixture to release free
1Q-1, which then functions as Fe(II)(IQ-
1),. Similarly, the copper chelate is proba-
bly reduced by dithiothreitol to Cu(I)(IQ-
1), which reacts with thiol to yield Cu(I)SR
and free 1Q-1.

What remains for investigation is the
actual mode of inhibition. Previous quasi-
steady-state kinetic studies on the crude
enzyme from Novikoff hepatoma present a
complicated array of results with different
monothiosemicarbazone inhibitors (1, 31).
Nevertheless, in view of the recent chemi-
cal studies of Fe(II)L,, the following gen-
eral comments can be made. Assuming
that an iron complex does comprise the
inhibitory form of HL, that species must
be either FeL, or Fe(II)L*. It is known that
K, > K, in reaction 6, in which log KK, at
pH 74 is 6.3 x 10'.3 Hence, for the
enzyme to form an inactive ternary com-
plex E - Fe-L, the equilibrium constant for
the following reaction must be very large
indeed:

E + FeL,=E-Fe-L+L 11)
If FeL, is the active form, then a mecha-
nism which does not involve the direct
binding of E and Fe must be considered.
Only studies with the enzyme in pure form
with a convenient assay technique will re-
solve this interesting question.
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