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FOREWORD 
The ACS S Y M P O S I U M SERIES was founded in 1974 to provide 
a medium for publishin
format of the Series parallels that of the continuing ADVANCES 

IN C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 
At its inception, the original plan for this symposium was to emphasize 

the medical aspects of inorganic chemistry, rather than to go over 
once more new developments in bioinorganic chemistry, important as the 
subject is, since the latter topic has been treated many times in recent 
symposia reviews and monographs. The objectives of this symposium were 
to review and interpret the remarkable advances that have occurred recently 
in medical inorganic chemistry and to stimulate interest on the part of 
inorganic chemists to become involved in the developing research problems 
in this area. The interaction
functions of metal ions in physiological systems are very complex, and the 
precise nature of these interactions and processes are, for the most part, 
unknown. In addition to the applications of metal ions and complexes for 
medical purposes, extensive fundamental studies are needed to understand 
the basis of these applications and thereby make it possible to carry out 
systematic improvements in current methods as well as to develop new 
approaches in this interesting field. 

Of the approximately eighty metallic elements, a considerable number 
have been identified as essential to life; many others have been indicated 
as possibly essential, while a large number of metals are of concern because 
of toxic effects that result when they are introduced into the body acci
dentally or through environmental influences. Major metal ions such as 
Na +, K + , Mg 2 + , and C a 2 + are important in maintaining electrolyte concentra
tion in body fluids or as skeletal constituents. Many of the transition metal 
ions are essential in trace amounts for the activation of enzyme systems. In 
many cases, these essential metal ions become toxic or even carcinogenic 
when present at sufficient levels to overwhelm the natural ligands and 
macromolecules that function as carriers for these ions, and thus more than 
saturate the normal physiological processes for their control. Under such 
conditions, they may function, as do many unnatural toxic metals, by 
reacting with other biomolecules, distorting or blocking their essential 
functions. In many cases, the differences between the essential and toxic 
levels are surprisingly narrow. This duality of behavior between natural 
and toxic levels constitutes the basis of threshold concentrations for several 
carcinogenic metals—below which these metals exist as essential and 
noncarcinogenic compounds. It also provides a strong refutation of the 
validity of the linear extrapolation method still in active use for the 
interpretation of carcinogenicity of compounds observed at high concentra
tion levels in test animals. 

vii 
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The topics covered in this symposium were selected so as to provide 
examples of current and potential medical applications of metal compounds. 
The emphasis and amount of attention given were in many cases not in 
proportion to the importance or activity levels of these applications, for a 
number of reasons. The use of platinum complexes for the treatment of 
cancer is perhaps under-represented because several symposia, some of 
which have been published, have been held on this subject in recent years. 
Similarly, iron nutrition, although very important, has been omitted because 
it is well covered by periodic and continuing conferences and conference 
proceedings devoted entirely to this field of research. New developments of 
ionophores and on the use of chelating agents for the removal of radioactive 
metals from the body were not given the attention that they deserve in this 
symposium because these subjects were treated in separate symposia at the 
same American Chemical

Because of the large number and complexity of the functions of metal 
ions in physiological systems, the applications of complexes of both essential 
and unnatural metal ions for medical purposes are expected to expand 
dramatically in the next decade. It is hoped that this book will help to 
attract more inorganic chemists to this field, to provide the expertise in 
coordination chemistry needed for the achievement of significant new 
developments in this potentially important area of medicine. 

The Editor wishes to express his appreciation for the many helpful 
suggestions received from professional colleagues during the formative 
stages of this symposium. Special thanks are due to L. G. Marzilli for 
assistance with subject matter planning, and to J . H . Timmons for valuable 
editorial assistance. 

Texas A & M University 
College Station, Texas 

August 7, 1980 

A. E. MARTELL 
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Molecular and Biological Properties of Ionophores 

BERTON C. PRESSMAN, GEORGE PAINTER, and MOHAMMAD FAHIM 

Department of Pharmacology, University of Miami, Miami, F L 33101 

The ionophores ar
which form lipid-solubl  complexe  transpor
cations across low polarity barriers such as organic solvents and 
lipids (1). From a biological standpoint, the most important low 
polarity barrier is the l ip id bilayer which l ies within biological 
membranes; ionophores possess unique and potent biological proper
ties which derive from their ability to perturb transmembrane ion 
gradients and electrical potentials. Each ionophore has its own 
characteristic ion selectivity pattern arising from the interac
tion between the conformational options of the host ionophore and 
the effective atomic radius and charge density of the guest 
cation. The ability of ionophores to complex and transport 
cations has an ever growing l i s t of applications in experimental 
biology and technology and may ultimately provide the basis for 
novel cardiovascular drugs. Ionophores are also intriguing inte l 
lectually as objects for study of chemical and physical complexa
tion processes at the molecular level and as challenges to the 
state of the art of chirally selective organic synthesis (2) . 
Several reviews are available for expanding the description of 
ionophores provided here (3,4,5). 

General Structural Features of Ionophores 

Several of the general structural features of ionophores are 
illustrated in Figure 1. A l l ionophores deploy an array of 
liganding oxygen atoms about a cavity in space into which the com-
plexed cation f i t s . X-ray crystallography reveals that the prin
cipal bonding energy is provided by induced dipolar interaction 
between the complexed cation and those specific oxygens which are 
filled in . 

Valinomycin consists of alternating residues of hydroxyacids 
and aminoacids constituting a cyclic dodecadepsipeptide. In space 
the ring undulates defining a bracelet 4 Å. high and 10 Å in diam
eter. The liganding oxygens, the ester carbonyls, form a three 

0-8412-05 8 8-4/ 80/47-140-003$05.00/0 
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4 INORGANIC CHEMISTRY IN BIOLOGY AND MEDICINE 

VANCOMYCIN ENNIATIN B MACROLIDE ACTINS 

CYCLOHEXYL ETHER MONENSIN NIGERICIN 

Figure 1. Structures of representative ionophores. The oxygen atoms that x-ray 
crystallography indicates to be primarily involved in liganding to cations are filled in. 
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1. PRESSMAN E T AL. Properties of Ionophores 5 

dimensional cage which accommodates K + (r = 1.33 X) much more 
snugly than Na + (r = 0.95 ft) resulting i n a K +:Na + preference of 
10,000:1 (4). 

Enniatin B i s a c y c l i c hexadepsipeptide; the smaller ring 
results i n a r e l a t i v e l y planer array of liganding oxygen atoms; 
the more open and more f l e x i b l e cage results i n a K +:Na + discrimi
nation of only 3:1 (6). 

A new feature appears i n the c y c l i c tetraesters, the macro-
l i d e nactins. In addition to the ester carbonyls, four hetero
c y c l i c ether oxygens participate i n complexation; the oxygens are 
arranged at the apices of a cubic cage. Five variant nactins are 
known depending whether 0-4 of the R groups are methyls (nonactin) 
or ethyls (monactin, dinactin, t r i n a c t i n , tetranactin)(7). 

While the aforementioned ionophores are Streptomyces metabo
l i t e s , the crown polyethers, the depicted prototype of which i s 
dicyclohexyl-18-crown-6  are synthetic (8)  Although they lack 
the i n t r i c a t e conformation
multiple asymmetric carbo
erties are analogous. While they are less e f f i c i e n t ion c a r r i e r s , 
their lack of l a b i l e linkages confers increased chemical s t a b i l i t y ; 
they f i n d extensive use i n organic synthesis for s o l u b i l i z i n g 
electrolytes, e.g. enolates, i n nonpolar solvents thereby pro
viding reactive naked anions (9) . 

The ionophores thus far described lack ionizable groups and 
are c o l l e c t i v e l y c l a s s i f i e d as neutral ionophores; their complexes 
acquire the net charge of whatever ion i s complexed. We s h a l l now 
examine two representatives of the carboxylic subclass of iono
phores. Only the anionic form of these ionophores complex cations, 
hence they form e l e c t r i c a l l y neutral zwitterionic complexes. This 
d i s t i n c t i o n i s fundamental for explaining the profound differences 
in b i o l o g i c a l behavior of the ionophore subclasses, hence we pre
fer carboxylic ionophore to the term polyether a n t i b i o t i c used by 
Westley (5). The l a t t e r term, furthermore, leads to functional 
ambiguity with the ethereal macrolide nactins and crown polyethers 
which are neutral ionophores. 

The naturally occurring carboxylic ionophores, t y p i f i e d by 
monensin, lack the structural redundancy of the neutral iono
phores. Monensin consists of a formally l i n e a r array of hetero
c y c l i c ether-containing rings, however the molecular c h i r a l i t y 
a r i s i n g from the rings and asymmetric carbons favors the molecule 
assuming a quasi-cyclic configuration. Additional s t a b i l i z a t i o n 
of the ring i s conferred by head-to-tail hydrogen bonding. In 
addition to i t s liganding ether oxygens, monensin has a pair of 
liganding hydroxyl oxygens (10). 

The t a i l portion of n i g e r i c i n closely resembles monensin, 
however, an additional tetrahydropyranol ring thrusts the head 
carboxyl group into the complexation sphere. Thus, i n addition to 
the induced dipole ion bonds previously described, n i g e r i c i n com
plexes feature a true ionic bond. Despite major s i m i l a r i t i e s i n 
structure, n i g e r i c i n prefers K + over Na + by a factor of 100 while 
monensin prefers Na + over K"1" by a factor of 10 (11) . 

In Inorganic Chemistry in Biology and Medicine; Martell, A.; 
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6 INORGANIC CHEMISTRY IN BIOLOGY AND MEDICINE 

Dynamics of Ionophore-Mediated Transport 

Neutral Ionophores. The relationship between equilibrium 
ionophore a f f i n i t i e s and dynamic b i o l o g i c a l transmembrane trans
port i s detailed i n Figure 2. The transport cycle catalyzed by 
neutral ionophores i s given on the l e f t . Ionophore added to a 
bi o l o g i c a l membrane partitions predominately into the membrane. A 
portion of the ionophore diffuses to the membrane interface where 
i t encounters a hydrated cation. A loose encounter complex i s 
formed followed by replacement of the cationic hydration sphere by 
engulfment of the cation by the ionophore. The dehydrated com
plex i s l i p i d - s o l u b l e and hence can diffuse across the membrane. 
The cation i s then rehydrated, released, and the uncomplexed iono
phore freed to return to i t s i n i t i a l state within the membrane. 
The net reaction catalyzed i s the movement of an ion with i t s 
charge across the membrane. 

Two independent factor
governing net transport
t e n t i a l , i . e . A E ^ B , and the concentration gradient, [ M + ] ^ / [ M + ] B • 

At equilibrium, the electrochemical potential (a combined function 
of e l e c t r i c a l and concentration terms) of M*" on side A becomes 
equal to the electrochemical potential of on side B, i . e . 
P M A = P M B * I N T E R M S of experimentally measurable parameters, the 
relationship 

A E ^ = -59 mV log [ M + ] A / [ M + ] B 

applies. This s i g n i f i e s that i f the e l e c t r i c a l term, A E ^ B , 
exceeds the concentration term, 59 mV log [M^/Mj], the ion w i l l 
flow down the potential gradient and dissipate i t (electrophoretic 
transport mode). If the concentration term exceeds the pre-exist
ing potential term, the movement of down i t s concentration term 
w i l l increase AE^jg (electrogenic transport). The relevant s i g 
nificance of this transport mode i s that neutral ionophores per
turb not only the transmembrane ion gradients of b i o l o g i c a l 
systems but also their transmembrane e l e c t r i c a l potentials. Since 
the l a t t e r are so important i n b i o l o g i c a l control, i t i s not sur
pri s i n g that the neutral ionophores are exceedingly toxic towards 
intact animals. 

Carboxylic Ionophores. Carboxylic ionophore-mediated trans
port i s detailed on the l e f t of Figure 2. The form assumed within 
the membrane at the start of the transport cycle i s an e l e c t r i 
c a l l y neutral zwitterion, M^-I"; anionic free I" i s presumably too 
polar to be stable at that locus. When this species diffuses to 
the membrane interface, i t i s subject to solvation; the cation can 
be hydrated and removed from the complex. The resultant highly 
polar I " i s obliged to remain at the interface u n t i l a new charge 
partner, represented by N+'R^O, arrives. Once i n position, N + 
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1. PRESSMAN E T AL. Properties of Ionophores 1 

exchanges i t s solvation H2O for the oxygen liganding system of I 
forming l i p i d compatible N+.I" which then diffuses across the 
membrane. There the process i s reversed and N + i s exchanged for 
M+. The ionophore then reenters the membrane as M+I"" thereby 
completing the c a t a l y t i c cycle. The net reaction i s the movement 
of N+ across the membrane i n exchange for M + without an accompany
ing net charge translocation. This i s presumably an essential 
requirement for tolerance of appreciable concentrations of iono
phores by animals, i . e . carboxylic ionophores are r e l a t i v e l y non
toxic compared to neutral ionophores. In other words, the a b i l i t y 
of carboxylic ionophores to a l t e r physiological processes i n a 
pharmacologically useful manner stems from their capability to 
a l t e r transmembrane ion gradients without d i r e c t l y short c i r c u i t 
ing the transmembrane potentials of e l e c t r i c a l l y active c e l l s . 

The formation and dissociation of ionophore-cation complexes 
i s equivalent to the displacement of the primary cation solvation 
sphere by the ionophore
groups approach the solvate
They then interact v i a an associative interchange mechanism analo
gous to an S N2 mechanism (12). Formation of the transition state 
involves extension of the cation to both the entering ligand and 
the departing cation solvation sphere. In the process, the less 
rigorously defined solvation sphere of the ligand i s also d i s 
charged. The ionophore then engulfs the cation, i t s liganding 
groups progressively displacing the molecules of the cation solva
tion s h e l l in a concerted fashion. In the case of the carboxylic 
ionophores, the i n i t i a l stage prior to the formation of the trans
i t i o n complex i s a simple ion pair. 

Although they vary widely i n structure and conformation, the 
carboxylic ionophores feature a variety of heteroatoms constitut
ing a liganding system which operates by means of induced dipoles. 
The magnitude of the dipoles increases progressively by induction 
as approached by the cation and ultimately produces a solvation 
system stronger than that of the bulk phase solvent. Whereas the 
individual solvation molecules, within the primary solvation 
sphere of a cation, exchange independently with the bulk solvent, 
the ligands of an ionophore, held together by a common backbone, 
must behave i n a cooperative manner. Intramolecular hydrogen 
bonding and substituents which favor c y c l i c conformations (e.g. 
spirane systems) promote the s t a b i l i t y of complexes. Consequently, 
the various cation a f f i n i t y and s e l e c t i v i t y patterns which charac
terize each ionophore arise from the precise spacial depolyment of 
liganding heteroatoms as determined by molecular conformation 
(13,14). 

Conformational Studies of a Representative Carboxylic 
Ionophore, Salinomycin 

Salinomycin, a representative carboxylic ionophore (Figure 3) 
(15), i s a p a r t i c u l a r l y suitable model for studying the dynamic 
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8 INORGANIC CHEMISTRY IN BIOLOGY AND MEDICINE 
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Figure 2. Different modes of ionophore-mediated transmembrane transport. Neu
tral ionophore-mediated transport is depicted on the left and carboxylic ionophore-
mediated transport, on the right. The individual transport steps are detailed in 

the text. 
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1. PRESSMAN ET AL. Properties of Ionophores 9 

conformational aspects of complexation. The c i r c u l a r dichroism 
(CD) a r i s i n g from the n -> TT* transition of the C - l l carbonyl i s 
sensitive to molecular environment and serves as a probe to report 
the c h i r a l i t y i n i t s v i c i n i t y . CD enables us to evaluate the 
conformational perturbations produced by al t e r i n g the polar and 
protic properties of the solvent system. Systematic perturbation 
of the solution conformation of salinomycin by an appropriate 
choice of solvents reveals that ion a f f i n i t y and s e l e c t i v i t y are 
variable, conformationally determined, properties. 

Representative CD spectra of protonated salinomycin, i t s K + 

complex and i t s uncomplexed anion are presented i n Figure 4 . No 
s i g n i f i c a n t s h i f t of the negative 2 9 0 nm peak occurs with solvent 
change or liganding state; Beer's law i s obeyed from 1 0 " ^ to 
1 0 " " 6 M . The function most suitable for r e l a t i n g CD spectra to the 
conformation of a molecule i s the rotational strength (R£) of the 
observed electronic transitio  ( 1 6 )  Sinc  th  Gaussia  approxi
mation appears to hold fo
calculated from [8] and  ( 1 7 ) . 

Figure 5 i l l u s t r a t e s the effect of solvent changes on the 
R£ of the ionophore free acid and i t s anion. Kosower's Z values 
proved empirically an effective function for ranking solvents 
according to their integrated polar and protic properties ( 1 8 ) . 
The | R J | of the free acid decreases l i n e a r l y with a small positive 
slope as the Z values r i s e . In contrast, the | R Q | of the un
complexed anion, the species participating i n complexation, drops 
sharply between Z values of 8 0 and 8 3 , varying l i t t l e above and 
below these values. Thus, the conformation of the anion tends 
toward one of two metastable states depending upon solvent Z 
value. 

The role of the solvent i n determining equilibrium solution 
conformation can best be understood i n terms of functional group 
s t a b i l i z a t i o n . In polar protic media the equilibrium conformation 
of the uncomplexed anionic ionophore i s determined by the solva
tion of the carboxylate anion and the polar liganding groups. 
Thus, two d i s t i n c t solvent effects are operative, solvation of the 
polar liganding groups resulting i n conformational s t a b i l i z a t i o n 
due to decreased dipole-dipole repulsion and maximization of the 
solvation energy of the anion. The protonated ionophore responds 
only to the solvation of polar liganding groups. Thus, Figure 5 
provides insight into the r e l a t i v e importance of each of these 
factors i n determining equilibrium solution conformation. The 
perturbation of conformation due to solvation of polar liganding 
groups alone, as i n the protonated ionophore, causes only a s l i g h t 
change i n conformation, i . e . a small change i n |Rol> over a large 
range of Z values. However, ionization of the protonated form of 
the ionophore profoundly changes i t s response to solvents. At Z 
values > 8 3 , the carboxylate i s s t a b i l i z e d by i t s protic, polar 
environment. The resulting solvation sphere influences the con
formation strongly as evidenced by the very low | R Q | values 
(Figure 3 ) . As the Z values f a l l , and the solvent becomes less 
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10 INORGANIC CHEMISTRY IN BIOLOGY AND MEDICINE 

Figure 4. CD spectra of the carboxylic 
acid free anion and K+ complex forms of 
salinomycin. The free anionic form was 
generated by the addition of excess tri-n-
butylamine and the K+ complex by the 

addition of excess KSCN. 

M 
10* -a 

WmLiKT* (urn) 

Figure 5. Rotational strengths of the 
carboxylic acid and free anion forms of 
salinomycin as a function of solvent Z 

values 

Figure 6. K+:Na* selectivity (l/KDNa+: 
1/KDk+) of salinomycin as a function of 

solvent Z value 
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1. PRESSMAN E T AL. Properties of Ionophores 11 

able to s t a b i l i z e the charge, s t a b i l i z a t i o n i s achieved by a tight 
head-to-tail (C^-O-LyH) hydrogen bond. The formation of this bond 
results i n a compression of the liganding cavity, the l i m i t of 
which i s determined by dipole-dipole repulsion. Application of 
the Octant Rule (16) to computer models of the anion corroborates 
that tightening of the head-to-tail bond should be accompanied by 
a concomitant increase i n | R Q | . 

Figure 4 indicates that CD can be employed to determine com
plexation K D

T s (see Table I ) . The ratio of the Na+:K+ K D
f s , i . e . 

K +:Na + s e l e c t i v i t y , also shows a sharp s h i f t between Z values of 
80 and 83 (cf. Figure 6). Thus, the a b i l i t y of the complexing 
form of the ionophore to discriminate between ions depends 
strongly upon environmental influences on conformation. Changes 
in inter-ligand distances and ligand orientations effected by 
changes i n ionophore conformation manifest themselves by a deter
minative alt e r a t i o n of the free energy of complexation

CD was u t i l i z e d t
formation of the cation-ionophor
tion isotherms were plotted from linear computer f i t s of 
1/[cation] versus 1/AR£; the slopes yielded Kpj's while extrapola
tion of R J to i n f i n i t e cation concentration provided the R^'s of 
the cation-saturated ionophore. I t i s important to note that the 
cation i t s e l f i s a s i g n i f i c a n t v i n c i n a l moiety, which by virtue of 
i t s charge, p o l a r i z a b i l i t y and location with respect to the 
chromophore of concern, can modify the rotational strength of the 
chromophore. 

Comparison of the |R£| values for the Na + and K + complexes of 
salinomycin i n Table I with the | R J | values for salinomycin anion 
i n Figure 5 shows an increase i n the magnitude of |R£| upon com
plexation i n a l l solvents. This corresponds to a change i n con
formation upon complexation, i . e . reorientation of the ionophore 
about the cation. Application of the Octant Rule to computer 
generated models of salinomycin indicates that this reorientation 
i s a constriction of the liganding oxygens which surround the 
cation. The extent of this constriction correlates with the 
s t a b i l i t y of the complex indicated by i t s (cf. Table I ) . 

X-ray crystallographic studies confirm that a l l cationic 
complexes of carboxylic ionophores have their liganding atoms o r i 
ented toward a central cavity. The extent to which this conforma
tion would be altered in the absence of a bound cation due to the 
mutual e l e c t r o s t a t i c repulsion of the dipolar oxygen atoms would, 
i n turn, be modulated by the mobility of the backbone supporting 
the ligands. 

We conclude that the dynamics of molecular conformation asso
ciated with salinomycin complexation i n a l l l i k e l i h o o d extend at 
least to the other naturally occurring carboxylic ionophores. The 
influence of ionophore environment, e.g. solvent, on ionophore 
conformation i s p a r t i c u l a r l y s i g n i f i c a n t when considering the 
environmental continuum encountered by an ionophore when trans-
versing a b i o l o g i c a l membrane. 
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The extension to ionophore s e l e c t i v i t y of a hypothesis based 
on analogy with the r i g i d matrices of ion selective glasses (19) 
i s inconsistent with the dynamic conformational aspect of ion 
s e l e c t i v i t y developed i n the present paper. Furthermore, the 
conformational options of ionophores are not necessarily a graded 
function of environmental polarity but may display sudden s h i f t s 
between metastable states over narrow polarity ranges. Electro
s t a t i c interactions between ions and induced dipoles undoubtedly 
play a determinative role i n cation complexation by ionophores, 
but the a b i l i t y of the ionophore to a l t e r i t s conformation cannot 
be ignored as i t i s i n the assumption of isosterism (19). 

Pharmacological Properties of Carboxylic Ionophores 

Pharmacological Ef f e c t s . Although both neutral and carboxy
l i c ionophores have bee  extensivel  employed  tool  fo  i
v i t r o studies of b i o l o g i c a
viously, only the carboxyli  ionophore y
by intact animals to produce well defined pharmacological 
responses. We i n i t i a l l y examined the cardiovascular effects of 
lasalocid because of i t s a b i l i t y to transport the key b i o l o g i c a l 
control agents, Ca^ + and catecholamines (20,21). However, we 
l a t e r discovered that carboxylic ionophores selective for a l k a l i 
ions were even more potent in evoking the same responses (22). 

Figure 7 i l l u s t r a t e s the two d i s t i n c t primary cardiovascular 
effects produced by monensin. At low concentrations, 50 yg/kg, 
i t produces a direct d i l i t a t i o n , i . e . relaxation of the smooth 
muscle of the coronary art e r i e s , manifested by a multifold i n 
crease i n coronary blood flow. At this l e v e l or below, no other 
effects occur. If the dose i s increased to 0.2 mg/kg, an ino
tropic response follows the i n i t i a l coronary d i l i t a t i o n . This 
response, an increase i n cardiac c o n t r a c t i l i t y , can be monitored 
as the maximum rate of r i s e of pressure i n the l e f t v e n t r i c l e , 
LV dP/dt max. Other parameters p a r a l l e l the inotropic effect. 
Following an i n i t i a l drop caused by d i l i t a t i o n of the systemic 
arteries, mean blood pressure rises as does pulse pressure, the 
interval between lowest (diast o l i c ) and highest (systolic) tran
sient pressures; the rate of blood pumped by the heart (cardiac 
output) also r i s e s . 

The two d i s t i n c t effects are thus an increase i n coronary 
flow, which rapidly follows in j e c t i o n of the ionophore, followed 
by an inotropic response, which only appears at higher doses. 

The resolution by dosage of the two ionophore responses i s 
clearly apparent i n the dose-response plot of Figure 8. Coronary 
flow rises progressively u n t i l i t plateaus at 10-50 yg/kg 
monensin. Higher doses cause a secondary increase i n flow re
f l e c t i n g the r i s e i n a t r i a l pressure which drives blood through 
the coronaries. Only 2.5 yg/kg ( i . e . 2.5 ppb) are suffucient to 
double the basal flow rate. It i s possible to detect the i n 
creased flow of 1 yg/kg (1 ppb) with s t a t i s t i c a l confidence. 
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1.15 Ml/Kg M Bt/Kl 

Figure 7. Cardiovascular response of a typical anesthetized dog to monensin. A 
low dose (0.05 mg/kg) was
interval of an hour to permit
(0.2 mg/kg) was administered. The lowest tracing (mean LAD CF.) is the time-
averaged flow measured by a magnetic flow probe encircling the left anterior 
descending coronary artery. The AP trace gives the diastolic-systolic pressure range 
recorded from a catheter in the aorta. LV dP/dt max, the index of cardiac con
tractility, was obtained from a manometer-tipped catheter inserted in the left 
ventricle. The measured pressure was converted to its derivative to record dP/dt 

directly. 

0 10 20 30 40 SO 60 70 80 90. lAo 
MONENSIN INJECTED 

Figure 8. Dose-response curve of coronary flow vs. monensin in the dog. Data 
replotted from Ref. 37, as a function of dose at a fixed time interval of 5 min after 

injection. 
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Mechanism of the Pharmacological E f f e c t s . Table II compares 
the jln v i t r o ion carrying capacity of a series of ionophores with 
their inotropic potency. Appreciable rates of C a 2 + or catechol
amine (norepinephrine) transport are observed only for las a l o c i d , 
the ionophore of the group with the poorest inotropic potency. 
Extremely wide ranges of Ca 2+ and norepinephrine transport 
capacity are seen with no correlation with inotropic potency. The 
Ca2+-selective A-23187 gives only a sporatic inotropic response 
with the intact dog. The correlation between inotropic potency 
and Na + transport capacity i s less negative and i s within the 
realm of l i k e l y differences between the properties of the experi
mental solvent barrier system and those of actual b i o l o g i c a l mem
branes. When the a c t i v i t i e s of ionophores are compared on the 
basis of the quantity required to release a standard amount of K + 

from erythrocytes, c h i e f l y i n exchange for Na +, the correlation 
with inotropic potency i s even better. 

C e l l s i n general contai
electrolytes containing
mediated exchange-diffusion transport thermodynamically favors 
loss of i n t r a c e l l u l a r K + for a roughly equivalent amount of Na +. 
Since the r e l a t i v e increase i n c e l l u l a r Na + induced by ionophores 
i s considerably greater than the r e l a t i v e loss of K +, we i n f e r 
that the gain i n i n t r a c e l l u l a r Na +, reflected by the more conven
ient l y measured release of K+, i s more s i g n i f i c a n t than the loss 
of K + per se. An additional factor i s that different b i o l o g i c a l 
membranes, e.g. erythrocytes and mitochondria, respond d i f f e r e n t l y 
to ionophores (23). A l l things taken into consideration, the data 
of Table II are reasonably supportive of a mechanism of action of 
ionophores involving i n i t i a t i o n of an increase i n i n t r a c e l l u l a r 
Na +. 

Many of the effects of ionophores appear to involve an i n 
crease i n i n t r a c e l l u l a r Ca2+. Increased c o n t r a c t i l i t y implies an 
increased a v a i l a b i l i t y of i n t r a c e l l u l a r Ca^+ to trigger the i n t e r 
action of actin and myosin. At higher concentrations, monensin 
progressively induces contraction of the resting heart (contrac
ture) indicating that C a 2 + a c t i v i t y becomes too elevated to allow 
normal relaxation (24). 

Increased i n t r a c e l l u l a r C a 2 + a c t i v i t y also activates secre
tory c e l l s (25). Inhibition studies indicate that the inotropic 
effect of monensin i s mediated i n part by the release of catechol
amines from the adrenals and/or the heart i t s e l f (22). Monensin 
also discharges catecholamines from disaggregated bovine chromaf
f i n c e l l s i n culture (26,27), and induces the release of acetyl
choline at the neuromuscular junction (28). Thus, the secretion 
stimulatory a c t i v i t y of monensin also supports the concept that 
increased i n t r a c e l l u l a r Na + a c t i v i t y produces a r i s e i n i n t r a 
c e l l u l a r C a 2 + a c t i v i t y s u f f i c i e n t to stimulate Ca 2 +-activable 
c e l l s . 

Two hypotheses for the conversion of a primary increase i n 
i n t r a c e l l u l a r Na + a c t i v i t y to a subsequent increase i n i n t r a c e l l u -
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l a r C a 2 + are plausible. One would be an exchange-diffusion 
carrier in the plasma membrane permitting the large C a 2 + a c t i v i t y 
gradient (a 10"3 M extracellular, a 10" 7 M inter i o r ) to permit 
entry of Ca 2+ into the c e l l i n exchange for Na +. (On thermodynamic 
grounds one would expect the exchange r a t i o to be 3-4 Na + expelled 
for each C a 2 + taken up). Thus, making more i n t r a c e l l u l a r Na + 

available for exchange, or i n thermodynamic terms reducing the 
gradient against which Na + must move (a 10~ 2 M i n t r a c e l l u l a r , a 
10-1 M e x t r a c e l l u l a r ) , would favor the entry of C a 2 + . A c r i t i c a l 
evaluation of this hypothesis has appeared i n a recent review 
(29). An alternate mechanism would be the release of i n t r a c e l l u 
l a r ^ bound C a 2 + by displacement by Na+. This i s feasible since 
the gross chemical C a 2 + i n t r a c e l l u l a r concentration i s ca. 10"" 3 M 
while i t requires only 10"~6 - 10~ 5 M C a 2 + a c t i v i t y to activate 
contraction or secretion. There might well exist purposeful C a 2 + -
Na + ion-exchange si t e s within c e l l s so designed that only a small 
r e l a t i v e Na + a c t i v i t y chang
re l a t i v e C a 2 + a c t i v i t y chang
s u f f i c i e n t to activate Ca 2 +-dependent i n t r a c e l l u l a r processes. 

Impact of Ionophores on Man and Animals 

Carboxylic Ionophores and E f f i c i e n c y of Feed Conversion by 
Livestock. A strong note of relevance to studies of the chemical 
and pharmacological properties of carboxylic ionophores derives 
from the large scale use of monensin as a livestock feed additive. 
The rationale i s that carboxylic ionophores control endemic 
coccidiosis i n the poultry gut (30) and promote a more favorable 
fermentation of cellulose in the bovine rumen (31). In either 
case, the net result i s the economically important increased 
efficiency of conversion of feed into meat. 

Pharmacokinetics of Ionophore Absorption. We have developed 
a sensitive chemical assay for carboxylic ionophores (which w i l l 
be published elsewhere) based on their a b i l i t y to form l i p i d solu
ble complexes with cations. We can detect as l i t t l e as 1 part per 
b i l l i o n (ppb) monensin i n 2 ml of blood plasma or tissue. For a 
comparison yardstick, current feeding regimens c a l l for ca. 30 
parts per m i l l i o n (ppm) i n cattle feed (32) and as much as 100 ppm 
i n poultry feed (33). 

Typically, a cow ingests about 0.3 g (̂  1 ppm) monensin/day. 
As previously observed i n Figure 7, as l i t t l e as 1 ppl> (based on 
body weight) produces a detectable physiological effect on the 
dog. 

In order to establish the pharmacokinetic relationships 
between o r a l l y ingested and intravenously injected monensin, we 
carried out preliminary studies of monensin blood levels in the 
dog. In Figure 9 we see that injected monensin clears from the 
plasma with a t ^ of ^ 2.5 minutes which we presume i s too rapid 
for the operation of normal elimination mechanisms. Hence, i t i s 
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Figure 9. Pharmacokinetics of monensin in the dog. In the upper trace, 100 fig/kg 
monensin was injected into a barbiturate-anesthetized dog with a manometer-tipped 
catheter in the left ventricle to measure dP/dt. Blood samples were taken at various 
periods and 2 mL samples of plasma obtained by centrifugation for ionophore assay. 
Note that the monensin cleared the blood rapidly and that the cardiac responses 
persisted. Subsequent assays revealed the monensin entered the dog tissues, par
ticularly the lungs. The lower trace compares the pharmacokinetics of the injected 
dose with those obtained from a nonanesthetized dog that received the monensin 
orally (2 mg/kg) as a concentrate applied to a small quantity of feed. The plasma 
levels obtained by administration of an oral dose approached those obtained by 
injection, indicating that the major portion of the oral dose passed through the 

plasma and into the tissues before being eliminated. 
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reasonable to assume that the ionophore leaving the plasma i s 
taken up by the tissues. This would not at a l l be unexpected con
sidering the high lipid:water p a r t i t i o n c o e f f i c i e n t of ionophores. 
I t i s supported by the delayed and persistent elevation of the 
ionophore-sensitive cardiac function parameter, LV dP/dt. Pre
liminary t r i a l s of a variation of our assay adapted for whole 
tissues indicate that i n the rabbit the major portion of monensin 
appears i n the tissues within 10 minutes following i . v . injection, 
at concentrations roughly p a r a l l e l i n g the degree of blood perfu
sion: lung > heart > kidney > l i v e r , muscle, f a t . 

The lower graph of Figure 8 compares the time course of ap
pearance i n the plasma of injected and o r a l l y administered 
monensin doses i n the dog. The oral dose appears i n the blood 
more slowly but produces more sustained ionophore blood l e v e l s . 
The time concentration integral gives an index of the quantity of 
the drug which passes through the plasma; rate of entry and clear
ance from the blood affec
net i n t e g r a l . The integra
the i n t e g r a l of a known dose administered d i r e c t l y into the blood 
Although different animals and different dose levels were used, 
the ratio of the i . v . i o r a l dose integrals are approximately pro
portional to the 1:20 ratios of the net doses administered. This 
s i g n i f i e s that a major portion, i f not a l l of the o r a l l y ingested 
monensin dose, passes through the blood stream of the dog before 
being eliminated. In the rabbit, a herbivore, one might predict 
absorption of o r a l doses would be slower. We can detect o r a l l y 
administered monensin doses i n rabbit plasma, but only after a 
couple of hours following ingestion. We have not yet completed 
the more prolonged plasma level-time p r o f i l e s i n this species. 

The Need for Increased Surveillance of the Exposure of Man 
to Ionophores. From the l i p i d s o l u b i l i t y of monensin and other 
ionophores, we would predict they should have no trouble e q u i l i 
brating across b i o l o g i c a l membrane systems including the gut. This 
i s certainly the case for the two diverse species observed, the 
dog, a carnivore, and the rabbit, a herbivore. Accordingly, we 
in f e r that there i s ample opportunity for monensin and other 
carboxylic ionophores administered o r a l l y to livestock to d i s t r i b 
ute systemically and exert a pharmacological effect on the r e c i p i 
ent animal. Furthermore, the resultant physiological effects may 
be part of the mechanism by which ionophores produce their im
proved feed conversion e f f i c i e n c y . 

There are further inferences which d i r e c t l y a ffect man. If 
the ionophores do pervade the tissues, i t i s possible that man may 
become exposed to pharmacologically competent and potentially 
detrimental levels of ionophores through his meat supply. 

Based on limited pharmacokinetic and toxicological data, the 
F.D.A. has set upper permissible levels of 0.05 ppm i n meat for 
human consumption (34). The isotope residue studies of Herberg 
et a l . report that under current feeding procedures ca t t l e l i v e r 
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may accumulate over ten times this l e v e l of monensin as a combina
tion of parent compounds and metabolites of unknown pharmacologi
c a l effects (35). This data was obtained 12 hours after adminis
tration of tagged monensin. One might surmise that residues 
would be appreciably higher for an animal butchered a shorter 
period of time following i t s l a s t exposure to monensin. This i s 
p a r t i c u l a r l y s i g n i f i c a n t i n that l i t e r a t u r e supplied to farmers 
advises that no withdrawal period i s necessary. 

Currently available methods for assaying monensin involve 
cumbersome extraction procedures, thin layer chromatography and 
detection by means of bioautographs with microorganisms whose 
s e n s i t i v i t y to ionophores and their metabolites (36) may or may 
not p a r a l l e l mammalian s e n s i t i v i t y . The simple chemical assay 
method we have developed can provide a more rat i o n a l basis for 
assigning permissible residue le v e l s , for routinely monitoring 
products a r r i v i n g at the market  and ascertaining whether st i p u 
lated ionophore withdrawa

Additional complication
notably poor biodegradability of monensin. Reports indicate that 
c a t t l e f e c a l l y eliminate 75% of ingested monensin without degra
dation. Furthermore, 60-70% of the monensin survives 10 weeks i n 
cubation at 37° (34). Current manuring practices render i t pru
dent to determine whether crops or garden produce take up s i g n i f i 
cant quantities of carboxylic ionophores or whether the obviously 
large s o i l burdens of such compounds find their way into water 
supplies. 

We have long been interested i n the p o s s i b i l i t y that the 
cardiovascular effects of carboxylic ionophores could be harnessed 
to provide new drugs for the treatment of disease states such as 
heart f a i l u r e and shock. There may, however, be subpopulations of 
man for whom ionophores may be p a r t i c u l a r l y toxic. For example, 
a toxic interaction between monensin and d i g i t a l i s on the dog 
heart has been reported (37). Our o r a l absorption data do i n d i 
cate that i f a useful human therapeutic application can be es
tablished, ionophores could be administered as drugs o r a l l y . 

Summary 

We have described how the unique physical properties of iono
phore molecules lead to better understanding of their unique bio
l o g i c a l effects. Ionophores have been applied as tools for 
b i o l o g i c a l research, as commercially important livestock feed 
additives for increasing the efficiency of meat production, and i n 
vestigated as potentially useful drugs i n man. Expertise derived 
from studies of the molecular properties of ionophores has been 
u t i l i z e d to design a simple assay procedure which gives promise 
for providing more rational safeguards for man i n the widespread 
use of ionophores i n food production. Lastly, i n view of the 
burgeoning increases in the scale of commercial ionophore usage, 
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i t appears urgent that we increase our understanding i n depth of 
the physiological and metabolic effects of ionophores and their 
pharmacological and toxicological ramifications. 
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Possible Functions and Medical Significance of 
the Abstruse Trace Metals 

FORREST H. NIELSEN 

United States Department of Agriculture, Science and Education Administration, 
Human Nutrition Laboratory, Grand Forks, ND 58202 

Since 1970, a numbe
metals present i n minut
essential nutrients. The trace metals include cadmium, lead, 
n i c k e l , t i n and vanadium. Findings suggesting that cadmium, 
lead and t i n are essential have come from one laboratory (1,2,3) 
and have not been confirmed i n another laboratory. Minor growth 
depression i n suboptimally growing rats was the main c r i t e r i o n 
for demonstrating the es s e n t i a l i t y of cadmium, lead and t i n . 
That c r i t e r i o n i s of questionable physiological significance. 
The evidence i s more substantial for the es s e n t i a l i t y of nickel 
and vanadium. Also, apparent progress has been made i n 
determining essential functions for those elements. Thus, i n 
this chapter the possible medical significance and essential 
functions of ni c k e l and vanadium are emphasized. 

Nickel 

Essen t i a l i t y . Nickel i s an essential nutrient for animals 
and probably for humans. Signs of nic k e l deprivation have been 
described for five animal species - chick, rat, minipig, goat 
and sheep. B r i e f l y , the signs of deficiency include the 
following: 

I (4) reported that the signs of nic k e l deprivation in 
chicks included depressed levels of l i v e r phospholipids, 
oxidative a b i l i t y of the l i v e r i n the presence of α-
glycerophosphate, yellow lipochrome pigments i n the shank skin, 
hematocrits and u l t r a s t r u c t u r a l abnormalities i n the l i v e r . 

I (5) found the signs of ni c k e l deprivation i n the rat 
included elevated perinatal mortality, unthriftiness 
characterized by a rough coat and/or uneven hair development i n 
the young, pale l i v e r s , elevated rate of a-glycerophosphate 
oxidation by l i v e r homogenates, and u l t r a s t r u c t u r a l changes in 
the l i v e r . Nickel deprivation also apparently depressed growth 
and hematocrits, but these signs were not consistently 
s i g n i f i c a n t , especially i n adult rats. In a series of studies, 
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summarized recently, Schnegg and Kirchgessner ( 6 ) developed a 
set of ni c k e l deprivation signs for the rat that appear 
divergent to those of Nielsen et a l . ( 5 ) . Schnegg and 
Kirchgessner found that, at age 3 0 days, rats exhibited 
s i g n i f i c a n t l y depressed growth, hematocrits, hemoglobin lev e l s , 
erythrocyte counts, levels of urea, ATP and glucose in serum, 
levels of t r i g l y c e r i d e s , glucose and glycogen i n l i v e r , levels 
of iron, copper and zinc i n l i v e r , kidney and spleen, and 
a c t i v i t i e s of several l i v e r and kidney enzymes. They also 
found that the signs of nick e l deprivation were less severe i n 
older rats and i n rats fed 1 0 0 yg instead of 5 0 yg of iron/g of 
diet. Schnegg and Kirchgessner suggested that some of the signs 
resulted from impaired iron absorption induced by nickel 
deprivation. 

Anke et a l . (_7 , J 3 ) found that nickel-deprived minipigs and 
goats exhibited depressed growth  delayed estrus  elevated 
perinatal mortality, unthriftines
and scaly and crusty skin
skeleton and of zinc i n l i v e r , hair, r i b and brain. Spears et 
a l . ( 9 , 1 0 ) found that nickel-deprived lambs showed depressed 
growth, t o t a l serum proteins, erythrocyte counts, and t o t a l 
l i p i d s and cholesterol i n l i v e r , and copper i n l i v e r . Iron 
contents were elevated i n l i v e r , spleen, lung and brain. 

The discussed findings show that nickel meets the 
requirements for e s s e n t i a l i t y as defined by Mertz ( 1 1 ) . That 
d e f i n i t i o n states that an element i s essential i f i t s 
deficiency reproducibly results i n impairment of a function 
from optimal to suboptimal. 

B i o l o g i c a l Function. The evidence showing that n i c k e l i s 
essential does not cle a r l y define i t s metabolic function. 
However, recent findings show that n i c k e l may function as a 
cofactor or structural component i n s p e c i f i c metalloenzymes or 
metalloproteins, or as a bioligand cofactor f a c i l i t a t i n g the 
i n t e s t i n a l absorption of the Fe(III) ion. 

Himmelhoch et a l . ( 1 2 ) were f i r s t to report findings 
suggesting that n i c k e l has a role as a structural component of 
a metalloprotein. They fractionated human serum by column 
chromatography and found a metalloprotein that contained n i c k e l , 
but nondetectable levels of Ca, Mg, Sr, Ba, Fe, Zn and Mn. 
Nomoto jet a l . ( 1 3 ) used a technique b a s i c a l l y the same as that 
of Himmelhoch et: a l . to demonstrate the presence of a n i c k e l -
containing macroglobulin, which they named "nickeloplasmin", i n 
rabbit serum. Subsequently, Sunderman ejt a l . ( 1 4 ) isolated 
nickeloplasmin from human serum. O r i g i n a l l y , Sunderman et a l . 
( 1 4 ) stated that the nickeloplasmin of humans and rabbits was 
an a2-macroglobulin. Later, however, immunologic studies by 
Nomoto et_ a l . ( 1 5 ) indicated that rabbit serum nickeloplasmin 
reacts as an a\-macroglobulin that i s apparently homologous to 
human a 2-macroglobulin. They cautioned, however, that the 
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apparent relationship between rabbit ai-macroglobulin and human 
012-macroglobulin was complicated when Saunders ejt a l . (16) found 
that fiv e components of human a2-macroglobulin can be 
distinguished on the basis of electrophoretic and enzyme-binding 
properties. Other characteristics of nickeloplasmin were an 
estimated molecular weight of 7.0 x 10 5, ni c k e l content of 0.90 
g atoms/mole, positive reaction to periodic acid Schiff stain 
for glycoproteins, and e s t e r o l y t i c a c t i v i t y (on the basis of i t s 
capacity to hydrolyze t r i t i a t e d tosyl-arginine methyl ester at a 
pH of 7.5 i n tris - H C l buffer) (14,15). Decsy and Sunderman (17) 
found that the n i c k e l i n nickeloplasmin was not readily 
exchangeable with 6 3 N i ( I I ) i n vivo or i n v i t r o . It was 
necessary to administer a r e l a t i v e l y large dose of 6 3 N i ( I I ) to 
obtain rapid l a b e l l i n g of serum nickeloplasmin. Decsy and 
Sunderman (17) offered two possible explanations for their 
findings. One was that nickel occurs i n a different valence 
state, such as N i ( I I I )
l a b e l l i n g of nickeloplasmi
oxidation of 6 3 N i ( I I ) to the requisite valence. The other 
p o s s i b i l i t y was that nickeloplasmin pr e f e r e n t i a l l y binds nickel 
as an organic complex that i s not synthesized readily by the 
rabbit jLn vivo. The findings of Decsy and Sunderman (17) 
suggested that nickeloplasmin was a ternary complex of serum 
ai-macroglobulin with a Ni-constituent of serum. Sunderman 
(18) noted that Haupt et: a l . (19) isolated from human serum a 
9.55-oti-glycoprotein that strongly bound Ni(II) and thus 
suggested that nickeloplasmin might represent a complex of the 
9.55-ai-glycoprotein with serum ai-macroglobulin. To date, 
there i s no clear indication as to the physiological 
significance or function of nickeloplasmin. 

The hypothesis that ni c k e l i n animals may function as an 
enzyme cofactor has been stimulated by the discovery that 
urease from several plants and microorganisms i s a ni c k e l 
metalloenzyme (20-25). Dixon et a l . (20) found that highly 
pu r i f i e d urease (E.C.3.5.1.5) from jack beans (Canavalia 
ensiformis) contained stoichiometric amounts of n i c k e l , 
2.0+0.3 g atom of n i c k e l per 105,000 g of enzyme. The active-
s i t e n i c k e l ion was t i g h t l y bound, being similar to the zinc ion 
i n yeast alcohol dehydrogenase (E.C.1.1.1.1) and manganous ion 
i n chicken l i v e r pyruvate carboxylase (E.C.6.4.1.1). Jack 
bean urease was stable and f u l l y active i n the presence of 
0.5 mM EDTA at neutral pH. The nickel ion was removed only 
upon exhaustive d i a l y s i s i n the presence of chelating agents 
(21), and then i t was not possible to restore nickel with 
reconstitution of enzymatic a c t i v i t y . Jack bean urease has 
r e l a t i v e l y low r e a c t i v i t y of the active-site sulfhydryl group 
(26). According to Dixon ^ t a l . (21), this could be explained 
by coordination of the active-site n i c k e l with the unreactive 
cysteine. 

The b i o l o g i c a l role of urease apparently i s the conversion 
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of urea to inorganic ammonia that can be used by plants ( 2 4 , 2 5 ) . 
Dixon et a l . ( 21 ) suggested the following mechanism for that 
conversion: The amide nitrogen of urea coordinates with the 
enzyme-bound nic k e l . Nucleophilic attack or general base 
catalysis by a suitable a c t i v e - s i t e group would then lead to an 
a c t i v e - s i t e , nickel-ammonia complex. 

Thus, a s p e c i f i c b i o l o g i c a l role i s known for nickel i n 
plants. No such s p e c i f i c role has been defined for animals. 
Nickel can activate many enzymes i n v i t r o (Table I ) , but i t s 
role as a s p e c i f i c cofactor for any enzyme has not been shown 
i n animals. 

The s p e c i f i c manner i n which ni c k e l acts i n animals i s 
unknown, but recent findings suggest that i t has a role in the 
passive absorption of the Fe(III) ion. I found i n rats that the 
form of dietary iron might explain the apparent differences in 
data for growth and hematocrits between my early studies (5 ) and 
the studies of Schnegg an
studies ( 5 ) , I supplied
dissolved i n HC1 (determined to be f e r r i c chloride), whereas 
Schnegg and Kirchgessner (6 ) supplied 50 yg of iron/g of diet as 
the sulfate. Schnegg and Kirchgessner indicated, by personal 
communication, that they had used ferrous sulfate, but I ( 27 ) 
could not obtain growth and hematocrit findings similar to 
theirs unless iron was supplied as f e r r i c sulfate. When I 
studied the relationship between n i c k e l and iron further i n 
f a c t o r i a l l y designed experiments, nic k e l and iron interacted to 
affect hematocrit and hemoglobin, but apparently only when 
dietary iron was mostly i n a r e l a t i v e l y unavailable form, such 
as f e r r i c sulfate. 

In three experiments, female weanling rats were fed a 
basal diet containing about 10 ng of n i c k e l and 2 . 3 yg of 
iron/g and supplemented with graded levels of nickel and iron. 
Iron was supplemented to the diet at 0 , 2 5 , 50 and 100 yg/g in 
a l l experiments. Iron was supplied as F e 2 (S0t+) 3-n^O i n 
Experiments 1 and 3 , and as a mixture of 40% F e S 0 i + # n H 2 0 and 
60% F e 2 ( S 0 l + ) 3-nH 2 0 i n Experiment 2 . An extra l e v e l , 1 2 . 5 yg/g, 
was added i n Experiment 3 . In a l l experiments, nickel was 
supplemented to the diet at 0 , 5 and 50 yg/g. After 9 - 1 0 weeks, 
especially when the dietary iron supplement was only f e r r i c 
sulfate, the interaction between iron and nickel affected 
several parameters examined. Data for hematocrit and hemoglobin 
appear i n Tables II and III. In Experiments 1 and 3 , when 
dietary f e r r i c sulfate was low, hematocrit and hemoglobin were 
lower i n nickel-deprived than -supplemented rats, especially 
when iron/g of diet was 25 yg. Experiment 1 nickel-deprived 
rats had an average hematocrit of 3 6 . 3 % and hemoglobin l e v e l 
of 1 0 . 0 9 g/100 ml, whereas rats fed nickel at 5 and 50 yg/g of 
diet had hematocrits of 4 0 . 8 % and 4 2 . 0 % and hemoglobin levels 
of 1 1 . 7 7 and 1 2 . 0 9 g/100 ml, respectively. In Experiment 3 , 
nickel-deprived rats had an average hematocrit of 2 6 . 8 % and 
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Table I 
Enzymes "activated" by n i c k e l 

Enzyme E.C. No. Source 

Acetyl coenzyme A synthetase 6.2.1.1 

Amino acid decarboxylase 
Amylase. 3.2.1.1 
Arginase 3.5.3.1. 

Ascorbic acid oxidas
ATPase (14s, 30s dynein
3,4 Benzpyrene hydroxylase 1.14.14.2 
Carboxypeptidase 3.4.12.-
C i t r i t a s e 4.1.3.6 
Deoxyribonuclease I 3.1.4.5 
Desoxyribonuclease 3.1.4.-
Enolase 4.2.1.11 
Esterase -Hexokinase 2.7.1.1 
H i s t i d i n e decarboxylase 4.1.1.22 
Oxalacetic carboxylase -Pepsin 3.4.23.1 
Phosphodeoxyribomutase 2.7.5.6 
Phosphoglucomutase 2.7.5.5 
Phospholipase A 3.1.1.-
Phosphorylase phosphatase 3.1.3.17 
Protease 3.4.— 
Pyridoxal phosphokinase 2.7.1.35 
Pyruvate kinase 2.7.1.40 
Pyruvic acid oxidase 1.2.3.4 
Ribonuclease 3.1.4.-
Ribulose diphosphate 4.1.1.39 

carboxylase 
Thiaminokinase 2.7.6.2 
Trypsin 3.4.21.4 
Tyrosinase 1.14.18.1 

Urease 3.5.1.5 

Bovine heart 
mitochondria 

E. c o l i , C. welchii 
Human s a l i v a 
Bovine l i v e r 
Canavalia ensiformis 
Jack bean 
Yeast 

Lung 

Bovine pancreas 
Bovine thymus 

Porcine l i v e r 
Yeast 
Lactobacillus 30a 
Parsley root 
Porcine mucosa 
E. c o l i 
Rabbit muscle 
Crotalus atrox venom 
Bovine adrenal cortex 
Human se n i l e lens 

Rabbit muscle 
Proteus vulgaris 
Bovine pancreas 
Spinach 

Rat l i v e r 

Mouse melanoma 
Potato 
Jack bean 
Lemna paucicostata 
Rumen b a c t e r i a l 
Soybean 

Compiled by Nielsen (33). 
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Table II 
Effects on rats of nickel, iron, and their interaction on 

hematocrits 

Treatmenta Hematocrit 
Ni Fe Experiment 1 Experiment 2 Experiment 3 

ug/g yg/g % 

0 0 14.3 18.1 14.2 
0 12.5 - - 22.1 
0 25 36.3 42.2 26.8 
0 50 41.9 42.4 38.3 
0 100 42.1 41.8 39.1 
5 0 
5 12.5 
5 25 40.8 41.6 32.1 
5 50 42.3 41.9 38.9 
5 100 42.0 41.5 39.3 
50 0 20.1 20.4 16.0 
50 12.5 - - 23.2 
50 25 42.0 41.1 33.8 
50 50 40.5 42.2 39.0 
50 100 41.3 42.2 40.2 

Analysis of Variance - P Values 

Nickel effect 0.002 .01 .0001 
Iron effect 0.0001 .0001 .0001 
Nickel x iron 0.0001 NS .006 
Error mean square (df) 2.8(70) 1.6(58) 4.9(75) 

Scheffe values** 

Treatment means - 3.3 6.4 4.1 
6 s-test 6 

Iron effect means - 1.1 2.1 1.4 
18 s-test 18 

Nickel effect means - 0.8 - 1.2 
24 s-test 24 

Nickel effect means - - 1.2 -30 s-test 30 

l e v e l s of supplements in diet: Ni (nickel chloride) and Fe 
(ferric sulfate) in Experiments 1 and 3; Fe was a mixture of 
40% ferrous and 60% ferric sulfate in Experiment 2. 

^The Scheffe test (28) i s a method for performing multiple 
comparisons between group means. Means differing by more 
than the value given are significantly different (P < 0.05). 
As i t assumes a l l possible comparisons are performed, i t is 
regarded as a conservative test. 
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Table III 
Effects on rats of nickel, iron, and their interaction on 

hemoglobin levels 

Treatment Hemoglobin Level 
Ni Fe Experiment 1 Experiment 2 Experiment 3 

yg/g yg/g g/100 ml 

0 0 2.65 3.73 2.55 
0 12.5 - - 4.90 
0 25 10.09 13.27 6.19 
0 50 12.65 13.42 10.85 
0 100 13.05 13.23 11.61 
5 0 
5 12. - -5 25 11.77 13.15 8.31 
5 50 12.98 13.26 10.92 
5 100 13.07 13.13 11.41 
50 0 3.88 4.46 2.95 
50 12.5 - - 5.01 
50 25 12.09 13.01 8.92 
50 50 12.62 13.29 11.13 
50 100 12.80 13.26 11.65 

Analysis of Variance - P Values 

Nickel effect .003 .003 .0002 
Iron effect .0001 .0001 .0001 
Nickel x iron .0001 NS .0002 
Error mean square (df) 0.31(71) 0.16(58) 0.56(75) 

Scheffe values*5 

Treatment means - 1.04 2.14 1.38 
6 s-test 6 

Iron effect means - 0.34 0.71 0.47 
18 s-test 18 

Nickel effect means - 0.25 - 0.41 
24 s-test 24 

Nickel effect means - - 0.42 -30 s-test 30 

l e v e l s of supplements in diet: Ni (nickel chloride) and Fe 
(ferric sulfate) in Experiments 1 and 3; Fe was a mixture of 
40% ferrous and 60% ferric sulfate in Experiment 2. 

The Scheffe test (28) i s a method for performing multiple 
comparisons between group means. Means differing by more 
than the value given are significantly different (P < 0.05). 
As i t assumes a l l possible comparisons are performed, i t is 
regarded as a conservative test. 
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hemoglobin l e v e l of 6.19 g/100 ml; whereas rats fed nickel at 
5 and 50 yg/g of diet had hematocrits of 32.1% and 33.8% and 
hemoglobin levels of 8.31 and 8.92 g/100 ml, respectively. The 
difference between nickel-deprived and supplemented rats i n 
Experiments 1 and 3 were si g n i f i c a n t by the Scheffe test (28). 
Dietary ni c k e l apparently did not affect hematocrit or 
hemoglobin when the diet contained 100 yg of iron/g. Nickel and 
iron did not interact to affect hematocrit and hemoglobin when 
iron was supplied as ferric-ferrous sulfate. 

The form of dietary iron also influenced the effect of 
nic k e l on hematocrit and hemoglobin. When f e r r i c sulfate was 
fed (Experiments 1 and 3), both parameters were s i g n i f i c a n t l y 
lower i n nickel-deprived than -supplemented rats. In 
Experiment 2 the effect of nick e l was much less marked than i n 
Experiments 1 and 3. In Experiment 2, the greatest difference 
was i n rats fed no supplemental iron

There were some difference
especially when the die
Experiment 3, hematocrit and hemoglobin levels were 
s i g n i f i c a n t l y depressed i n a l l groups fed 25 yg iron/g of diet , 
although the depression was less severe in nickel-supplemented 
than -deprived rats. In Experiment 1, with 25 yg of iron/g of 
diet, hematocrit and hemoglobin were depressed only i n n i c k e l -
deprived rats; values were near normal i n rats fed 5 or 50 yg of 
nickel/g of diet. In Experiment 3, the hematocrit and 
hemoglobin data indicated that rats fed 50 yg of iron/g of diet 
as f e r r i c sulfate were s t i l l s l i g h t l y iron-deficient. In 
Experiment 1, hematocrit and hemoglobin apparently were normal 
i n rats fed 50 yg of iron/g of diet. Possibly, the iron 
supplement was most highly contaminated with the ferrous form 
i n Experiment 1. The iron supplement was ascertained to be 92% 
i n the f e r r i c form i n Experiment 3, but was not tested i n 
Experiment 1. 

The observations that the form of dietary iron apparently 
affected the response of rats to ni c k e l deprivation and nick e l 
and iron interacted suggest that n i c k e l affects iron absorption. 
The apparent dependence of that interaction upon the r e l a t i v e l y 
insoluble f e r r i c s a l t suggests that nickel has a role i n the 
absorption of the Fe(III) ion. Fe(III) salts are extremely 
insoluble i n neutral/alkaline b i o f l u i d s (29). Thus, for 
absorption by the duodenum, the Fe(III) must be complexed, or 
converted to the more soluble Fe(II) form. According to May 
et a l . (29), only ligands, such as porphyrin-like molecules, 
that form high-spin complexes and thereby increase the electrode 
potential s t a b i l i z e Fe(II) over Fe(III). Most other bioligands 
lower the electrode potential and thus enhance the s t a b i l i t y of 
the Fe(III) state. Therefore, the preferred chelated state of 
iron jLn vivo i s probably Fe(III) and the reduction to Fe(II) 
occurs spontaneously only i n the presence of high l o c a l 
concentrations of a reducing metabolite, or under the influence 
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of special enzyme mechanisms. Nickel might interact with iron 
through one of those mechanisms but probably does not. The 
finding that 50 yg of nickel/g of diet was not much better than 
5 yg i n improving hematocrits and hemoglobin levels i n n i c k e l -
deprived rats fed low levels of iron as f e r r i c sulfate i s 
apparently inconsistent with the p o s s i b i l i t y that n i c k e l acts 
as, or part of, a reducing agent converting Fe(III) to Fe(II). 
The idea that n i c k e l might act i n a special enzyme mechanism 
that converts Fe(III) to Fe(II) i s attractive, but no such 
mechanism i s known. 

The most attractive p o s s i b i l i t y i s that n i c k e l promotes the 
absorption of Fe(III) per se by enhancing i t s complexation to a 
l i p o p h i l i c molecule. Evidence shows that both active and 
passive transport mechanisms have roles i n iron absorption. 
Active transport to the serosal surface i s r e l a t i v e l y s p e c i f i c 
for the divalent cation (30)  which indicates that the Fe(III) 
ion i s absorbed by passiv
diffusion-controlled an
molecules. Substantial evidence shows l i p o p h i l i c Fe(III) 
complexes traverse biomembranes i n the same manner as l i p o p h i l i c 
complexes of other metals. Nickel could affect the metabolism 
of the l i p o p h i l i c Fe(III) complexes i n at least two ways. 
Nickel might either act i n an enzymatic reaction that forms a 
l i p o p h i l i c iron transport molecule or simply preserve a 
transport ligand, such as c i t r a t e , by complexing with i t u n t i l 
replaced by the Fe(III) ion. 

The hypothesis that n i c k e l has a role i n the passive 
di f f u s i o n of Fe(III) i s supported by my data for hematocrit and 
hemoglobin discussed previously. Dowdle et a l . (31) suggested 
that the active transport mechanism for iron would become 
important i f passive diffusion were re s t r i c t e d . Thus, at the 
lower levels of iron supplementation as a ferric-ferrous 
mixture, there was some ferrous ions available for active 
transport, and n i c k e l deprivation did not s i g n i f i c a n t l y affect 
levels of hematocrit or hemoglobin. On the other hand, when 
only f e r r i c iron was fed, the active transport mechanism could 
not operate, and i n nickel deprivation, the passive diffusion 
of l i p o p h i l i c Fe(III) complexes apparently was inhibited. As a 
result, levels of hematocrit and hemoglobin differed between 
nickel-deprived and -supplemented rats at low levels of iron 
supplementation. At high levels of supplementation, perhaps 
there was enough Fe(II) present i n the diet to prevent any 
differences as the iron supplement was approximately 92% Fe(III). 

Medical Significance. An i n i t i a l impression i s that nickel 
nutriture would not be of p r a c t i c a l significance. I (4) 
reported that 50 yg of nickel/kg of diet s a t i s f i e d the dietary 
ni c k e l requirement of chicks, and Schnegg and Kirchgessner (6) 
reported a similar requirement for rats. If animal data were 
extrapolated to man, the dietary n i c k e l requirement of humans 
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would probably be i n the range of 16-25 yg/1000 Cal (32) . 
Limited studies indicate that the oral intake of nickel by 
humans ranges between 170 and 700 yg per day (33) which would 
be ample to meet the hypothesized nickel requirement. 

However, the finding that n i c k e l may be important i n the 
absorption and metabolism of iron might help define situations 
i n which n i c k e l would have medical significance. I am defining 
medical significance as the unintentional production of a 
n u t r i t i o n a l disorder i n humans. Possibly for individuals who 
consume unavailable, or deficient amounts of, iron, or have an 
elevated need for iron, n i c k e l nutriture might be of concern. 
For example, many women consume inadequate iron. Nickel allergy 
i s a common disorder. About 10% of tested individuals reacted 
p o s i t i v e l y to the nickel-patch test and incidence was highest 
among women (34). Because recent reports indicate that dietary 
n i c k e l may be important i n hand-eczema caused by nickel (35,36) , 
one treatment for n i c k e
Extrapolation from anima
exercised with such treatment to assure that proper nickel and 
iron nutriture i s maintained to avoid adverse consequences. 

Vanadium 

Esse n t i a l i t y . Evidence for the n u t r i t i o n a l e s s e n t i a l i t y 
of vanadium i s not conclusive. Strasia (37) found that rats 
fed less than 100 ng of vanadium/g of diet exhibited slower 
growth, higher plasma and bone iron, and higher hematocrits 
than controls fed 0.5 yg of vanadium/g of diet. However, 
Williams (38) was unable to duplicate the findings of Strasia 
(37), even i n the same laboratory under similar conditions. 
Schwarz and Milne (39) reported that a vanadium supplement of 
25 to 50 yg/100 g of a semi-purified diet gave a positive 
growth response i n rats. On the other hand, Hopkins and Mohr 
(40) reported that the only effect of vanadium deprivation on 
rats was an apparent impaired reproductive performance 
(decreased f e r t i l i t y and increased perinatal mortality) that 
became apparent only i n the fourth generation. 

Studies with chicks also gave inconsistent signs of 
deficiency. Hopkins and Mohr (41,42) found that vanadium-
deprived chicks exhibited s i g n i f i c a n t l y depressed wing and t a i l 
feather development, depressed plasma cholesterol at age 28 
days, elevated plasma cholesterol at age 49 days, and, i n a 
subsequent study (40), elevated plasma triglycerides at age 28 
days. I reported that vanadium-deprivation depressed growth, 
elevated hematocrits and plasma cholesterol, and adversely 
affected bone development (43). 

I became concerned about the inconsistency of the effect 
of vanadium deprivation on chicks and rats, and attempted to 
establish a definite set of signs of vanadium deprivation for 
these species. In 16 experiments, i n which chicks were fed 
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several diets of different composition, vanadium deprivation 
adversely affected growth, feathering, hematocrits, plasma 
cholesterol, bone development, and the levels of l i p i d , 
phospholipid and cholesterol i n l i v e r . In several experiments 
with rats, vanadium deprivation adversely affected perinatal 
survival, growth, physical appearance, hematocrits, plasma 
cholesterol, and l i p i d s and phospholipids i n l i v e r . 
Unfortunately, no sign of vanadium deprivation i n chicks, or 
rats, was found consistently throughout a l l experiments. 

Apparently inconsistency of vanadium deprivation signs i s 
related to the fact that vanadium metabolism i s sensitive to 
changes i n the composition of the diet (44). Perhaps diet 
composition affects the form of dietary vanadium. Vanadium has 
a r i c h and varied chemistry, especially i n the (IV) and (V) 
state. The form of vanadium, usually an oxyanion ( i . e . VO3"", 
V 0 2

+ ) , depends upon i t s concentration i n  and pH of  the medium 
(45). Perhaps, one for
absorption, or active i
diet that i s r e l a t i v e l y low i n vanadium might be n u t r i t i o n a l l y 
either deficient or adequate depending on the form of the 
vanadium. 

Nonetheless, because the evidence i s inconsistent, further 
studies are necessary to d e f i n i t e l y establish vanadium as an 
essential nutrient. It might be necessary to find a s p e c i f i c 
physiological role for vanadium in order to establish i t s 
es s e n t i a l i t y . 

B i o l o g i c a l Function. The most recent findings that suggest 
vanadium does have a physiological role, have come not from 
n u t r i t i o n a l , but from i n v i t r o studies with (Na, K) ATPase and 
ATP phosphohydrolase (E.C.3.6.1.3). Although R i f k i n (46) was 
f i r s t to report that vanadium potently i n h i b i t s (Na, K)-ATPase, 
Cant ley et_ a l . (47) were f i r s t to find that pentavalent 
orthovanadate was a naturally occurring i n h i b i t o r of that 
enzyme. Vanadate was shown to i n h i b i t (Na, K) ATPase from 
kidney (46,_47,4L8), brain (48) , heart (_48,_49) , red blood c e l l s 
(50,51), shark r e c t a l gland and eel electroplax (49). ATP-
phosphohydrolase from various dynein fractions, commonly known 
as dynein ATPase, also was potently inhibited by vanadate 
(52,53,54). Josephson and Cantley (55) found that vanadate 
did not potently i n h i b i t other ATPase systems, such as 
Ca-ATPase, mitochondrial coupling factor F, and actomyosin. 
Cande and Wolniak (54) found that vanadate did not potently 
i n h i b i t glycerinated myofibril contraction or myosin ATPase 
a c t i v i t y . Those findings suggest that vanadate would be an 
i d e a l s p e c i f i c i n h i b i t o r of (Na, K)-ATPase or dynein ATPase. 

Magnesium and potassium f a c i l i t a t e vanadate i n h i b i t i o n of 
(Na, K)-ATPase a c t i v i t y and they both appear to bind 
s y n e r g i s t i c a l l y with vanadate (56). ATP depressed vanadate 
i n h i b i t i o n of enzyme a c t i v i t y (48). On the other hand, Gibbons 
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et a l . (53) found that dynein ATPase i n h i b i t i o n by vanadate did 
not depend upon the magnesium concentration or on the presence 
or absence of potassium. Furthermore, ATP had no obvious 
affect on vanadate i n h i b i t i o n of dynein ATPase. 

Cantley et a l . (50) found that vanadate binds to one high-
a f f i n i t y and one low a f f i n i t y s i t e per (Na, K)-ATPase enzyme 
molecule. The low-affinity s i t e was apparently responsible for 
i n h i b i t i o n of (Na, K)-ATPase a c t i v i t y and was the h i g h - a f f i n i t y 
ATP s i t e where sodium-dependent protein phosphorylation occurs. 
Cantley e_t a l . (56) proposed that the unusually high a f f i n i t y 
of vanadate for (Na, K)-ATPase was due to i t s a b i l i t y to form 
a trigonal bipyramidal structure analogous to the transition 
state for phosphate hydrolysis. 

Cantley et_ a l . (50) found that vanadate was transported 
to the red blood c e l l where i t inhibited the sodium pump by 
binding to (Na, K)-ATPase from the cytoplasmic side (the s i t e 
of ATP hydrolysis). The
mammalian tissue acts a
pump that maintains a high i n t r a c e l l u l a r IT1- to Na + r a t i o by 
coupling with ATP hydrolysis. 

In addition to acting as an i n h i b i t o r of dynein and 
(Na, K)-ATPase, vanadium i s also a potent i n h i b i t o r of RNase 
(57) and alkaline and acid phosphatases (58,59). This suggests 
that vanadium generally tends to i n h i b i t enzymes of phosphate 
metabolism. However, according to Gibbons et_ a l . (53), the 
mechanism of i n h i b i t i o n i s not the same in each enzyme. The 
i n h i b i t i o n of RNase and alkaline phosphatase i s greater by 
oxyvanadium (IV) than by vanadium (V). 

Thus, the findings to date suggest that vanadium has a 
b i o l o g i c a l function i n controlling one or more enzymatic 
reactions concerned with phosphate metabolism. However, further 
i n vivo studies are necessary before a conclusive statement can 
be made. 

Medical Significance. The medical significance of vanadium 
i s unclear because knowledge i s incomplete of the conditions 
necessary to produce vanadium deficiency, dietary components 
that affect vanadium metabolism, and i t s b i o l o g i c a l function. 
It i s d i f f i c u l t to suggest a vanadium requirement for animal 
species, including humans. However, at least four independent 
laboratories have found that diets with less than 25 ng of 
vanadium/g adversely affect rats and chicks under certain 
conditions. If animal data could be extrapolated to humans, 
then a 70 kg man consuming 1 kg of diet per day (dry basis) 
would have a daily requirement of about 25 yg of vanadium 
under certain dietary conditions. 

Recent studies have shown that the vanadium content of 
most foods i s very low (60,61,62,63,64), generally not more 
than a nanogram/g. Myron et^ a l . (63) reported that nine 
i n s t i t u t i o n a l diets supplied 12.4-30.1 yg of vanadium dai l y , 
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and intake averaged 20 yg. Byrne and Kosta (64) stated that 
the dietary intake of vanadium i s i n the order of a few tens of 
micrograms and may vary widely. This suggests that vanadium 
intake i s not always optimal i n humans. 

In addition to n u t r i t i o n a l deficiency, n u t r i t i o n a l vanadium 
to x i c i t y may have medical significance. The findings discussed 
previously suggest that because vanadium i s a potent i n h i b i t o r 
of several enzymes, any undue elevation i n tissue vanadium 
content might adversely affect biochemical systems that depend 
upon normal phosphate metabolism. Even r e l a t i v e l y small 
amounts of dietary vanadium could be toxic i n some situations. 
For example, Hunt (65) found that the addition of 500 yg of 
chromium as the acetate/g of diet made 5 yg of vanadium/g of 
diet toxic to chicks. Those chicks exhibited depressed growth 
and hematocrits, elevated plasma cholesterol, kidney (Na, K) 
ATPase, and liver/body weight ra t i o  Morphology of their 
proximal t i b i a e was d r a s t i c a l l
abnormally thick and th
thin. Metaphyseal bone was nonexistent. Transmission electron 
microscopic examinations revealed a disorganized growth plate 
and the presence of an abnormal, electron-dense matrix 
component around the chondrocytes i n the p r o l i f e r a t i v e zone. 
Five yg of vanadium/g of diet without chromium supplementation 
had no obvious effect on chicks. 

Cadmium, Lead, and Tin 

Es s e n t i a l i t y . At present, the evidence suggesting 
that cadmium, lead and t i n are essential does not f u l f i l l the 
requirements for e s s e n t i a l i t y as defined by Mertz (11). 
Although dietary supplements of cadmium, lead, or t i n s l i g h t l y 
improved the growth of suboptimally growing rats, these 
supplements did not result i n optimal growth (1,_2 >3) . Thus, i t 
cannot be stated unequivocally that cadmium, lead, or t i n 
deficiency reproducibly results i n an impairment of a function 
from optimal to suboptimal. 

Apparently, the suboptimal growth i n a l l rats i n the 
cadmium, lead and t i n studies was due to r i b o f l a v i n deficiency 
(66). Unfortunately, the death of the p r i n c i p a l investigator 
of cadmium, lead and t i n e s s e n t i a l i t y (Klaus Schwarz) prevented 
further studies which would have answered the question whether 
deficiencies of those elements would depress growth in rats 
which were not r i b o f l a v i n - d e f i c i e n t . This question may remain 
unanswered for some time because, to my knowledge, studies 
concerned with the e s s e n t i a l i t y of cadmium, lead, and t i n are 
not currently pursued i n another laboratory. 

The reports which suggest the e s s e n t i a l i t y of cadmium, 
lead and t i n can also be c r i t i c i z e d i n the following manner: 

1. The basal diets were not adequately described, thus 
preventing the confirmation of the growth findings i n another 
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laboratory. 
2. The s t a t i s t i c a l methods used for the analysis of the 

growth data were questionable. It was not obvious why 
covariance analysis was used for the analysis of this type of 
data. Perhaps the preferable analysis of variance would have 
not given s i g n i f i c a n t findings. Furthermore, some of the 
s i g n i f i c a n t findings apparently were obtained through the 
method of combining experiments, thus increasing the s t a t i s t i c a l 
term n (no. of animals) (2,3). Combining experiments before 
s t a t i s t i c a l treatment of the data i s inappropriate. 

3. The small growth difference between "deficient-controls" 
and supplemented rats (about 5 to 7 grams after 25 to 30 days 
on experiment) may be of questionable physiological meaning. 
Perhaps this growth response was due to the supplemental metals 
p a r t i a l l y preventing the breakdown of some essential nutrient 
such as r i b o f l a v i n , or substitutin  fo  trac  element 
lacking i n the diet. 

4. The addition o  suggeste
was of no apparent benefit to deficient-control animals i n 
subsequent studies. For example, i n the t i n studies, the 
deficient-controls gained about 1.3 to 1.9 g/day; t i n -
supplemented rats, 1.7 to 2.2 g/day. However, even with the 
addition of t i n , and some other elements subsequently found 
possibly essential, such as fluorine and s i l i c o n , the deficient-
controls i n the lead study s t i l l gained only 1.5 to 2.1 g/day; 
lead-suppiemented rats, 1.6 to 2.2 g/day. Deficient-control 
and cadmium-supplemented rats also exhibited similar daily 
weight gains. No explanation was given for the finding that 
deficient-controls weighed the same i n each of the t i n , lead 
and cadmium studies, even though one would expect the deficient-
controls would show better growth rates i n l a t t e r studies 
because their diets contained more essential elements. 

Because of the previously discussed questions and 
c r i t i c i s m s , I conclude that cadmium, lead and t i n should not be 
included i n the l i s t of essential trace metals at the present 
time. 

Bi o l o g i c a l Function and Medical Significance. U n t i l more 
conclusive evidence i s found suggesting cadmium, lead and t i n 
are essential, the description of any possible b i o l o g i c a l 
function seems inappropriate. The toxicologic aspects of 
cadmium, lead and t i n are of medical significance. However, 
a proper discussion of the toxicology of those elements i s 
beyond the scope of this presentation and i s adequately done 
elsewhere (67,68,69). 

Summary 

The evidence to date has established nickel as an essential 
nutrient for several animal species. The e s s e n t i a l i t y of 
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vanadium has not been conclusively proven. Some findings 
suggest that n i c k e l has a b i o l o g i c a l function as a cofactor or 
structural component i n s p e c i f i c metalloenzymes or 
metalloproteins, or as a bioligand cofactor f a c i l i t a t i n g the 
i n t e s t i n a l absorption of the Fe(III) ion. Vanadium may function 
as a regulator of some s p e c i f i c enzymes involved with phosphate 
metabolism. Thus, nickel and vanadium might be of medical 
significance. 

Abstract 

Since 1970, a number of reports have suggested that several 
metals, including nickel, vanadium, cadmium, lead, and t in , 
present in minute quantities in animal tissues, are essential 
nutrients. Findings that have indicated the essentiality of 
cadmium, lead, and tin are limited  unconfirmed and of 
questionable physiologica
substantial for the essentialit
apparent progress has been made in determining essential 
functions for those elements. Nickel has been shown to be an 
integral part of the macroglobulin nickeloplasmin isolated from 
human and rabbit serum, and of the enzyme urease isolated from 
various plants and microorganisms. Vanadium may be a regulator 
of (Na, K) ATPase because physiological amounts of vanadate 
potently inhibit that enzyme in vitro. In addition, important 
biological interactions between nickel and iron, and vanadium 
and chromium have been described. Thus, nickel and vanadium 
may also be of medical significance through their interaction 
with other trace metals. 
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Metals present a huma
inha lat ion , and therefore, induce primary neoplasms of the r e sp i 
ratory t r ac t . A primary consideration in metal carcinogenesis 
i s the par t i c l e s ize of the mater ia l , since i t must be r e l a t i v e l y 
small (< 2 microns) to penetrate into the alveolar spaces and 
induce lung cancer. A second important consideration is the 
ident i ty of the spec i f i c metal compound because not a l l compounds 
of the same metal have s imi lar carcinogenic a c t i v i t i e s . A case 
in point i s the observation that c ry s t a l l i ne Ni3S? i s a very 

istered by various routes to experimental animals, a large 
proportion of these animals developed tumors. In contrast , 
s imi la r animal exposure to amorphous NiS resulted in no neoplasia 
(_15J2). Additional important considerations include: 1) water or 
l i p i d s o l u b i l i t y properties of the metal carcinogen, 2) dosage and 
predisposit ion of the individual toward the development of cancer. 
The l a t t e r point i s pa r t i cu l a r l y important in l i gh t of some of 
the preliminary results presented in the experimental section of 
this paper showing that pretreatment of c e l l s with benzopyrene 
potentiates the carcinogenesis of Ni'3S 2. Benzopyrene (found in 
cigarette smoke) and other xenobiotics to which we are d i f f e ren 
t i a l l y exposed to in our environment may greatly a l t e r the course 
of metal induced carcinogenesis. 

In th is chapter we wish to address ourselves s p e c i f i c a l l y to 
tissue culture systems for assaying metal carcinogenic a c t i v i t y . 
The rat ionale for th i s i s the same as that for developing simple, 
rap id , r e l i a b l e , and inexpensive in v i t r o cancer tests for organic 
compounds. It i s impossible in terms of time and cost to evalu
ate hazards of a l l the potent ia l ly carcinogenic metal compounds 
using the conventional animal carcinogenesis test ing systems. 
However, a single in v i t ro test system i s probably insu f f i c i ent 
in assigning carcinogenic a c t i v i t y to a par t icu la r compound. 

potent carcinogen in experimental 
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Add i t iona l l y , in v i t ro tests should not elimate animal test ing 
but may help in tests with animals. The proper use of several 
in v i t ro test systems w i l l greatly aid our understanding of which 
metal compounds are hazardous. These screening tests may also 
allow us to ident i fy carcinogens in a i r samples from the indus t r i 
al environment. 

Metals Have Caused Cancer in Humans. Numerous recent reviews 
have been compiled which describe the various epidemiological 

studies impl icat ing arsenic , cadmium, chromium, and nickel as 
causes of human cancer (3-11). These studies have analyzed the 
industr ia l worker's exposure to these metals, or have examined 
selected populations having excessive exposure to these metals in 
the i r drinking water, the atmosphere adjacent to the i r habitation, 
etc . The reader is referred to these reviewers for a more com
prehensive discussion of the avai lable data pertaining to metal 
carcinogenesis (3.-1J.). It should, however, be pointed out that 
nickel and i t s compound
class of metal carcinogens in humans. There are several other 
metals, including beryl l ium, which have also been l inked to human 
cancer, but the most important metal carcinogens have been l i s t e d 
above (11). 

Metals Induce Cancer When Administered to Experimental 
Animals. Again, the reader i s referred to many recent comprehen
sive reviews which discuss the evidence that certa in metals cause 
cancer in experimental animals (9,^0,J1). The most credible data 
implicates cadmium, chromium, co"5alt, and nickel as carcinogens 
in experimental animals. It should be noted that while arsenic 
has been shown to be responsible for the induction of human can
cer , attempts to induce cancer in experimental animals with 
arsenic and i t s compounds have not been successful . In contrast , 
while cobalt induced cancer in experimental animals, numerous 
epidemiological studies have f a i l ed to show a corre lat ion between 
excessive human exposure to cobalt and the induction of human 
neoplasia. One of the most studied metal carcinogens are the 
nickel compounds, of which c ry s t a l l i n e Ni3S2 appears to be the 
most potent (1,2,12). N i 3 S 2 has been shown to induce cancer at 
the s i t e of administration, resu l t ing in muscle tumors i f given 
by intramuscular in ject ion (I) , renal tumors i f administered by 
intrarenal in ject ion (2j, t e s t i cu l a r tumors i f injected into the 
testes (2J, or lung tumors i f administered by inhalat ion (12). 

In v i t ro Analysis of Metal Carcinogenesis. Methods of ex
plor ing metal carcinogenesis w i l l be grouped into three separate 
sections. The f i r s t group, biochemical studies, includes those 
studies that deal with the basic interactions of i so lated enzyme 
systems extracted from l i v i n g c e l l s . The second group considers 
the effect of metals on bacter ia l systems, and the th i rd reviews 
present techniques using t issue culture of c e l l s in assessing 
metal carcinogenesis. 
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Biochemical Studies 

Most of the studies that have examined the interactions of 
metals in biochemical systems have attempted to prove the hypo
thesis that carcinogenic metals induce a l terat ions in the base 
pair ing and f i d e l i t y of mRNA transcr ipt ion in v i t r o . These 
studies have suggested that a pr inc ipa l mechanism of metal ca rc in 
ogenesis involves d is tort ions in th is t ranscr ipt ional processes. 
One such in v i t ro study examined the interact ion between comple
mentary and uncomplementary strands of synthetic polynucleotides 
which were mixed together and allowed to anneal (13). When syn
thet ic strands of poly C-U (polycytosine monophosphate-polyuridine 
monophosphate) or poly C-A (polycytosine monophosphate-polyadeno-
sine monophosphate) are mixed with the purine polynucleotide poly 
I (polyinosine monophosphate) in the absence of any divalent 
metal i on , the strands hybridized because the cytosine residues 
formed hydrogen bonds with the i r complementary base, the hypoxan-
thine residues of the inosin
nickel (2+) ions are added to th i s system, the degree of hybr id i 
zation was increased, suggesting the occurrence of uncomplementary 
base pa i r ing . Normally, the urac i l and adenine nucleotides should 
not pair with the poly I, but in the presence of magnesium or 
n i c k e l , the mispairing occurred (13). Cadmium has a s imi la r 
affect on the hybridization of poly C-A or poly C-U with poly I 
(1£) . Cadmium at concentrations of 1 mM provoked mispairing 
between hypoxanthine and u r a c i l , but not between hypoxathine and 
adenine nucleotides (14). In addition to increasing the number 
of mispairings between uncomplementary nucleotides, carcinogenic 
metals a l t e r the structure of the double stranded DNA he l ix . In 
the presence of magnesium, calcium, z inc , or manganese the secon
dary structure of poly A (polyadenosine monophosphate) in so lu 
t ion consists of both single and double he l ixes , but in the 
presence of nickel and cobalt , poly A appears only as a single 
stranded hel ix (15). Copper and cadmium resu l t in the formation 
of randomly coiled" structures of poly A (15). Thus, some poten
t i a l l y carcinogenic metals appear to a l t e r the secondary structure 
of polynucleotides, as well as promoting the mispairing of uncom
plementary nucleotides. Co l l e c t i v e l y , these studies suggest that 
the interact ion of potent ia l ly carcinogenic or mutagenic metal 
ions with solutions of polynucleotides causes uncomplementary 
base pairings and d i s to r t ion of the secondary or t e r t i a r y s t ruc 
ture of DNA. These effects in v i t ro can be correlated with the 
in vivo s i tua t i on , since a l terat ions of th i s nature could resul t 
in a s i gn i f i cant increase in DNA mutation frequencies. The 
mispairing of uncomplementary nucleotides would, for the most part , 
cause point mutations when the DNA i s rep l icated . The end resul t 
of th is type of mutation, assuming the mistake was not repaired, 
would be the subst itut ion of an incorrect amino acid in the p r i 
mary structure of a c e l l u l a r constituent or enzyme. If a number 
of unrepaired point mutations occur, i t i s conceivable that a 
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su f f i c i ent number of a l terat ions in c e l l u l a r proteins would 
result in c e l l transformation. This transformed c e l l could then 
pro l i fe rate abnormally, and with proper promotion, develop into 
a neoplasm. 

Additional experiments have suggested that carcinogenic or 
mutagenic metals may decrease f i d e l i t y of DNA rep l i ca t ion or 
t ranscr ip t ion . The f i d e l i t y of DNA transcr ipt ion i s assayed as 
fol lows: a synthetic template is mixed with the DNA polymerase 
enzyme iso lated from a bacteria or a v i rus . Other reagents re 
quired for the t ranscr ipt ion of DNA are added, including two 
radiolabeled triphosphate nucleotides; one^complementary to the 
strand being repl icated and labeled with [ H], and the other un
complementary and labeled with [ 1 4 C] . Using th is system i n v e s t i 
gators have found that the presence of 1-10 mM beryll ium (2+) 
resulted in an increased misincorporation of the uncomplementary 
cytosine triphosphate into nucleotides copied from poly A-T (16). 
These results could hav
contamination of the DN
taminating exonuclease would incorporate cytosine by repair 
rather than by r ep l i c a t i on . However, Si rover and Loeb (17) found 
that beryl l ium decreased the f i d e l i t y of DNA polymerase with a 
s imi la r system using avian myoblast virus DNA polymerase which 
lacks the exonuclease repair enzyme. Their results suggest that 
beryl l ium sa l ts actua l ly reduce the f i d e l i t y of t r ansc r ip t ion . 
The uncomplementary cytosine was incorporated once for every 
1,100 complementary dTTP nucleotides polymerized into the daughter 
strand using a poly-A o l igo dT template and natural condit ions. 
When beryl l ium was added to th is mixture the error frequency 
increased form 1 per 1,100 to 1 per 75 (17_). In these studies 
beryl l ium was found to bind with the DNA polymerase enzyme; thus, 
th is interact ion probably caused the decrease in the f i d e l i t y of 
t ransc r ip t ion . Additional studies showed that cobalt , manganese, 
and nickel could substitute for magnesium as cofactors of DNA 
polymerase enzyme (18_). However, even in the presence of magne
sium, additions of cobalt and manganese s i gn i f i c an t l y impaired 
the f i d e l i t y of t ranscr ip t ion . Various carcinogenic and mutagenic 
metals such as Ag, Be, Cd, Cr, Cu, Mn, N i , and Pb decreased the 
f i d e l i t y of DNA t ransc r ip t i on , resu l t ing in the enhanced incorpo
ration of the uncomplementary nucleotide (19). In contrast , 
soluble sa l ts of A l , Ba, Ca, Fe, K, Mg, Na, Rb, Sr , and Zn did 
not affect the f i d e l i t y of DNA synthesis even at concentrations 
high enough to i nh i b i t the synthesis of DNA (19). These 
biochemical studies highl ight two important concepts: 1) they 
i l l u s t r a t e that the mechanism of metal carcinogenesis for a wide 
var iety of carcinogenic or mutagenic metals may involve a 
decrease in the f i d e l i t y of DNA r ep l i c a t i on ; 2) these studies 
have suggested that th is biochemical t ranscr ipt ion system can 
be used as a screen for the detection of potent ia l ly carcinogenic 
or mutagenic environmental metal carcinogens. The problem with 
th is system as a screen i s the requirement that the metals be in 
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solut ion to rapidly interact in v i t ro with the DNA polymerase 
during the a l l o t ted assay time of 30-60 minutes. Many carcinogen
i c molecules are not readi ly water soluble. In add i t ion , i f they 
undergo d i s so lu t i on , they may be chemically changed from the 
or ig ina l molecule. For example, when c ry s t a l l i ne nickel sub-
su l f ide i s allowed to so lub i l i z e in water, i t forms nickel oxide 
and nickel hydroxide. It can be more rapidly dissolved in d i lute 
acid so lu t ion , for example HC1, but the adveous product i s NiCl^* 
not the or ig ina l nickel compound. 

Carcinogenic or mutagenic metal sa l ts have varying effects 
on the i n i t i a t i o n of new RNA chains. Salts of Co (2+), Cd (2+), 
Cu (2+), Mn (2+), and Pb (2+) enhance the rate of i n i t i a t i o n of 
new RNA chains at concentrations that inhib i ted overal l RNA 
synthesis rates (20). However, non-carcinogenic metals such as 
K + , L i + , M g + + , Na^Tand Z n + + inhib i ted the i n i t i a t i o n of new 
RNA chains at concentrations which depressed overal l DNA synthesis 
(20). Since the metals
or mutagenic are able to act ivate points of RNA i n i t i a t i o n at 
concentrations which i nh i b i t tota l RNA synthesis , while non-
carcinogenic metals are not able to activate new RNA chain 
i n i t i a t i o n at concentrations which are inh ib i to ry to RNA synthesis 
i t i s presumed that this technique may be u t i l i z e d to measure the 
carcinogenic or mutagenic a c t i v i t y of spec i f i c metal sa l ts (20). 
These observations also point to other possible mechanisms by 
which metals cause mutations and/or cancer in c e l l s . The 
carcinogenic metals appear to i n i t i a t e new RNA chains and there
fore may lead to the expression of new genes which under normal 
conditions would not be expressed. Moreover, the carcinogenic 
metals may cause the excessive i n i t i a t i o n and expression of 
selected gene products. 

Effects of Carcinogenic Metals in Bacterial Systems 

Microbial studies have demonstrated a l ink between carc ino
genesis and mutagenesis and w i l l be reviewed b r i e f l y with 
reference to the individual metals tested. 

The metal compound most studied in bacterial mutagenesis 
systems is chromium. Hexavalent chromium is a potent mutagen in 
several bacteria l systems. Venitt and Levy (21) tested the muta
genic i ty of three chromate compounds: Na2Cr04, K2Cr04, andCaCr04 
using various bacter ia l s t ra ins . A l l three chromium compounds 
in concentrations from 0.05 to 0.2 mM per plate yie lded posit ive 
mutation frequencies approximately 3 times greater than the 
control level (21). the hexavalent chromium ions bind to G-C 
base pairs and resu l t in t rans i t ions from G-C to A-T when the DNA 
is repl icated (2JJ. Other studies have also confirmed that 
hexavalent chromium is mutagenic in a var iety of bacter ia l 
systems. 

In addition to hexavalent chromium ions, other metal ions 
have induced mutations in bacter ia . These metals include As 
(3+), Cd (2+), Hg (2+), Mo (6+), Se (4+), Te (4+), Te (6+), and 
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V(4+) (22., 23, 21, 25J. These results have also shown that the 
metal ions l i s t e d above were mutagenic in a wide variety of bac
t e r i a l strains (22^23,24^25). However, certa in carcinogenic 
metal ions were not mutagenic in bacter ia l systems. The most 
important of these carcinogens was the nickel i on , which did not 
induce mutations in a var iety of the bacteria l systems tested 
(25). The bacter ia l mutagenesis assay i s useful for detecting 
potential organic carcinogens, but appears to have less value in 
assessing the carcinogenic a c t i v i t y of metal carcinogens. A 
major problem with bacter ia l systems i s that the microsomal 
act ivat ion system i s not present and must be added to act ivate 
the procarcinogen to the ultimate carcinogen. This introduces 
considerable variat ions in the assay. The influence of micro
somal enzyme systems on metal mutagenesis or carcinogenesis has 
not been well studied and requires further invest igat ion. 

Studies in Cel l Culture Systems 

Introduction. In recen
become one of the most important techniques in the determination 
of the toxic and carcinogenic a c t i v i t y of xenobiotics. Morpho
log ica l transformation and cytologica l changes are induced in 
t issue culture following exposure to carcinogenic metals and 
the i r compounds. Tissue culture systems have certain advantages 
over microbial assays and in vivo systems because: 1) the c e l l s 
are s imi la r to those found in v ivo , but unlike the in vivo 
s i tuat ion a homogenous population i s treated, 2) neoplastic 
transformation is induced in t issue cu l ture , while microbial 
systems detect mutations, 3) control of variables in t issue 
culture systems is much simpler than with in vivo systems. 
Tissue culture systems are espec ia l ly suited for assaying poten
t i a l l y carcinogenic metals since metal carcinogens, unlike the 
organics, are thought to be primary carcinogens. Metals are 
thought to be able to interact d i r e c t l y with target t i s sues , 
requiring metabolic act ivat ion for cancer induct ion, whereas 
organic carcinogens generally require act ivat ion by microsomal 
enzymes. Exposure of t issue culture c e l l s to many organic 
carcinogens w i l l induce transformation only i f the act ivat ing 
enzymes are present. This i s a drawback to the use of t issue 
culture methods for certa in types of carcinogenesis research 
with organic chemicals. Act ivat ion by microsomal enzymes, with 
inorganic metal carcinogens, may not play a primary role in the 
carcinogenesis process i f current hypotheses are correct . 
However, the preliminary data presented in th i s paper suggests 
that microsomal enzymes may, in f ac t , a l t e r the course of metal 
carcinogenesis in t issue cu l ture . 

The effects of metals on t issue culture systems w i l l be 
divided into 3 sections. The f i r s t section involves toxic effects 
of the same metals on c e l l cu l tures ; the second section w i l l 
discuss the effects of metals on t r ansc r i p t i ona l , t r ans l a t i ona l , 
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and mutagenic processes; and the th i rd section w i l l discuss 
the in v i t ro transformation of c e l l s in culture by exposure to 
metal carcinogens. 

Toxic Effects 

Metals have been shown to have a var iety of tox ic effects on 
c e l l s in culture . In one study (26), exposure of rat embryo 
muscle c e l l s to nickel subsulfide resulted in a depression of 
c e l l d i v i s ion and induced abnormal mitot ic spindles , d istorted 
bipolar spindles , lagging chromosomes, and unequal cytoplasmic 
d iv i s ion (26). Mitot ic arrest occurred in telephase, and the 
post-telephase period was consistent with a mechanism of action 
involving a disturbance in function of the mitot ic spindle 
mechanism (26). Chromosomal breakage was observed in leukocyte 
cultures after a 2 day exposure to sodium arsenate (Na^HAsO^ a t 
concentrations from 0.1-10 yg/ml (27_,28). The abberations 
incurred by exposures o
s imi la r to those observe
chronica l ly with arsenic compounds (27,28.29^). The c l i n i c a l 
picture included a variety of abnormal" mitot ic and chromosomal 
configurations in the leukocytes of humans treated with arsenic 
(27,28,29). In a s imi lar study As, Sb, and Te s a l t s , but not Be, 
C37Co " , "Te , Hg, N i , Se, and V sa l ts caused chromosomal abberations 
in human leukocytes (30). Exposure of human leukocytes to 
cadmium sul f ide induced numerous a l terat ions within the chromo
somal structure (31). Further experimentation showed that the 
exposure of t issue culture f ibrob lasts to CdS04 caused chromo
somal breakage and aberrations (32). Other studies have demon
strated that treatment of eukaryotic c e l l s with As, Cd, Cr, N i , 
Sb, and Te a l ters chromosomal structures (13,31,35). These 
results suggest that the metal compounds (par t icu la r ly arsenic , 
cadmium, chromium, and nickel ) a ltered the normal mitot ic 
processes. An additional study has shown that exposure of 
Chinese Hamster Ovary (CHO) c e l l s to nickel subsulf ide, a potent 
carcinogen, induced elongation of these c e l l s (36). Following 
exposure of Chinese Hamster Ovary c e l l s to this nickel carcinogen, 
the c e l l shape changes from a rounded form to an elongated 
f i b r o b l a s t i c - ! i k e c e l l structure (36). The changes in the 
morphology of CHO c e l l s resembled those that were caused by 
exposure of these c e l l s to agents that elevated c e l l u l a r cAMP 
levels (36). 

Mutagenic Effects 

Arsenic competes with phosphate for incorporation into 
precursors of DNA or RNA such as dATP, rATP, dGTP, rGTP, e tc . 
(28,37_,38.,|9). If arsenic i s incorporated into molecules such as 
ATP, then i t may also be added to serine and threonine residues 
of c e l l u l a r proteins , since protein kinase uses the terminal 
phosphate of ATP in the phosphorylation of a var iety of c e l l u l a r 
proteins. 
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Hexavalent chromium was shown to i nh i b i t DNA synthesis in 
hamster f ibroblasts at concentrations of 0.1 mM (40_,4JL). In 
these studies i t was found that hexavalent chromium was more 
e f f i c i en t than t r i va l ent chromium in the inh ib i t i on of DNA 
synthesis , and that the effects on t issue culture c e l l s of 
hexavalent chromium were more pronounced in a salts/glucose 
solution rather than a complete media, since the l a t t e r had 
fetal bovine serum and other undefined factors that promoted the 
reduction of hexavalent chromium to t r i va l en t chromium (40). 
Different studies have confirmed that other carcinogenic metals, 
such as soluble sa l ts of n i c k e l , inhib i ted DNA synthesis in 
t issue culture c e l l s . These are in agreement with the studies 
conducted in vivo demonstrating that certa in carcinogenic 
metals also i nh i b i t hepatic DNA synthesis during l i v e r regenera
t i on . 

Transformation of Ce l l s in Tissue Culture by Carcinogenic Metals 
and Their Compounds 

Mammalian c e l l cultures have been used as the basis of 
several systems in detecting the potential carcinogenic a c t i v i t y 
of chemicals. Bas i ca l l y , two general approaches have been 
u t i l i z e d : continuous c e l l l ines and primary ce l l cultures . Ce l l 
l ines have the advantage of ease of use, in that cultures do not 
have to be obtained fresh from animals p r io r to each t e s t , but 
may be maintained for months to years by proper subculturing 
techniques. They have the disadvantage of possessing one or 
more "transformed" character i s t i cs (e .g . , immortality) . In some 
cases c e l l l ines may also lack certa in enzyme systems required 
for metabolic act ivat ion of chemicals. Some of the c e l l l ines 
used for transformation assays include the murine (BALB/3T3) A31 
system (42), and the baby kidney-21 (BHK-21) systems (43). 

Primary c e l l cultures have advantages over c e l l l ines in 
that the c e l l s are not i n i t i a l l y immortal, and usually have none 
of the transformed character i s t ics which may be seen in some c e l l 
l ines (41,45). Add i t iona l l y , the embryonic c e l l s which are most 
widely used for transformation tests generally maintain enzyme 
systems character i s t i c of the or ig ina l host for at least a few 
subcultures. Primary c e l l cultures may have the disadvantage, 
however, of requiring harvesting and preparation of c e l l s per iod
i c a l l y , or for each tes t . This problem can be minimized by prep
aration of large numbers of c e l l s and cryopreservation of known 
sensit ive samples. 

A useful in v i t r o transformation assay which may be pa r t i cu 
l a r l y applicable for metals, i s the the enhancement of hamster 
embryo c e l l transformation by simian adenovirus. Casto, et al 
(46) and DiPaolo et al (47) reported that a l l metal sa l ts (of a 
series of 38 tested) with known carcinogenic a c t i v i t y , increased 
the frequency of simian adenovirus SA-7 induced transformations. 
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Metals were divided into three groups: high (posit ive at 0.05 mM), 
moderate (posit ive at 0.05 to 0.6 mM), and low (posit ive only at 
concentration greater than 0.9 mM) a c t i v i t y . 

A c t i v i t y Salts of 

High Antimony, Arsenic , Cadmium, 
Chromium, Platinum 

Moderate Berry!ium, Cobalt, Copper, 
Lead, Mangagnes, Mercury, N icke l , 
S i l v e r , Thal l ium, Zinc 

Low Iron 

In every c e l l culture based transformation assay, several 
character i s t ics are monitore
transformation. These cha rac te r i s t i c s
transformed c e l l s , are summarized in the following statements. 
Normal c e l l s : 1) grow in an orderly fashion with l i t t l e c e l l 
c r i s s - c r o s s ing , 2) are incapable of forming 3 dimensional 
colonies in soft agar media, and 3) do not form tumors when 
administered to athymic "nude" mice. The ultimate test of 
neoplastic transformation i s the a b i l i t y of c e l l s to form tumors 
in "nude" mice. A recent study has shown that the various 
c r i t e r i a which have been applied to transformation, such as 
disordered growth, plant l e c t i n agglut inat ion, and growth in 
soft agar do not necessari ly indicate neoplastic transformation; 
that i s , the a b i l i t y of c e l l s to form tumors when administered 
to experimental animals (48). 

A number of investigators have treated established c e l l 
l ines with carcinogenic metals and found that morphological 
transformation was induced in these cul tures . Fradkin et al (49) 
found that treatment of c e l l l ines with hexavalent chromium 
resulted in disordered growth of baby hamster kidney (BHK-12) 
c e l l s exposed to 0.25 or 0.5 yg/1 of CaCrO^ The characte r i s t i c 
change in the growth pattern of these c e l l s was a loss of order 
in colonies and extensive c e l l p i l i n g which was not present in 
untreated cultures (49). After the c e l l s were treated with 
CaCHty, they acquired the a b i l i t y to grow in a semisolid media. 
Normal c e l l s were not able to pro l i fe rate in th is media. Treat 
ment of cultures of mouse feta l c e l l s with CaCr0 4 resulted 
in morphological a l terat ions (35). Ce l l s were exposed to CrCl3 or 
K 2 C r 2 0 7 , and exposures to both hexavalent and t r i va l en t chromium 
compounds resulted in colonies of c e l l s that p i led up in a 
randomly oriented fashion surrounded by various giant c e l l s (35). 
The authors of th is study questioned whether or not the morpholog
i ca l a l terat ions induced by these chromium compounds represented 
any neoplastic changes (35). 
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In a series of studies by Costa et al (12,50^57), secondary 
cultures of Syrian hamster feta l c e l l s were exposed to e i ther 
c ry s t a l l i ne nickel subsulfide or amorphous nickel su l f ide . 
Following exposure to the nickel compounds the cultures were 
washed free of the metals and the c e l l s seeded to form colonies . 
Treatment with the potent carcinogen, nickel subsulf ide, 
induced a concentration dependent incidence of morphological 
transformation, while s imi la r treatment with amorphous nickel 
su l f i de , the non-carcinogen, did not resu l t in any of these 
changes. The nickel subsulfide transformed colonies were cloned, 
derived into immortal c e l l l i n e s , and tested for the i r a b i l i t y 
to grow in soft agar and to form tumors in athymic "nude" mice. 
A l l morphologically transformed ce l l l ines tested were able to 
pro l i fe rate in soft agar and formed tumors in "nude" mice. 
Similar cloning of normal cultures was unsuccessful, and none of 
the normal mass cultures derived from hamster embryos, and 
tested for colony formatio
in "nude" mice were pos i t ive

Materials and Methods 

Test Compounds. Nickel subsulfide ( c rys ta l l ine aNi3S 2 , 
pa r t i c l e s ize < 5 ym) was provided by Dr. Edward Kostiner, 
University of Connecticut, and i t s purity and crysta l structure 
were ver i f i ed by emission spectroscopy and X-ray diffractometry 
as previously described (2^58j. Amorphous nickel monosulfide 
(NiS) was precipitated by addition of ammonium sul f ide to a 
solution of Ni CI 2 that was prepared from carbonyl-derived Ni 
dust and ultrapure HC1. The amorphous NiS was devoid of crysta l 
s t ructure , based upon X-ray diffractometry. The a N i 3 S 2 and NiS 
powders were s t e r i l i z e d by washing in acetone immediately p r io r 
to suspension in t issue culture medium. 

Morphological Transformation Assay Using Syrian Hamster 
Fetal c e l l s . Syrian hamster embryo c e l l s were iso lated as 
previously described (50_,51_,52_). Ter t ia ry passage cultures 
were prepared by p lat ing about 1 X 10 6 c e l l s into 100 mm 
diameter plates . The c e l l s were allowed to attach to the mono
layer for one or two days and selected cultures were then 
pretreated with 3 yg/ml of benzopyrene for 24 h. Pretreatment of 
c e l l s with 2 yg/ml of benzopyrene was shown to increase the 
microsomal protein content by 2 fo ld within 24 h in these c e l l s 
(data not shown). Cultures were then treated with the appropriate 
metal compounds three times for a period of two days for each 
treatment. Following this procedure c e l l s were removed from the 
monolayer by t ryps in izat ion (0.25% trypsin in Puck's sal ine A) , 
and 5,000 and 10,000 ce l l s were replated to form colonies in 100 
mm diameter plates containing 10 ml of Dulbecco's medium 
supplemented with 10% fetal bovine serum (Hy-clone, S t e r i l e 
Systems, Inc. ) . Foci assays were conducted by plat ing approxi
mately 50,000 treated or untreated c e l l s into 100 mm diameter 
t issue culture plates . The media was replenished about one time 
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each week during the subsequent two week incubation period. 
Cultures seeded to form colonies were incubated 12-14 days. Ce l ls 
that were seeded for the foci assay were incubated for 23 days. 
At the end of the appropriate incubation period the monolayer 
of c e l l s was washed two times with a phosphate buffered normal 
sal ine so lu t ion , f ixed with 95% ethanol, and stained with a 0.5% 
(w/v) crysta l v io let -ethanol mixture. Where appropriate, the 
total number of surviving colonies were counted in each plate . 
Each colony or foci was evaluated for morphological transformation 
using a l i gh t microscope by an observer who was not aware of the 
treatment condit ions. 

Mutagenesis Assay Using Chinese Hamster Ovary Ce l l s . Chinese 
Hamster Ovary c e l l s were grown in monolayer culture within a 
humidified atmosphere composed of 5% C0 2 and 95% a i r using 
McCoy's 5a medium supplemented with 10% fetal bovine serum 
(Hy-clone, S te r i l e Systems, Inc. ) . Cultures of Chinese Hamster 
Ovary c e l l s were expose
24 h and then allowed to undergo approximately twelve d iv is ions 
(doubling time 14-16 h) p r io r to being placed in the se lect ion ^ 
media. At the end of th is d i v i s i on period approximately 7 X 10 
ce l l s (monolayer cultures of each had formed) were incubated in 
the se lect ion medium consisting of complete McCoy's media supple
mented with 3 yg/ml 8-azaguanine (8-AG) and 6 yg/ml 6-thioguanine 
(6-TG). Cultures were incubated in the se lect ion media for 
approximately 3 weeks. The se lect ion medium was replaced with 
fresh media containing the 8-AG and 6-TG every three or four days 
during the se lect ion period. At the end of th is incubation, c e l l s 
were f ixed with 95% ethanol and stained with a 0.5% (w/v) crysta l 
v io let -ethanol mixture. The number of mutant colonies in each 
plate was then counted. By de f in i t ion a colony consisted of 
50 or more c e l l s in a c lus te r . As expected, nearly a l l of the 
c e l l s in the plates died o f f , leaving only a few colonies in 
plates treated with mutagenic agents. These procedures are 
s imi lar to other mutation assays reported in the l i t e r a tu re (59). 

Tox ic i ty tests were conducted in Chinese Hamster Ovary c e l l s 
to determine the concentration of e i ther Ni*3S2 or NiS which a f fec 
ted ce l l p lat ing e f f i c iency following a 24 h exposure period. 
P ro l i f e ra t ing cultures of Chinese Hamster Ovary c e l l s were 
exposed to the nickel compounds for 24 h, and then the c e l l s 
were tryps inized from the monolayer. Ce l l numbers were deter
mined with a hemocytometer and 400 c e l l s were plated to form 
colonies in 100 mm diameter t issue culture plates . The c e l l s 
were incubated for about 9 days, f i xed , stained, and the tota l 
number of surviving colonies in each plate were counted and 
expressed as a function of the tota l number of c e l l s plated. 

Uptake Studies 

Log phase cultures were prepared in Leighton Tubes (tubes 
containing a p l a s t i c microscopic s l ide which provides a surface 
for c e l l growth). Ce l l s were exposed to the metal compunds 
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and following the exposure period were washed two times with 
normal sa l ine , f ixed with 95% ethanol and stained with a crysta l 
v io l e t solution (0.5% crysta l v io l e t in ethanol) . The c e l l s 
were observed with a l i gh t microscope for the presence of i n t r a 
c e l l u l a r nickel compounds. 

For electron microscopy studies , c e l l s were prefixed in 3% 
gluteraldehyde solution buffered with 0.05 M Phosphate Buffer pH 
7.4 containing 0.05 M sucrose. Ce l l s were rinsed in 0.05 M 
Phosphate Buffer pH 7.4 containing 0.5 M sucrose f ive times for 
10 min and then dehydrated using sequential ethanol and acetone 
washes. The c e l l s were embedded in an epoxy resin mixture and 
then sectioned with a microtone. The sections were post stained 
with Uranyl Acetate and Lead Citrate and then examined with an 
electron microscope. 

Results 

Morphological Transformatio
Figure 1 shows the orderly growth pattern of c e l l s in a normal 
untreated colony of Syrian hamster feta l c e l l s . In contrast , 
Figure 2 shows the changes in the growth pattern of normal c e l l s 
resu l t ing from treatment with a metal carcinogen such as c r y s t a l 
l ine Ni*3S2. Note that the transformed c e l l s grew in a disorder ly 
pattern, with c e l l s invading each other 's boundaries. This 
n e t - l i k e , disordered growth pattern i s the morphological a l t e r a 
t ion characte r i s t i c of neoplastic transformation. Our labora
tory has cloned a number of colonies having disordered growth 
patterns s imi la r to those shown in Figure 2 (50,51,52). These 
clones were shown to produce tumors in athymic "nude"" mice f o l 
lowing subcutaneous in ject ion and to form 3 dimensional colonies 
in soft agar medium (50,51,52). Ce l ls having a normal growth 
pattern as shown in Figure 1 were administered to "nude" mice 
and plated to form colonies in soft agar medium. However, these 
c e l l s did not produce tumors in "nude" mice, or 3 dimensional 
colonies in soft agar medium. 

Concentration Dependent Morphological Transformation b y N i ^ 
Table 1 shows the results of a typica l experiment where cultures -
of Syrian hamster embryo c e l l s were exposed to several concentra
tions of NioS 2or NiS. Control cu l tures , which were untreated or 
treated with amorphous NiS, had no s ign i f i cant incidence of 
morphological transformation. However, the incidence of Ni3S2 
induced morphological transformation was dependent upon the 
concentration of Ni*3S2 which the c e l l s were exposed. 

Influence of Benzopyrene Pretreatment on Metal 
Induced Transformation. The induction of cancer by metal 
carcinogens i s thought to be independent of microsomal enzyme 
ac t iva t ion . These conclusions are not based upon experimental 
evidence as such, but on an idea that has developed from at 
least two observations: 1) carcinogenic metals and the i r com-
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Figure 1. Photograph showing the ordered growth pattern of a typical "normal" 
colony 
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Figure 2. Photograph showing the disordered growth pattern of a Ni3S2 trans
formed colony 
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TABLE I 

EFFECT OF CRYATALLINE N i 3 S 2 AND AMORPHOUS NiS ON THE 
TRANSFORMATION OF SYRIAN HAMSTER FETAL CELLS IN TISSUE CULTURE 

Test Compound Concentratio
ug/ml P la tes Colonies^ 

Controls 0 36 2/2045 [0.1%] 

aNi 0 S 0 O. l 12 25/599^ [4.2%] 
1.0 12 40/584 c [6.8%] 
5.0 12 26/27l c [8.9%] 

10.0 6 4/20 [20%] 

NiS 0.1 6 1/203 [0.5%] 
1.0 6 0/261 [0.0%] 
5.0 6 2/291 [1.0%] 

a5,000 c e l l s were plated into 35 mm tissue culture plates to form 
colonies. 

Ratio of the number of transformed colonies to the number of 
total colonies on a l l culture plates (with percentage in brackets 
[]) 
c 2 P < 0.005 versus corresponding ra t io for control plates [x test]. 
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pounds are r e l a t i ve l y simple molecules which are not extensively 
metabolized in v ivo , and 2) the induction of cancer by a 
carcinogenic metal occurs at the exposure s i t e even in t i s sues , 
such as muscle lacking the capab i l i ty to activate and metabolize 
drugs, as well as other foreign compounds. 

In Table 2 we present some preliminary data suggesting that 
induction of microsomal enzymes, in par t icu la r cytochrome P 448 
associated hydroxylases, enhanced the N i 3 S 2 induced transforma
t ion of Syrian hamster embryo c e l l s . Cultures treated w i t h N i 3 S 2 

or benzopyrene had incidences of transformation in the colony 
assay ranging from 3.2-3.6% of the surviving colonies when 
10,000 treated c e l l s were challenged to form colonies . However, 
cultures pretreated with benzopyrene and then exposed to N i 3 S 2 

had considerably higher proportion of morphologically transformed 
colonies. In this experiment, cultures were pretreated with 
benzopyrene using a single 24 h exposure interval while the same 
cultures were exposed t
separate exposures. Th
cultures pretreated with benzopyrene was greater than the 
incidence of transformation induced by each agent alone. These 
results suggested that benzopyrene induces a process which 
enhanced the carcinogenesis of N i 3 S 2 . It i s possible that this 
inducible process represents the act ivat ion of aryl hydrocarbon 
hydroxylases, and the i r subsequent interact ion with the N i 3 S 2 

enhances i t s carcinogenesis. 

Tox ic i ty of NJ3S2 and Benzopyrene in Syrian Hamster Embryo 
Ce l l s . Table 3 shows the effect on the p lat ing e f f i c iency of 
Syrian hamster embryo c e l l s exposure to NiS or Ni3S2. Note that 
exposure of c e l l s to 2 pg/ml of Ni'3S2 reduced c e l l p lat ing e f f i 
ciency by ohe-half the values obtained in untreated cultures . 
Results from other experiments which we have conducted suggests 
that a single 24 h treatment of c e l l s with 3 yg/ml of benzopyrene 
only reduces c e l l p lat ing e f f i c iency by approximately 30%. It 
appears from the data shown that pretreatment with benzopyrene 
enhanced the Ni ' 3 S 2 induced t o x i c i t y to Syrian hamster c e l l s 
greater than the t ox i c i t y displayed for each compound ind i v i dua l 
l y . However, the N i 3 S 2 carcinogenic enhancement by benzopyrene 
was greater than the toxic enhancement. 

Mutagenesis of Chinese Hamster Ovary Ce l l s by N i 3 S 2 . Pre
l iminary experiments (Table 4) suggest that Ni*3S2, a potent 
carcinogen has weak to no mutagenic a c t i v i t y in Chinese Hamster 
Ovary c e l l s . The incidence of colonies res istant to the t o x i 
c i t y of 6-thioguanine and 8-azoguanine was not s i gn i f i c an t l y 
increased in cultures that had been pretreated with Ni^Sg for 24 
h. When Chinese Hamster Ovary c e l l s were treated with NiS (a non-
carcinogen), a lesser degree of resistance to the se lect ing 
agents was found. Chinese Hamster Ovary ce l l s were exposed for 
24 h to various levels of the NiS or N i 3 S 2 to determine the 
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TABLE III 
EFFECT OF BENZOPYRENE PRETREATMENT ON PLATING 

EFFICIENCY IN CULTURES SUBSEQUENTLY TREATED WITH Ni~ S 

Treatment Condition

5,000 Ce l l s 10,000 Ce l l s 

Control 
(no treatment) 

N i 3 S 2 (2 yg/ml) 

NiS (2 yg/ml) 

NioS2 (2 yg/ml) and 
benzopyrene (3 yg/ml 
pretreatment for 24 h) 

1.60% 1.71% 
0.89% 0.71% 
1.54% 0.72% 
0.23% 0.21% 

Third passage log phase cultures of Syrian hamster fetal c e l l s 
were treated as described in the table. Cultures treated with 
benzopyrene and Ni3S2 were exposed to benzopyrene for 24 h pr ior 
to treatment with the metal. Cultures were treated with the 
metal compounds three times using a two-day exposure for each 
treatment. Cel ls were then removed from the plate by t r y p s i n i -
zation and the number of c e l l s present in each plate was deter
mined with a hemocytometer. Five thousand or ten thousand ce l l s 
were replated to form colonies into 100 mm diameter plates and 
the number of surviving colonies in each plate was counted. Each 
number shown in the table i s the mean of four t issue culture plates. 
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TABLE IV 

MUTAGENESIS OF CHINESE HAMSTER OVARY CELLS BY 
SPECIFIC NICKEL COMPOUNDS 

24h treatment 
Condition Concentration 

(yg/ml

Number of 6-TG and 8-AG 
Resistant Colonies per Plate 

No treatment 0 0 . 2 + 0 . 4 (N=5) 

Amorphous NiS 0.5 
1.0 
1.5 

0.5 + 0.58 (N=4) 
0.5 + 0.58 (N=4) 
1.3 + 1.53 (N=4) 

Crys ta l l ine N i 3 S 2 0.5 
1.0 
1.5 

1.0 + 0.8 (N=4) 
2.3 + 0.5 (N=4) 
2.5 + 1.0 (N=4) 

Pro l i f e ra t ing cultures of Chinese Hamster Ovary c e l l s were 
exposed for 24 h to the compounds shown in the table. The ce l l s 
were allowed to undergo twelve d iv is ions in complete growth 
medium and then about 7 X 10^ c e l l s attached to the monolayer 
were placed in se lect ion medium (McCoy's 5a medium supplemented 
with 10% fetal bovine serum, 8 yg/ml 8-azaguanine (8-AG) and 6 
yg/ml 6-thioguanine (6-TG). Cultures were incubated in se lect ion 
medium for about three (3) weeks. The se lect ion medium was 
replenished with fresh medium about two (2) times each week. At 
the end of the se lect ion period the cultures were washed two (2) 
times with normal s a l ine , f ixed with 95% ethanol and stained 
with an ethanol -crystal v i o l e t solution (0.5% w/v crysta l v i o l e t 
in 95% ethanol) . A colony was defined as a c luster of 50 or more 
c e l l s . 
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t ox i c i t y of these compounds. These results are shown in Table 5 
and show that concentrations of NioS 2 ranging from the LD 5 0 t o 
LDgQ were used in attempting to obtain mutations. 

Uptake of N i 3 S 2 Into Ce l l s 

Figures 3 and 4 show l i gh t microscope photographs of CHO 
and Syrian hamster embryo c e l l s respectively which have phago-
cytized Ni3S2 pa r t i c l e s . Table 6 shows that Syrian hamster 
embryo c e l l s ac t ive ly take up Ni0S2 par t ic les and undergo 
morphological transformation following exposure to th i s compound. 
Similar exposure to amorphous NiS results in no s ign i f i cant 
transformation and l i t t l e uptake of Ni S pa r t i c l e s . Table 7 
shows that the approximate hal f l i f e of Ni3S2 pa r t i c l es in c e l l s 
is 40 h. The par t ic les may be altered to a form not v i s i b l e 
with the l i gh t microscope or resu l t in ce l l l y s i s . 

Discussion 

The development of an in v i t r o metal carcinogenesis test 
system which i s r e l i a b l e , rap id , and inexpensive has been the sub
ject of several recent reports (47^48,50-57). These results 
were discussed in e a r l i e r sections oFtJTis chapter. The purposes 
of the present report is to review some of the work conducted on 
the effects of metals using in v i t r o assays, and to re late these 
findings s p e c i f i c a l l y to current views on the mechanisms of 
metal carcinogenesis. The preliminary data presented in this 
chapter suggests some new points of view re la t ing to the 
carcinogenesis of metals using in v i t ro systems. The experiments 
suggest that the benzopyrene pretreatment enhances the t ox i c i t y 
and carcinogenicity of Ni*3S2. The enhancement of transformation 
by combined treatment of c e l l s with Ni*3S2 and benzopyrene i s 
greater than the summation of that induced by individual com
pounds. Further work is required to c l a r i f y the mechanisms 
involved in the enhancement. These additional studies may 
involve a study of the ef fect of microsomal enzymes on metal 
carcinogenesis. 

The preliminary benzopyrene experiments described in th is 
paper have important implications in assessing carcinogenic 
hazards associated with human exposure to metal carcinogens. If 
smokers (benzopyrene i s found in cigarette smoke as well as 
other inducers of microsomal enzymes) are exposed to metal 
carcinogens, the re la t ive r isks of contracting neoplasms of the 
respiratory systems are greater in these individuals than in 
those who do not smoke. 

The additional preliminary data concerned the possible 
mutagenic a c t i v i t y of N i 3 S 2 , Current theories concerning possible 
modes of cancer induction favor a c e l l u l a r mutation or a series 
of mutagenic events for the i n i t i a t i o n of neoplastic t ransfor 
mations. The data reported here indicates that Ni'3S2 displays 
l i t t l e mutagenic a c t i v i t y . However, further experiments are 
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Figure 3. Light microscope photograph of Chinese hamster ovary cells that have 
phagocytized Ni3S2 particles. Note the vacuoles and dark Ni3S2 particles in some 

of the vacuoles. 

Figure 4. Light microscope photograph of Syrian hamster embryo cells that have 
phagocytized Ni3S2 particles 
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TABLE VI 
PHAGOCYTOSIS AND MORPHOLOGICAL TRANSFORMATION 
BY N i 3 S 2 AND NiS IN SYRIAN HAMSTER EMBRYO CELLS 

Transformed Phagocytosis 
Colonies (Percentage of 

Concentration Total Su rv i - c e l l s having 
Chemicals (yg/ml) ing Colonies nickel par t ic les 

Amorphous NiS 1 0/222 (0%) 0.10% 

5 

10 0/166 (0%) 0.80 

Crysta l l ine 1 6/214 (2.8%) 6.70 
N i 3 S 2 

5 12/138 (8.7%) 23.60 

10 11/93 (11.8%) 42.90 

Secondary cultures of Syrian hamster embryo c e l l s were ex
posed to the part icu late nickel compounds shown in the table for 
three separate exposure for a period of 48h (transformation 
assay) or 24h (uptake assay). To assess morphological transfor 
mation the free metal compounds were removed from contact with 
normal sa l ine . The c e l l s were then dislodged from the monolayer 
by t ryps in i za t i on , and replated (1,000-5,000 ce l l s ) into 100 mm 
tissue culture plates to form colonies . Following 12 days of 
incubation the colonies were f ixed , sta ined, and evaluated for 
morphological transformation. The number of transformed co lo 
nies was expressed as a function of the total number of sur
v iv ing colonies . Each transformation ra t io represents the mean 
of 6 separate p lates . For the uptake studies , log-phase mono
layer cultures grown on p l a s t i c microscopic s l ides were exposed 
to the metal compounds. Following the exposure period the c e l l s 
were washed two times with normal s a l i ne , f ixed with 95% ethanol, 
and stained with a methanol-crystal v i o l e t so lut ion . One thou
sand c e l l s were examined with a l i gh t microscope (see Figure 2 
and 3) in each s l i de for the presence of nickel p a r t i c l e s . 
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TABLE VII 
HALF-LIFE OF M 3 S 2 PARTICLES 

IN SYRIAN HAMSTER EMBRYO CELLS 

Ce l l s with i n t r a ce l l u l a r 
nickel par t ic le

Time after removal 

67.3 0 h 

66.4 4 h 

50.8 8 h 

43.8 24 h 

27.6 48 h 

6.7 96 h 

3.0 120 h 

Log phase Hamster embryo c e l l s were exposed to 20 yg/ml of 
Ni ' 3 S 2 for 24 h. Following this exposure the media containing 
Ni3S 2 was removed and the c e l l s were washed two time with 
normal sa l ine . The c e l l s were then placed in fresh complete 
media and at various time intervals were f i xed , stained and 
1,000 c e l l s examined with the l i gh t microscope for i n t r a ce l l u l a r 
nickel pa r t i c l e s . Each number shown in the table i s the mean 
of 2 s l ides where a tota l of 2,000 c e l l s were examined for 
both s l i d e s . The c e l l s having nickel par t ic les are expressed 
as a percentage of those examined. 
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required to evaluate the mutagenic a c t i v i t y of Ni3S2» one of the 
most potent metal carcinogens. Other studies (40,41) have 
suggested that several carcinogenic metals are mutagenic in 
bacteria l systems, but nickel compounds have shown no mutagenic 
a c t i v i t y in bacter ia l systems. Very few studies have evaluated 
the mutagenic a c t i v i t y of carcinogenic metals in mammalian c e l l 
culture systems. Most of these studies have demonstrated effects 
on chromosomal structure and function (26-35). It i s important 
to note that in a l l of our studies we have used amorphous NiS 
(a non-carcinogen) as a negative control in addition to an 
untreated contro l . Amorphous NiS was neither carcinogenic nor 
mutagenic in our two test systems. 

In using the Syrian hamster embryo system for metal carc ino
genesis test ing i t was important to demonstrate that neoplastic 
changes were associated with morphological transformation (52). 
Add i t iona l l y , when test ing various metal samples for carcinogenic 
a c t i v i t y , i t i s importan
(NiS) controls in every experiment to evaluate the consistency 
of each assay. If Ni 3So does not induce morphological t ransfor 
mation in a concentration dependent manner, then the v a l i d i t y of 
the ent ire assay should be suspect. S im i l a r l y , i f untreated c u l 
tures and NiS treated cultures have a high incidence of morpho
log ica l transformation the results of the assay are not v a l i d . 

A possible explanation for why N i3$2 i s a potent carcinogen 
while amorphous NiS lacks a c t i v i t y was presented in the uptake 
studies. From other experiments i t appears that the carcinogenic 
a c t i v i t y of part iculate metal compounds i s proportional to the i r 
c e l l u l a r uptake. In future studies we hope to concentrate on 
this phagocytosis as a possible mechanism of metal induced 
carcinogenesis. 

Abstract. We have reviewed work conducted in our laboratory 
and other laboratories investigating the carcinogenic and mutagen
ic effects of metals and their compounds upon in vitro systems. 
Preliminary data is also presented which shows the following: 1) 
Pretreatment of Syrian hamster embryo cells with benzopyrene, an 
inducer of aryl hydrocarbon hydroxylase, potentiates the morpho
logical transformation of Syrian hamster embryo cells induced by 
Ni3S2. The incidence of N i 3 S 2 transformation in cultures pre
treated with benzopyrene was in some instances 10 fold greater 
than those transformations caused by similar exposure to either 
Ni 3 S 2 or benzopyrene alone. 2) Ni 3S 2 treatment of Chinese Hamster 
Ovary cells caused the appearance of 2-3 6-thioguanine and 8-
azoguanine resistant colonies (per plate, 7 X 106 cells plated) 
while untreated Chinese Hamster Ovary cells averaged 0.2 resistant 
colonies per plate for a similar number of cells at risk. 
Therefore, N i 3 S 2 displays very weak or no mutagenic activity in 
the mutagenesis system tested, and 3) carcinogenic activity of 
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particulate metal compounds such as N i 3 S 2 is proportional to their 
cellular uptake. Cells actively phagocytized particulate Ni 3S 2 

but did not take up amorphous NiS particles to a significant 
degree. The latter observation may help understand why specific 
metal compounds are carcinogenic. 
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In this paper we discus
aluminum with DNA that wer
relationship of aluminum with Alzheimer's disease. We then 
consider how metal ions are involved i n genetic information 
transfer, and may influence the aging process, and f i n a l l y we 
discuss the use of metal ions i n probing the aging process. 

Aluminum, DNA and Alzheimer's Disease 

Alzheimer's disease i s one of the senile dementias; i n fact, 
i t i s estimated that 70% of the people who have senile dementia 
have a form of Alzheimer's disease. The cause and treatment of 
Alzheimer's disease i s therefore of utmost importance. Crapper 
and his collaborators at the University of Toronto have reported 
that autopsies of Alzheimer's patients reveal an accumulation of 
aluminum ions i n lo c a l i z e d areas of the brain (1). They also 
studied the effect of i n t r a c r a n i a l l y injecting experimental 
animals with aluminum, and they found that cats so treated accumu
late aluminum i n brain c e l l s i n concentrations similar to those 
found i n Alzheimer's disease (2). These animals also exhibit 
structural alterations i n brain c e l l s that are similar but not 
id e n t i c a l to the alterations i n Alzheimer's disease. 

DeBoni and Crapper (3) have demonstrated that aluminum 
accumulates i n the chromatin of c e l l s . Fluorescent microscopy of 
c e l l s i n mitosis, stained with aluminum-staining morin dye, shows 
aluminum bound to chromatin. It i s therefore of some potential 
relevance to Alzheimer's disease to investigate the interaction 
of aluminum and DNA. 

Let us f i r s t consider what kinds of effects metal ions 
generally have on DNA. Metal ions bind primarily at two positions 
on DNA. They can bind to the bases, and i n so doing they can de
stroy the hydrogen-bonded structure. Therefore, they destabilize 
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the DNA double h e l i x . On the other hand, metal ions binding to 
phosphate s t a b i l i z e the double helix. The reason for this s t a b i 
l i z a t i o n i s that the metal ions neutralize the negatively charged 
phosphate groups on the surface of the molecule; these would 
repel each other and cause the molecule to unwind (4). The two 
different effects that metal ions have on the s t a b i l i t y of DNA 
are dramatically i l l u s t r a t e d by the effects of magnesium and 
copper ions on the DNA "melting" curves, which show the t r a n s i 
tions between double h e l i c a l DNA, which has a r e l a t i v e l y low 
absorbance, and single stranded DNA, which has a high absorbance 
(5). An absorbance-temperature plot therefore follows the un
winding of DNA; the midpoint i n the tran s i t i o n i s called the 
melting temperature ( T m ) . Mg 2 +, which binds to phosphate, raises 
this T m, while Cu 2 +, which binds to the bases, lowers i t . Mg 2 + 

s t a b i l i z e s the double helix, and C u 2 + destabilizes i t . The 
effects of these two metals demonstrate that metals can s t a b i l i z e 
DNA by binding to phosphat
bases. The melting curve
metal ions, and metal ions generally, are r e l a t i v e l y simple: 
they produce a monophasic tran s i t i o n . 

Aluminum turned out to produce more complicated effects. 
This was perhaps to be expected, since A l has a complex chemistry; 
i n aqueous solution i t exists i n a large variety of species (6). 
In addition to hydrated aluminum ion. A l 3 + or [ A 1 ( H 2 0 ) 6 ] 3 + , 
there are A1(0H)2+, A1(0H) 2

+, A1(0H) 3, A1(0H>4", as well as 
[Al-j^O^ (OH) 24 (H20) 1 2]^ +- The re l a t i v e amounts of these species 
varies with pH. DNA melting curves were obtained therefore at 
different pH values and at different aluminum concentrations. 
Some of the melting curves exhibit biphasic transitions; i . e . , 
part of the DNA complex melts out i n one temperature region and 
another part melts out i n another region. Melting curves are 
presented as derivative curves, i n which transitions become peaks 
(Fig. 1). Note the existence of a high melting aluminum-DNA 
complex even above 100°C, e.g. at pH 7.5 and 0.6 Al/DNA as well 
as a low melting aluminum-DNA complex, as at pH 5.0 and 0.4 
Al/DNA. A thi r d aluminum-DNA complex melts out i n an intermediate 
temperature range, e.g. at pH 6.0 and 0.6 Al/DNA. Analysis of 
the data over a pH range from 5.0 to 7.5 and an Al/DNA concentra
tion range of from 0 to 0.7 leads to the conclusion that a l l the 
melting areas are accounted for by these three complexes and 
uncomplexed DNA. We propose the structures shown i n Figure 2 for 
the three Al-DNA complexes. We consider that the high melting 
complex I, stable at r e l a t i v e l y high pH, contains hydroxylated 
A l , perhaps A1(0H) 2 + ion. The metal concentration dependence of 
the melting temperature i s that produced by a divalent ion, and 
the binding of this ion to the phosphate would s t a b i l i z e the DNA 
molecules. The low melting complex I I , stable i n the acid i c 
region, presumably involves A l 3 , hydrated aluminum ions, binding 
to the bases of the DNA and thereby de s t a b i l i z i n g the DNA double 
he l i x . The third complex, which occurs at high aluminum concen-
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trations, probably contains both phosphate binding A1(0H) Z and 
base binding A l 3 + . 2+ 

It has previously been shown that Cu ions produce cross
l i n k s between DNA strands (12, 13, 14, 15). A l 3 + also produces 
such crosslinks, as demonstrated i n the following way. When 
calf-thymus DNA i s heat-denatured, and then cooled, the absorbance 
does not decrease to the l e v e l characteristic of double-helical 
DNA (Fig. 3A). The double h e l i x i s not regenerated because the 
bases i n the denatured state are out of register. The s l i g h t 
decrease i n absorbance on cooling i s attributed to limited i n t r a -
strand hydrogen bonding, or hairpin formation. The low-melting 
Al-DNA complex, on the other hand, does not even form these 
hairpins on cooling - the absorbance remains constant (Fig. 3B). 
However, removal of A l by EDTA or by the introduction of a high 
electrolyte concentration brings the absorbance back to that of 
native DNA. The explanation of this r e v e r s i b i l i t y of DNA denatur
ation i s that the aluminu
DNA strands during the unwindin
solution has been cooled the DNA strands are held together i n 
such a way that i t i s now impossible to form hairpins, and when 
the aluminum i s then removed with EDTA or with high s a l t , the 
double helix i s reformed, because the crosslinking A l ions are 
able to maintain the complementary bases i n register. Cross-
l i n k i n g of the DNA strands could of course account for deleterious 
b i o l o g i c a l e f f e c t s , and i t i s tempting to speculate that defects 
i n brain structure characteristic of Alzheimer's disease could be 
due to such structures. At this point there i s no evidence that 
such structures exist i n diseased brain. 

Metal Ions, Genetic Information Transfer and Aging 

The possible involvement of aluminum i n Alzheimer's disease 
i s of interest i n aging because senile dementia i s sometimes 
associated with aging. Metal ions may be involved i n the aging 
process i n more general ways, as we s h a l l try to demonstrate. 

It i s generally accepted that aging i s genetically determined. 
The dependence of longevity on species and sex, for example, 
cannot be readily explained i n any other way. If aging i s geneti
c a l l y determined, there must be changes i n genetic information 
transfer, which involves the r e p l i c a t i o n of DNA i n the c e l l 
nucleus, transcription of the information contained i n DNA onto 
messenger RNA, which moves from the nucleus to the cytoplasm, 
where i t s nucleotide sequence i s translated into the amino acid 
sequence of proteins. Many laboratories have demonstrated that 
age changes do occur i n genetic information transfer. Clark and 
Eichhorn have recently shown that there i s an age difference i n 
the a c c e s s i b i l i t y of DNA from the chromatin of old and young rat 
l i v e r c e l l s to the action of micrococcal nuclease, which s p l i t s 
internucleotide bonds of DNA (11). As already indicated, this i s 
only one of many examples of age changes i n genetic information 
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transfer. None of these studies have led to an understanding of 
the basic cause of aging. I t i s useful to consider what, i f 
anything could be done about aging, i f the basic cause (or 
causes) of the aging process were ever discovered. Perhaps some 
form of genetic engineering could become feasible, but genetic 
engineering i s associated with d i f f i c u l t moral problems. I f 
there i s an impact from the environment onto genetic information 
transfer, i t could be easier to deal with such an environmental 
impact, and i t would be morally less d i f f i c u l t (11). 

Metal ions enter c e l l s of l i v i n g organisms from the environ
ment. Some of these are essential metal ions and others are non
essential. Metal ions are involved i n every step of genetic 
information transfer. They affect the structure of chromatin; 
i t has been demonstrated by electron microscopy that the concen
tr a t i o n of magnesium ions i n c e l l nuclei determines the packing 
of the chromatin (12). Some studies carried out i n our laboratory 
indicate that metal ion
structure of chromatin (13)
l i v e r of mature (12 mo.) and old (26 mo.) rats, and from the 
chromatin obtained from these nuclei, the histones were chromato-
graphed on a Sephadex column. Four peaks were produced from 
mature rat l i v e r chromatin (Fig. 4A); two of these peaks were 
substantially diminished i n the chromatogram from the old rats 
(Fig. 4B). The nuclei i n both instances had been isolated i n the 
presence of magnesium. If the histones from mature rat l i v e r 
chromatin were obtained from nuclei isolated i n the absence of 
magnesium, or even i n the presence of EDTA, the same peaks were 
diminished as i n the case of the material from the old nuclei 
(Fig. 4C). Thus, the absence of metal ions i n the i s o l a t i o n of 
the nuclei produces a similar affect as aging. It seems that 
metal ions are involved i n the organization of the nuclear matter, 
and something i n this organization changes with age. 

As has been indicated above, metal ions are essential i n 
every aspect of genetic information transfer. Nevertheless, metal 
ions can also cause deleterious effects i n information transfer 
either i f they are present i n the wrong kind or i n the wrong 
concentration. Let us consider an example of each of these 
p o s s i b l i t i e s ; f i r s t , that i n which metals are present i n the 
wrong kind. 

In RNA synthesis, the RNA polymerase enzyme must be capable 
of d i f f e r e n t i a t i n g between a ribonucleotide and a deoxynucleotide; 
i . e . , i t must insert only those nucleotides that have an OH group 
i n the 2 , - r i b o s y l position. One of the following metal ions, 
Mg 2 +, Co 2 +, or Mn2+, i s required for the a c t i v i t y of RNA polymerase. 
Manganese i s the most effec t i v e for the correct incorporation of 
the ribonucleotides into RNA. However, manganese i s the only one 
of these three metal ions that causes substantial incorrect 
introduction of deoxynucleotides into RNA (14, 15). Thus, even 
though magnesium i s less e f f e c t i v e than manganese for the correct 
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incorporation of ribonucleotides, magnesium or cobalt are to be 
preferred because these make fewer mistakes. 

Now l e t us consider the case of essential metal ions that, 
nevertheless, produce deleterious effects i n the wrong concentra
tion. Magnesium ions are required for protein synthesis, yet 
Mg 2 + ions i n too high concentration lead to errors, as i s i l l u s 
trated by the studies of Szer and Ochoa (16) on the incorporation 
of phenylalanine and leucine i n a ribosomal preparation using 
poly(U) as the messenger RNA. UUC as well as the UUU codon i n 
poly(U) code for phenylalanine, so that incorporation of the 
l a t t e r represents correct translation. UUA and UUG code for 
leucine, so that leucine incorporation i n thi s system i s " i n 
correct." At low Mg 2 + concentration only phenylalanine i s i n 
fact incorporated. Phenylalanine incorporation i s maximal at 
lOmM Mg2 ; as the Mg 2 + concentration i s increased, however, 
leucine also becomes incorporated and i t s maximal incorporation 
i s at 20mM Mg 2 + (16). 

A possible explanatio
Mg 2 +, followed by error at higher concentration, arises from the 
s t a b i l i z a t i o n of nucleic acid strand interaction by phosphate-
binding metal ions. At low Mg 2 + concentration, therefore, this 
interaction i s r e l a t i v e l y weak, allowing only the most stable 
hydrogen-bonding, which i s the complementary base hydrogen-
bonding. Since the recognition of the anticodon on transfer RNA 
molecules by the codon on messenger RNA molecules i s through 
hydrogen bonding of complementary bases, only these bases w i l l 
bond, and as a consequence only the correct amino acid w i l l be 
incorporated. At high Mg 2 + concentration, on the other hand, 
strand interaction i s so strong that even r e l a t i v e l y weak hydrogen 
bonds can form and result i n the mispairing of bases that u l t i 
mately leads to errors i n the incorporation of amino acids into 
proteins. We have demonstrated that low magnesium ion concentra
tion does lead to s p e c i f i c i t y i n base pairing, while high Mg 2 + 

concentration leads to mispairing (11). 
Metal ions can produce a large variety of other effects on 

nucleic acids that could be deleterious i f they occur during 
genetic information transfer. Metal ions can bring about the 
degradation of RNA (17, 18, 19), changes i n the s p e c i f i c i t y of 
enzymes that act on DNA (20) , changes i n the conformation of 
polynucleotides and nucleic acid - protein complexes (21). 

It i s also known that c e l l u l a r metal ion concentrations 
change with age. An i l l u s t r a t i o n of such age changes i n human 
lens nuclei i s given i n Table I (22). We hypothesize that these 
changing concentrations of metal ions that are essential to 
genetic information transfer, yet can a l t e r i t , can affect i n f o r 
mation transfer and therefore contribute to the changes that are 
associated with the aging process. 

It i s of some interest that the lifespan of r o t i f e r s can be 
considerably lengthened i f they are grown i n the presence of 
chelating agents (Fig. 5, 23). There i s no indication that t h i s 
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Table I. 

Elemental Analysis of Human Lens Nuclei, yg/g dry wt. 

Age 

10-20 50-6

Co 11.7 90.3 61.3 

Ir < .001 .04 .09 

La < .002 .170 .270 

Ni < .005 7.1 10.0 

Se .17 .46 .81 

Cu 17.4 2.0 .79 

Fe 18.9 1.1 .25 

K 11.5 8.1 8.2 

Mg 82.4 80.0 34.3 

Mn 11.7 15.5 9.4 

Zn 17.6 1.5 .02 

Taken from Swanson, A. A. and Truesdale, A. W., reference 22. 
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phenomenon has any re l a t i o n to genetic information transfer, of 
course, since metal ions have effects on many aspects of biochem
i s t r y . 

Metal Ions as Probes of Age Changes 

F i n a l l y , we discuss the use of metal ions i n probing c e l l u l a r 
age changes, whether or not these changes were induced by metal 
ions. 

We have considered the amino acid misincorporation experiment 
of Szer and Ochoa (16) , which was carried out with Ê . c o l i r i b o -
somes. Mammalian ribosomes can also be stressed with metals to 
produce misincorporation; however, higher metal ion concentrations 
are required to produce the error (24). With 13mM magnesium the 
leucine/phenylalanine r a t i o i s 63% with IS. c o l i ribosomes, but 
only 25% with rabbit reticulocyt  ribosomes  With IS  c o l i 
ribosomes 25% error occur
ribosomes are stressed wit  hig  magnesium,
IS. c o l i ribosomes are more readily fooled than the reticulocyte 
ribosomes. Therefore, the metal ion concentration required to 
produce a certain l e v e l of error i s an index of ribosomal f i d e l i t y . 
It occurred to us that age changes i n ribosomes could perhaps be 
detected by challenging the ribosomes from young and old c e l l s 
with magnesium ions. I f the ribosomes deteriorated with age, one 
might expect that i t would require a lower concentration of 
magnesium ions to cause misincorporation i n old ribosomes than i n 
young ribosomes. Figure 6 shows the effec t of Mg 2 + on poly(U) 
directed phenylalanine and leucine incorporation into protein 
with ribosomes from young and old rat l i v e r . I t i s evident that 
phenylalanine incorporation i s maximal at a lower magnesium ion 
concentration than leucine incorporation. Again the correct 
incorporation of phenylalanine occurs at a lower magnesium concen
tration than the incorrect incorporation of leucine. There i s 
very l i t t l e difference between the a b i l i t y of the ribosomes of 
old and young c e l l s to withstand the stress of high concentrations 
of magnesium ions which tend to prevent correct protein synthesis. 
Nevertheless, this experiment reveals the way i n which metal ion 
effects can be used as probes i n the study of aging. 

Conclusion 

Aluminum appears to be involved i n Alzheimer's disease and 
concentrates i n the nucleus; therefore, we have looked at aluminum 
binding to DNA, and we find that aluminum forms crosslinks with 
the DNA strands. Metal ions generally produce deleterious effects 
i n genetic information transfer when present i n the wrong kind or 
concentration. They are, however, essential i n genetic informa
tion transfer. The concentration of metal ions i n various c e l l s 
changes with age, and we have hypothesized that perhaps these 
metal ions have an impact on genetic information transfer processes 
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Figure 6. Poly(U) directed protein synthesis with ribosomes from 6-10 and 23-24 
month-old rat livers, as a junction of Mg2+ concentration: Phe, phenylalanine or 
"correct" incorporation; Leu, leucine or "incorrect" incorporation; Leu/Phe, "in
correct"/"correct" incorporation. Curves for young and old are virtually identical. 
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which are involved i n aging. F i n a l l y , metal ions can be used i n 
probing aging processes. 

Abstract 

The aging of organisms is accompanied by dramatic changes in 
the cellular concentration of metal ions. Much evidence indicates 
that aging is genetically determined. Since genetic information 
transfer processes require metal ions in suitable concentrations, 
and since excess metal ions produce errors in information trans
fer, i t is reasonable to expect that the age changes in metal 
concentrations affect the aging process. Metal ions can induce 
the mispairing of nucleotide bases and the incorporation of the 
wrong amino acids into proteins; this phenomenon has been used to 
probe old and young rat l iver ribosomes to determine whether any 
changes in f idel ity of translation have taken place  Evidence 
has been obtained for a
is associated with meta  binding  goo
localized accumulations of aluminum in the brain accompany 
Alzheimer's disease, the most prevalent form of senile dementia 
(2). Aluminum concentrates in the cellular chromatin, and in a 
pH-dependent reaction can either stabilize or destabilize the DNA 
double helix. Stabilization appears to result from the binding 
of A1(OH)2+ to DNA, and destabilization from the binding of A13+. 
The latter forms crosslinks between DNA strands; crosslink forma
tion can be reversed by sequestering the aluminum with EDTA. 
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The object of thi
to the subject of radiopharmaceuticals
compounds containing radioactive nuclides which are useful i n the 
diagnosis or treatment of certain disease states. Since most 
research i s presently focused on diagnosis, the chemical aspects 
of diagnostic radiopharmaceuticals w i l l be treated here. In 
addition, radiopharmaceuticals can be used either i n v i t r o or 
in vivo and only the l a t t e r type w i l l be discussed. 

After i n vivo administration of a given radiopharmaceutical, 
the d i s t r i b u t i o n can be determined through detection of i t s 
emitted radiation. This involves quantification and l o c a l i z a t i o n 
of the spati a l d i s t r i b u t i o n of the rad i o a c t i v i t y introduced into 
the human body by specialized detection systems. The pharmacolog
i c a l , chemical and b i o l o g i c a l properties of the radiopharmaceuti
cal influence i t s tissue or organ s p e c i f i c i t y and therefore i t s 
diagnostic usefulness. 

Two pr i n c i p a l objectives i n diagnostic nuclear medicine are 
the evaluation of structure and function. For example, a struc
tural study of the l i v e r could reveal the presence of tumors or 
abscesses and a functional study of blood flow can indicate 
abnormalities i n heart function. Since disease frequently can be 
defined at a molecular l e v e l , radiopharmaceuticals can play an ' 
important role i n defining the nature of disease and repeated use 
on a given patient might be ben e f i c i a l i n monitoring the course 
of treatment. Consequently, the f i e l d of nuclear medicine i s 
currently experiencing remarkable growth and development. 

This review concentrates on 9 ^ m T c radiopharmaceuticals. 
Radiopharmaceuticals containing other inorganic species are 
treated i n a separate chapter. The chemistry and structure of 
technetium compounds are described i n two la t e r chapters. Radio
pharmaceuticals containing 9 9 m T c are currently the most widely 

1 Current address: Department of Chemistry, Emory University, 
Atlanta, Georgia 30322. 
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used diagnostic studies of bone, brain, l i v e r , lung, renal func
tion, cardiac function and hepatobiliary function. Radiopharma
ceuticals based on 9 9 m T c hold such a prominent position i n nuclear 
medicine for many reasons. 9 9 m T c i s readily available i n genera
tor form as Na 9 9 mTcOi + ( 9 9Mo on an alumina column which decays 
with a h a l f - l i f e of 2.7 days to 9 9 m T c i s shipped to hospitals 
where 9 9 mTcOi; can be eluted daily for one week). The 9 9 m T c half-
l i f e of 6 hours results i n a patient receiving a very low internal 
dose of radiation. The absence of beta radiation and low gamma 
emission (140 keV) further accentuates this point. The particular 
advantages of 9 9 m T c , i n addition to i t s chemical properties which 
make i t useful for incorporation i n various radiopharmaceuticals, 
are therefore also inherent i n i t s physical properties and versa
t i l e chemistry. 

Technetium Radiopharmaceuticals 

The 9 9 mTc-radiopharmaceutical
date can be categorized as belonging to two broad classes. The 
f i r s t class includes 9 9 mTc-tagged radiopharmaceuticals. In these 
agents, the 9 9 m T c functions as a label since the normal biodis-
tributions are essentially unchanged by the presence of the 
radionuclide, i . e . the tracer p r i n c i p l e i s obeyed. The second 
class, 9 9 T c - e s s e n t i a l radiopharmaceuticals, includes those agents 
whose biod i s t r i b u t i o n i s , to a large extent, dependent on proper
t i e s of the complex, as dictated, i n large measure, by the 
technetium i t s e l f (_1). 

9 9 mTc-tagged radiopharmaceuticals are mainly large substan
ces (e.g. proteins, p a r t i c l e s and c e l l s ) in which binding of 
9 9 m T c results in a r e l a t i v e l y minor perturbation of the overall 
b i o l o g i c a l , chemical and physical properties of the substance. 
Colloids, which are members of one subgroup of this class (Table 
I), perhaps best exemplify this class. When colloids are injec
ted intravenously, they are rapidly removed from the c i r c u l a t i o n 
by the reticuloendothelial system with approximately 80% of the 
c o l l o i d a l material l o c a l i z i n g i n the l i v e r . 9 9 m T c - s u l f u r c o l l o i d 
i s a c l i n i c a l l y useful agent for the evaluation of l i v e r disease. 
This c o l l o i d , prepared by any of several methods(2,_3) localizes 
in the l i v e r regardless of whether or not 9 9 m T c i s bound to i t . 
A typical 9 9 m T c - c o l l o i d scan i s shown i n Figure 1. 

Other members of the 9 9 mTc-tagged class of radiopharmaceuti
cals are l i s t e d i n Table I. Note that with the exception of the 
bone imaging agents, a l l members of this class are composed of 
large substances. The placement of the bone agents i n the class 
of tagged radiopharmaceuticals i s somewhat questionable. It has 
been known for a long time that phosphate and phosphonates 
lo c a l i z e in the bone(4). This observation was the or i g i n a l basis 
for labeling these molecules with 9 9 m T c ( 5 ) . The finding that the 
biodistributions of 9 9 mTc-phosphate and phosphate i t s e l f are 
similar suggests that 9 9 m T c i s , i n this case, functioning as a 
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TABLE I 

9 9 mTc-Radiopharmaceuticals 

Technetium-Tagged Radiopharmaceuticals 

1. Particles and colloids 

Tc-macroaggregated albumin, Tc-albumin microspheres, Tc-
albumin minimicrospheres, T c - f e r r i c hydroxide aggregates, 
Tc-sulfur c o l l o i d , Tc-antimony c o l l o i d , Tc-phytate 

2. Proteins 

Albumin, streptokinase  urokinase  fibrinogen 

3. Cells 

Erythrocytes, leukocytes, p l a t e l e t s , lymphocytes 

4. Small molecules 

Bone agents, e.g., polyphosphates, pyrophosphates, diphos-
phonates, iminodiphosphonates 

Technetium Essential Radiopharmaceuticals 

1. Kidney function agents 

Tc-DTPA, Tc-EDTA, Tc-MIDA (methyliminodiacetic acid), 
Tc-citrate 

2. Kidney structure agents 

Tc-gluconate, Tc-glucoheptonate, Tc-Fe-ascorbate, Tc-inulin, 
Tc-mannitol, Tc-dimercaptosuccinic acid 

3. Infarct avid agents 

Tc-pyrophosphate, Tc-glucoheptonate, Tc-tetracycline and 
Tc-HEDP (hydroxy-ethylidene) diphosphonate 

4. Hepatobiliary agents 

Tc-dihydrothioctic acid, Tc-HIDA, Tc-isomercaptobutyric 
acid and Tc-pyridoxylideneglutamate 
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Figure 1. A 99mTc-sulfur colloid scan of 
a normal human liver 

f " 3 9 .CHoCOoH 
>x^NHCCH2N %

 Z 

Figure 2. The structure of HID A (N- [Qĵ  % C H 2 C 0 2 H 
(2,6-dimethylphenylcarbamoylmethyl)imi- ^ s / ^ C H 3 

nodiacetic acid) 
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tag for the phosphate molecule. However, the finding that the 
biodistributions of 9 9 mTc-HEDP and li+C-HEDP are somewhat d i f f e r 
ent coupled with several reports that complexes i n this subgroup 
are reactive, undergoing rapid exchange with t h i o l and carboxy
late ligands, suggests that the l o c a l i z a t i o n in the bone may be 
related to the r e a c t i v i t y of the complex and that 9 9 m T c i s not 
functioning as a tag for the phosphate and phosphonate ions(6). 
Since the evidence supporting this mechanism i s only speculative 
at this point and the s i m i l a r i t i e s i n d i s t r i b u t i o n of phosphate 
and 9 9 mTc-phosphate are clear, we somewhat a r b i t r a r i l y assign the 
bone agents to the 9 9 mTc-tagged class, u n t i l the true behavior of 
these compounds i s established. 

The second class, 9 9 m T c - e s s e n t i a l radiopharmaceuticals, con
tains those 9 9 m T c - l a b e l e d substances for which the Tc atom i t s e l f 
greatly influences the overall physical and chemical properties 
of the labeled substance  The bi o d i s t r i b u t i o n of the " d e
complex of these substance
biodistributio n of the
9 9 m T c . The best understood example of this class of compounds i s 
9 9 mTc-(HIDA) 2. 

The structure of HIDA i s shown i n Figure 2. This compound 
was o r i g i n a l l y synthesized by Loberg(7) as a lidocaine analog 
capable of complexing 9 9 m T c . When the 9 9 mTc-complex of HIDA was 
prepared and i t s bi o d i s t r i b u t i o n determined i n mice, i t was found 
to rapidly leave the c i r c u l a t i o n and accumulate i n the l i v e r . 
From there, 9 9 mTc(HIDA) 2 was excreted into the b i l e and eventual
ly into the intestines. Loberg also prepared 1 1 +C-labeled HIDA 
and determined i t s b i o d i s t r i b u t i o n . In marked contrast to 
9 9 mTc(HIDA) 2, 14C-HIDA i s excreted rapidly and almost exclusively 
by the kidneys(7). The difference in d i s t r i b u t i o n between HIDA 
and the 9 9 mTc-complex of HIDA demonstrates that 9 9 m T c i s not 
functioning as a tag for HIDA and i l l u s t r a t e s some of the d i f f i 
c u l t i e s encountered when trying to design 9 9 mTc-radiopharmaceuti
cals based on small molecules ( i . e . Molecular weight < 1000). 

Other members of this class of radiopharmaceuticals are 
l i s t e d i n Table I. Although the bio d i s t r i b u t i o n of some of these 
9 9 mTc-complexes could be predicted a. p r i o r i , based on a knowledge 
of the fate of other metal complexes of the same ligands, i t i s 
generally d i f f i c u l t to predict the b i o d i s t r i b u t i o n of 9 9 m T c -
complexes when one has only a knowledge of the i n vivo fate of 
the uncomplexed ligand. 

Development of New 9 9 m T c Radiopharmaceuticals 

Although the inorganic chemistry of technetium w i l l undoubt
edly y i e l d many new and interesting compounds. The current grow
ing interest in technetium undoubtedly arises from the prospects 
of preparing either improved diagnostic agents for current uses 
or i n expanding the uses to which Tc compounds can be put. Use
fu l new applications would include detecting tumors and 
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evaluation of cardiac damage with a "cold spot" agent ( i . e . one 
which accumulates in normal, not damaged, tis s u e ) . 

There are two fundamental areas where knowledge must be 
improved before greater studies can be expected i n the develop
ment of new agents. 

The f i r s t area i s the improvement of our knowledge of tech
netium chemistry. Recent advances in this direction have been 
made and the future i s quite bright(8_,9_,10). As indicated above, 
discussions of Tc chemistry appear elsewhere i n this volume. 

The second area i s the improvement of our knowledge of how 
to predict the bi o d i s t r i b u t i o n of metal containing species. 
Greater insight into this problem would have benefits even beyond 
radiopharmaceuticals development; i t would have application to 
trace element metabolism, treatment of heavy metal poisoning and 
to the development of metallodrugs such as new antitumor platinum 
drugs. A corollary of this problem area i s the need to under
stand how we might introduc
molecule which has a desirabl
cantly modifying that b i o d i s t r i b u t i o n . 

Factors Influencing the Biodistributions of Small Molecules 

Although many new developments can be expected i n the area 
of new radiopharmaceuticals based on larger substances such as 
proteins, c e l l s , etc., we w i l l confine the remainder of our dis
cussion to the design of small molecules (molecular weight < 1000) 
for use as radiopharmaceuticals. In attempting to design radio
pharmaceuticals of this type, i t i s useful to consider the general 
information which i s known about factors which influence the bio
d i s t r i b u t i o n of small molecules. 

When a small molecule i s introduced into the c i r c u l a t i o n , i t 
may attain either an intravascular, extracellular or i n t r a c e l l u 
l a r volume of distribution(11). The c a p i l l a r y walls are porous 
and are generally freely permeable to small molecules. Almost 
a l l compounds used as drugs are small enough to pass freely 
through pores i n the c a p i l l a r y membrane, thus, i n the absence of 
protein binding (which w i l l be discussed below) small molecules 
should attain at least an extr a c e l l u l a r volume of d i s t r i b u t i o n . 
The membrane separating the extracellular space of the brain from 
the intravascular space i s somewhat less permeable and i s gener
a l l y considered to be comparable to c e l l u l a r membranes (with 
respect to permeability). Thus, many molecules such as pertech-
netate ion which are distributed i n the extracellular f l u i d , are 
unable to penetrate the blood:brain ba r r i e r . Penetration of 
c e l l u l a r membranes i s also related to the size of the molecule, 
however, i n this case the pore size i s much smaller, being perme
able to only simple ions, such as Na +, CI", etc. Due to the 
small size of the pores i n c e l l membranes, i t i s unlikely that 
any Tc-complex w i l l be able to diffuse through the pore. Thus, 
most of these complexes w i l l be limited to an extracellular 
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volume of d i s t r i b u t i o n and w i l l be unable to penetrate the blood: 
brain b a r r i e r v i a pores. 

An alternative to diffusion through pores i s passive d i f f u 
sion through the c e l l membrane i t s e l f . This generally requires 
that the molecule be uncharged and l i p i d soluble. Thus, a l i p i d 
soluble compound (provided i t i s not highly protein bound) should 
attain an i n t r a c e l l u l a r volume of d i s t r i b u t i o n , as a result of 
passive diffusion through c e l l membranes. Small molecules which 
are too large to diffuse through c e l l u l a r pores and too insoluble 
in l i p i d s to permit passive diffusion through the c e l l membrane, 
may s t i l l attain an i n t r a c e l l u l a r volume of d i s t r i b u t i o n as a 
result of c a r r i e r mediated (energy independent) or active (energy 
dependent) transport. Currently, there are two types of Tc-
compounds which are acti v e l y taken up by c e l l s , these are: 

1) Pertechnetate, which i s actively transported (as an 
iodide analog) into the thyroid

2) Hepatobiliary agents
actively accumulated b
Many attempts have been made to design " m T c - l a b e l e d compounds 
which would be actively accumulated by other than excretory 
organs, but to date, none of these attempts have been successful. 

Molecules which are strongly bound to serum proteins may be 
limited to an intravascular volume of d i s t r i b u t i o n even i f they 
are small enough to diffuse through membrane pores or l i p i d solu
ble enough to diffuse d i r e c t l y through the l i p o i d a l membrane 
i t s e l f . In some cases, protein binding w i l l not completely elim
inate d i s t r i b u t i o n i n the extr a c e l l u l a r and intravascular com
partments since i t may only delay dif f u s i o n into these compart
ments . 

In designing new radiopharmaceuticals, i t i s essential to 
consider the effect that molecular size, charge, l i p i d s o l u b i l i t y 
and protein binding w i l l play i n determining the volume of dis
tribution of the radiopharmaceutical. Although i t i s possible to 
predict the effect that these factors w i l l have on the biodis
tribution of 9 9 mTc-complexes of known structure, charge, l i p i d 
s o l u b i l i t y , etc., there i s s t i l l very l i t t l e known about the r e l a 
tionship of structure to the b i o d i s t r i b u t i o n for metal complexes 
in general or for 9 9 mTc-compounds i n p a r t i c u l a r . One obvious 
reason for this i s the lack of information on the structures of 
9 9 mTc-radiopharmaceuticals. 

As mentioned above, based on work done by our group and by 
Loberg fs group, the structure of 9 9 mTc-(HIDA) 2 can reasonably be 
represented as shown i n Figure 3. The complex contains 2 HIDA 
ligands(12,13), Tc i s i n the +3 oxidation state(13) and the com
plex possesses a net charge of -1 (12) . While studying the bio
d i s t r i b u t i o n of a series of HIDA analogs i n mice, we observed a 
clear relationship between the structure of the complex and the 
amount of the complex excreted by the b i l i a r y system. The to t a l 
amount of the complex excreted i n the b i l e was found to be direct
ly proportional to the natural log of the molecular weight to 
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charge ratio(12). This finding represents the only known struc
ture ib i o d i s t r i b u t i o n study for a series of 9 9 mTc-complexes. With 
the rapid accumulation of information on the structure of 9 9 m T c 
compounds which i s now occurring, i t i s l i k e l y that other struc
ture i b i o d i s t r i b u t i o n relationships w i l l be observed. Information 
such as this should be valuable for the design of new 9 9 m T c -
radi©pharmaceuticals. 

Design of Bifunctional Tc-radiopharmaceuticals 

One approach to the design of new 9 9 mTc-radiopharmaceuticals 
which has received considerable attention over the past several 
years i s the design of bifunctional radiopharmaceuticals. In 
this approach, a bifunctional molecule i s synthesized which 
possesses a chelating functional group (capable of forming a 
stable complex with 9 9 m T c ) attached to a second functional group 
which i s expected to hav
hope i s that the functiona
tion w i l l dictate the bi o d i s t r i b u t i o n of 9 9 mTc-complex. For 
example, based on work done by Jensen(14), i t i s known that estra
d i o l , and other compounds which bind with high a f f i n i t i e s to 
estradiol receptors, accumulate i n c e l l s which possess estradiol 
receptors. A 9 9 m T c - l a b e l e d estradiol analog would be useful i f 
the d i s t r i b u t i o n of the Tc-labeled compound was related to the 
di s t r i b u t i o n of estradiol receptors. The f i r s t step would be the 
synthesis of an estradiol analog which possessed an appropriate 
chelating functional group as i l l u s t r a t e d i n Figure 4. The " d e 
complex of this molecule would then be evaluated for l o c a l i z a t i o n 
in tissues possessing estradiol receptors. 

For this approach to be successful, i t i s essential to con
sider a l l of the factors discussed above. The i n i t i a l problem i s 
the choice of a chelating functional group to be incorporated 
into the molecule. A l l the important features required of that 
functional group are not known. However, i t i s known that the 
complex must be stable i n vivo, i . e . the Tc must remain bound to 
the estradiol analog, at least u n t i l the analog reaches and binds 
to the estrogen receptor. The estrogen receptor i s located i n t r a 
c e l l u l a r ^ , therefore, i t i s essential that the Tc-estradiol 
analog enter the c e l l s which possess the receptor. Since there 
i s no active transport or c a r r i e r mediated transport system to 
f a c i l i t a t e entry of estrogens into c e l l s , and since the Tc-estra
d i o l analog i s much too large to diffuse through pores i n the c e l l 
membrane, i t i s essential that the complex possess s u f f i c i e n t 
l i p i d s o l u b i l i t y to permit passive diffusion through the c e l l 
membrane. 

Equally important i s the high a f f i n i t y binding of the Tc-
estradiol analog to the estradiol receptor. The functional group 
chosen must not interfere with this binding and must be attached 
to the estradiol molecule at a point which does not interfere 
with binding to the receptor. The a b i l i t y of the Tc-compound to 
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Figure 4. Conceptual representation of a bifunctional 99mTc radiopharmaceutical 
for imaging estradiol receptors 
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bind to the estrogen receptor can be determined i n v i t r o by 
methods described by Eckelman(15). Even i f a l l of these above 
conditions are met, l o c a l i z a t i o n at the receptor could be pre
vented by excessive plasma protein binding or by extremely rapid 
removal of this foreign material from the ci r c u l a t i o n by the 
excretory organs. 

Attempts to design ""^-radiopharmaceuticals of this type 
in the past have a l l f a i l e d . The past failures were due, at 
least i n part, to the lack of information on the chemistry of Tc. 
The a v a i l a b i l i t y of new knowledge on the chemistry of Tc (such as 
that i n the chapters by Davison and Deutsch) greatly increases 
the likelihood that new bifunctional Tc-radiopharmaceuticals w i l l 
be developed. 

Abstract 

Transition metal complexe
have found widespread us
nuclear medicine. The most useful transition metal nuclide is 
technetium-99m and there are many examples of the successful 
applications of complexes of Tc-99m in both structural and func
tional studies of patients. Limitations on the design of addi
tional more useful and better technetium radiopharmaceuticals 
include a) a very incomplete knowledge of the chemistry and 
structure of technetium compounds and b) inadequate information 
on the factors which influence the biodistribution and interac
tion with biomolecules, such as receptors, of transition metal 
complexes. These factors are discussed in terms of the need for 
additional metalloradiopharmaceuticals. 
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The use and importance of technetium-99m in nuclear medicine has 
been noted many times (1-4), and is further discussed by Marzilli et al. in 
this symposium (5). However, realization of the full potential of tech-
net ium-99m for diagnostic imaging of internal organs will require a much 
more extensive and detailed knowledge of technetium chemistry than is 
now available (1-5). This review covers some recent developments in the 
synthetic and structural aspects of technetium chemistry that may be 
relevant to the preparation, use, and understanding of the mode of action, 
of technetium radiopharmaceuticals. 

Synthesis 

Current Radiopharmaceutical Synthesis. The aqueous chemistry of 
technetium is dominated by the oxidizing power of soluble TcO^ and the 
thermodynamic stability of insoluble T c 0 2 . A l l technetium-99m radio
pharmaceuticals, except pertechnetate itself, are prepared by the aqueous 
reduction of pertechnetate in the presence of a potential ligand to prevent 
T c 0 2 deposition (2). The most commonly employed reductant is stannous 
chloride, although many other reductants can, and have, been used (1,2). 

T c 0 4 + L + excess reductant Tc -L complex (1) 

While widely used, this procedure is subject to several difficulties and 
limitations, (a) It allows introduction of only one type of ligand, or one 
distribution of ligands, into the technetium radiopharmaceutical, (b) It 
does not allow specific control over the final oxidation state, coordination 
number, coordination geometry, etc. of the technetium in the Tc - L 
product, (c) The reductant, especially Sn, is often incorporated into the 
final product (1,6). (d) The excess reductant is injected into the patient; 
tin(II) has a long biological half-life (7) and causes several deleterious side 
effects (8). 

In addition, it is very unlikely for the general redox procedure 
described by eq. 1 to yield a single, well-defined product complex. Since 
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these preparations are conducted in dilute aqueous solution, in most cases 
the product radiopharmaceutical will consist of a distribution of T c - L 
complexes (in addition to the possible contaminants TcC>2 and TcO i+). 
Figure 1 shows an HPLC chromatogram (9) resulting from separation of 
Tc (NaBH4 )-HEDP, a mixture obtained by NaBHi+ reduction of TcO i+~ in the 
presence of (l-hydroxyethylidene)diphosphonate (HEDP). It is clear from 
Figure 1 that Tc (NaBHit ) -HEDP is not a single species, but rather is a 
complicated mixture of HEDP-Tc complexes. 

Synthesis by Substitution Routes. Many of the limitations inherent 
in the redox route described above can be avoided by preparation of 
technetium-99m radiopharmaceuticals by a substitution route, i.e. the 
classical substitution of ligands onto a pre-reduced and isolated technetium 
center. Substitution routes allow control over the oxidation state and 
ligand environment of the technetium product, and permit the synthesis of 
complexes containing different ligands. By substitution routes it should be 
possible to prepare series
fixed while others are varie
specificity. 

Recent work has focused on the use of two specific reduced 
technetium centers as substrates for substitution reactions: T c X 6

2 and 
TcOX^~ (X = CI, Br). The chemistry of the T c O X ^ " system has been 
developed principally by Davison and co-workers (10). Both of these 
centers are synthesized from pertechnetate, the starting material for all 
radiopharmaceutical preparations (2,5), by simple HX reduction: e.g., 

T c 0 4 " + 9 H + + 9Br" ^ £ T c I V B r 6
2 " + 4 H 2 0 + 1.5Br2 (2) 

T c 0 4 " + 6 H + + 6Br" 5L$ T c V O B r 4 " + 3 H 2 0 + B r 2 (3) 

The only difference between the two preparations is the temperature at 
which the reduction is conducted; at low temperatures the Tc(V) species 
T c O X 4 is kinetically trapped and can be isolated, whereas at higher 
temperatures the Tc(V) complex suffers further reduction to yield the 
Tc(IV) species T c X 6

2 ~ (10,11). Other potential substances for radio
pharmaceutical synthesis by substitution reactions include the undefined, 
reduced Tc-glucoheptonate complex (12) and the recently reported, lipo
philic technetium(V) species Tc(HBPz~^7ci2 O (HBPz 3 ~ = hydrotris(l-pyra-
zolyDborato ligand) (13). 

By substituting HEDP onto T c B r 6
2 " we have recently been able to 

generate a radiopharmaceutical with biological properties very similar to 
those of radiopharmaceuticals prepared by the normal redox route (14). 
The material prepared by substitution is designated Tc-HEDP, while those 
prepared by N a B H i * and Sn(II) reduction of pertechnetate in the presence of 
HEDP are designated TcfNaBH^)-HEDP and Tc(Sn)-HEDP respectively. 
Figure 2 compares the biodistributions of these three agents in rats, while 
Figure 3 compares images of beagle dogs obtained using these agents. It is 
clear from these figures that all three preparations yield excellent skeletal 
imaging agents, thus demonstrating that synthesis of technetium radio
pharmaceuticals by a substitution route is practicable. This conclusion is 
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Figure 2. Comparative biodistributions of 99mTc-HEDP, 99mTc(Sn)-HEDP, and 
99mTc(NaBH/t)-HEDP in Sprague Dawley rats at 3 h post iv dose. Each point 

represents the average of 5 determinations. 

Figure 3. Comparative scintiphotos of beagle dogs imaged with 99raTc-HEDP, 
99mTc(NaBH4)-HEDP, and 99mTc(Sn)-HEDP at 3 h post iv dose 
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supported by a recent report (15) in which an efficacious Tc-dimer-
captosuccinic acid kidney imaging agent was prepared by ligand substi
tution onto TcBr 6*". 

In summary, substitution routes have the potential of introducing 
hitherto unattainable flexibility and subtlety into the preparation of 
technetium radiopharmaceuticals. As currently being developed, these 
routes should lead to new classes of technetium radiopharmaceuticals, the 
properties of which will be considerably different and more easily con
trolled than those of complexes prepared by the standard Sn(II) reduction of 
pertechnetate. 

Structure 

Because of the nascent state of technetium chemistry, considerable 
emphasis is currently being given to the characterization of technetium 
complexes by single crystal x-ray structure analysis. These analyses 
provide a firm foundation upo
tion of technetium chemistr
technetium complexes have been characterized by single crystal x-ray 
methods (1), and several of the resulting structures have considerable 
relevance to radiopharmaceutical development. 

Structures of Tc(V) Complexes Prepared in Aqueous Media. Figure 4 
shows the structure of the TcOCl i i " anion, recently determined by the 
combined research groups of Cotton, Davison and Day (16), while Figures 5 
and 6 (17,18) show the structures of dithiolato complexes which may be 
prepared by ligand substitution onto the TcOC l iT center (10). These 
structures are dominated by the oxo ligand which induces such a strong 
structural trans effect (19) that the trans coordination site is vacant, and 
which is so sterically demanding that the other four ligating atoms are 
severely bent away from the Tc=0 linkage (13). Figures 4-6 also emphasize 
that there are three distinct types of coordination sites in five-coordinate 
oxo complexes: the oxo oxygen atom is tightly bound and inert to 
substitution, the site trans to the oxo group has only weak ligand affinity 
and is very labile, while the four planar sites have intermediate metal-
ligand bond strength and intermediate substitution lability. Figure 7 shows 
the structure of Tc ( H B P z 3 j C l 2 0 (13) which can be prepared by substitution 
of HBPZ3"" onto TcOClit" (11). Again, the oxo group dominates the 
structural description of this complex. The nitrogen atom trans to the 
Tc=0 linkage is 0.17A 0 further from the technetium center than are the 
other two nitrogen atoms (which are trans to chloride ligands), showing 
that again the oxo group induces a large structural trans effect even 
though the tridentate H B P z 3 " ligand suppresses five-coordination. Also, 
the large steric requirements of the oxo ligand cause the cis ligands to 
bend away from the Tc=0 linkage and towards the trans pyrazolyl ring (13). 
Figure 8 shows the structure of Tc(dmg)2(SnCl3)(OH) (dmg = dimethyl-
glyoxime in unknown protonation state), which contains a seven-coordinate 
technetium(V) center connected to a tin(IV) center through an oxygen atom 
bridge (6). 

The observed five-, six- and seven-coordinate complexes of Figures 
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O 
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Figure 5. A perspective view of the TcO(SCH2C(0)S)2~ anion (17) 

Figure 6. A perspective view of the 
TcO(SCH2CH2S)2~ anion (18; 
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Figure 8. A perspective view of Tc(dmg)3(SnCl3)(OH) where dmg represents 
dimethylglyoxime in an unknown protonation state (6) 
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4-8 dramatically illustrate that reduced technetium complexes are not 
restricted to six-coordinate, octahedral structures as is often assumed in 
the radiopharmaceutical literature. A l l these complexes were prepared in 
aqueous, aerobic media, all contain technetium in the +5 oxidation state, 
and all contain either an oxo ligand or, in the case of Tc(dmg) 3(SnCl 3 )(OH), 
a bridging oxygen atom which may reasonably be assumed to be derived 
from a Tc=0 linkage (6). It is therefore likely that the Tc =0 moiety will 
be a predominant feature in the chemistry of technetium radiopharma
ceuticals; the different character of the equatorial and axial ligation sites 
surrounding this moiety must, therefore, be taken into consideration in the 
design and synthesis of new radiopharmaceuticals. 

Structures of Other Relevant Technetium Complexes. It was noted 
above that technetium(V) can exhibit five-, six-, and seven-coordination. 
Moreover, in 1960 Fergusson and Nyholm reported (20) the preparation, and 
indirect characterization, of the eight-coordinate technetium(V) complex^ 
[Tc(diars)2Cl i* ] , which wa
with molecular chlorine (diar
tural characterization of [ Tc(diars72 CI 2 ] and [Tc(diars)2 CI h ] (21) shows 
that the Tc(III) starting material has trans octahedral coordination geo
metry (Figure 9) and the Tc(V) product has D 2 , dodecahedral coordination 
geometry (Figure 10), establishing the preparative reaction as the first 
known example of oxidative addition from a six-coordinate to an eight-
coordinate complex (21). + T h e stability of this particular eight-coordinate 
species, [Tc(diars) 2Cl z + ] , undoubtedly results in great part from the 
presence of the diars ligands which are known to promote high coordination 
numbers (22). However, even for those reactions in which the eight-
coordinate products are metastable or unstable, oxidative addition to six-
coordinate technetium complexes has great potential as a synthetic route 
for the interconversion of octahedral technetium complexes and the 
ultimate synthesis of new technetium radiopharmaceuticals. 

Figure 11 shows the structure of T c 2 C l s 3 ~ (23) which contains a 
metal-metal bond and which is formed under conditions that are not 
remote from those used in radiopharmaceutical syntheses. This complex 
can undergo substitution reactions, e.g. to yield T c 2 ( O O C C ( C H 3 ) 3 ) ^ C ^ 
shown in Figure 12 (24), and therefore, could be a precursor to a variety of 
components in radiopharmaceutical mixtures. 2 + 

Figure 13 shows the structure of tr- [Tc(NH 3 )1 +(NO)(OH2) ] deter
mined by the research group of J . L. Hoard (25). This complex is the first 
characterized member (26) of what should be a large class of nitrosyl-
technetium complexes analogous to the well known nitrosyl-ruthenium 
complexes. The NO ligand stabilizes low oxidation states and Tc-NO 
centers should provide suitable templates for synthesis of a variety of 
radiopharmaceuticals. 

Structures of Diphosphonate Complexes. Diphosphonate ligands are 
widely used to prepare Tc-99m skeletal imaging agents and Tc-99m myo
cardial infarct imaging agents (1,2). The constitutions, and associated 
acronyms, of several diphosphonates are shown below along with that of 
the related ligand pyrophosphate: 
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Figure 9. A perspective view of the [Tc-
(diars) >Cl2Y cation where diars represents 

o-phenylenebis(dimethylarsine) (21) 

C4 

Figure 10. A perspective view of the 
[Tc(diars)2Cl,X cation where diars repre
sents o-phenylenebis(dimethylarsine (21) 
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Figure 12. A perspective view of Tc2-
(OOCC(CH3)3)JtCl2 (24) Nouveau Journal De Chemie 

Figure 13. A perspective view 
[Tc(NH3),,(NO)(OH2)T cation 
"Ow> 

of the 
(25); 

represents the oxygen atom of the 
coordinated water 
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PP O 3 P - O P O 3 pyrophosphate 

HMDP 

HEDP 

MDP 0 3 P - C H 2 - P 0 3
4 -

O 3 P - C ( C I ) 2 - P O 3
4 " 

0 3 P - C H ( O H ) - P 0 3 

0 Q P - C ( O H ) - P O Q
4 ~ 

4- hy droxy m ethy lenediphosphonate 

(l-hydroxyethylidene)diphosphonate 

dichloromethylenediphosphonate 

m ethy lenediphosphonate 

Clinical applications have focused largely on HEDP and MDP, although 
considerable attention is currently being given to HMDP. It is generally 
assumed that technetium complexes of all of these agents are avid bond 
seekers, and reasonably effective myocardial infarct imaging agents, 
because the coordinated phosphonat
the calcium affinity characteristic of the free ligand. Both bone and 
myocardial infarcts provide sites of high calcium concentration, and in this 
context the diphosphonate radiopharmaceuticals are probably best referred 
to as calcium seeking agents. However, the chemistry of these systems is 
very complex and no coherent theory explaining the in vivo mechanism(s) 
of action of technetium diphosphonate radiopharmaceuticals has yet been 
developed. The evolution of such a theory will require firm structural data 
as to the possible modes of bonding and interaction between diphosphonate 
ligands and metal centers. To acquire such data we have conducted 
structural investigations of several diphosphonate sodium(I) salts (27) 
(sodium(I) and calcium(II) have similar ionic radii), and of a technetium-
MDP complex prepared by substitution of MDP onto TcBr f i

2"(28). 
The solid state structure of the technetium-MDP complex consists 

of infinite polymeric chains. Each MDP ligand (Figure 14) bridges two 
symmetry related technetium atoms (Figure 15), and each technetium atom 
is bound to two symmetry related MDP ligands (Figure 16) — the MDP/Tc 
ratio within the polymer is therefore 1/1. The polymeric repeat unit is 
completed by an oxygen atom (presumably in the form of a hydroxyl ion) 
that bridges two symmetry related technetium atoms (Figure 15) and by a 
hydrated lithium cation which neutralizes the charge associated with each 
repeat unit. In addition, there is a single oxygen atom (presumably in the 
form of a disordered water molecule) on the three-fold axis of the space 
group. The molecular formula of the polvmeric technetium-MDP complex 
may thus be represented as {[Li(H 2 0) 3 ] [Tc (OH)(MDP)]-l- H 2 0 } where the 
indicated protonation states of the bridging and non-coordinated oxygen 
atoms are chemically reasonable and consistent with an assumed Tc(IV) 
oxidation state, but are not definitively established by the x-ray diffraction 
data. 

One of the most important structural features of the diphosphonate 
ligands is the orientation of the -PO 3 groups with respect to the P-C-P 
plane. The "W" configuration, wherein the atoms 02-P1-C-P2-04 form a 
planar "W", can easily be seen in Figures 14 and 15. This configuration 
allows MDP to be doubly bidentate with 01 and 06 on one side of the "W" 
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Figure 16. A perspective view of a portion of the \Tc(MDP)(OH)~]n polymer 
showing one technetium center bridging two MDP ligands (2%) 
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Figure 17. A perspective view of a portion of the polymeric structure of NauHz-
HEDP showing one sodium center bridging two HEDP ligands (21); "08W" 
represents the oxygen atom of a water molecule coordinated to the sodium center 

MDP, PP ond C l g M D P Multifunctional Diphosphonate 
HEDP and HMDP (possibly others) 

Additional Bidentate 
Binding by Terminal - P 0 3 

Figure 18. A summary of the established modes by which diphosphonate ligands 
bridge metal centers. The perspective views are obtained from structural analyses 
of the respective sodium salts (21), and are interpreted with respect to the hypo

thesized bridging of technetium to hydroxy apatite (HAP). 
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coordinating to one metal center, and 03 and 05 on the other side of the 
TTWn coordinating to another metal center (Figure 15). This doubly 
bidentate character of MDP allows it to bridge metal centers, e.g. Tc - to -
Tc in the technetium-MDP polymer, Na-to-Na in N a 2 H 2 M D P , and Tc - to -Ca 
in the presumed biological mechanism of action. If the diphosphonate 
ligand contains a hydroxyl group on the central carbon atom (as in HEDP 
and HMDP), then the diphosphonate can function as a mixed bidentate-
tridentate bridge. Figure 17 shows a portion of the polymeric structure of 
Na2 H 2 H E D P (27) in which each HEDP ligand functions as a bidentate 
ligand to one sodium center and as a tridentate ligand to another sodium 
center. This figure illustrates the coordination about one sodium ion, the 
tridentate and bidentate modes of HEDP coordination being readily ap
parent. It is therefore clear that by virtue of the extra hydroxyl group, 
HMDP and HEDP are distinct from those diphosphonates that cannot form 
mixed bidentate-tridentate bridges (MDP, CI2MDP, PP, etc.), and different 
chemical and biological properties are expected for the two classes of 
diphosphonate ligands. Figur
between technetium and hydroxyapatite (HAP, the form of calcium most 
likely encountered in biological systems) by bidentate-bidentate and bi
dentate-tridentate diphosphonate ligands. The mode wherein tridentate 
HMDP or HEDP binds to hydroxyapatite is especially intriguing since such 
tridentate ligation nicely completes the trigonal antiprismatic coordination 
of calcium at the fastest growing HAP crystal axis. This hypothesized 
bonding is illustrated more dramatically in Figure 19. 

These structural studies emphasize the central role of polymeric 
metal-diphosphonate complexes in the chemistry of technetium-diphos-
phonate calcium seeking agents. It is clearly the ability of diphosphonates 
to bridge metal centers that provides the mechanism for the initial 
sorption of the radiopharmaceutical onto bone. Mixed metal (technetium, 
tin, and calcium) diphosphonate polymeric complexes are likely to be the 
dominant chemical species in clinically used skeletal and myocardial 
infarct imaging agents. An understanding of the chemistry of these 
polymeric species will be crucial to an understanding of the mechanisms of 
action of diphosphonate radiopharmaceuticals and to the development of 
more efficacious imaging agents. 
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Abstract 

New synthetic routes to technetium-99 complexes and technetium-
99m radiopharmaceuticals are based on substitution of ligands onto pre-
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formed_reduced technetium centers such as Tc(IV) in TcX62- and Tc(V) in 
TcOX 4 - (X = Cl , Br). These procedures avoid many of the difficulties and 
limitations inherent in the classical pertechnetate reduction route. Single 
crystal x-ray structural characterizations of several technetium-99 com
plexes indicate the importance of the Tc(V) oxidation state and the Tc=O 
linkage in complexes related to radiopharmaceuticals, and dramatically 
illustrate the variable coordination numbers and geometries exhibited by 
Tc(V). Structural studies on diphosphonate complexes of sodium and 
technetium-99 clarify the possible modes of metal-ligand interactions in 
the calcium seeking Tc-99m diphosphonate radiopharmaceuticals that are 
widely used as bone and myocardial infarct imaging agents. 
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Radiolabeled Compounds of Biomedical Interest 
Containing Radioisotopes of Gallium and Indium 

M. J. WELCH and S. MOERLEIN 

The Edward Mallinckrodt Institute of Radiology, Washington University School of 
Medicine, 510 South Kingshighway, St. Louis, MO 63110 

There has been considerable
medicine of the four radioisotopes,
113mIn, listed in Table 1. Each of the two elements has one 
isotope with a half-life of 2-4 days which has been used for such 
applications as tumor scanning [67Ga-citrate (1) and 
111In-bleomycin (2)], abscess localization [67Ga-citrate (3) and 
111In-labeled white cells (4)], and thrombus detection 
[111In-labeled platelets (5)]. As shown in Table 1, both 
indium-111 and gallium-67 are cyclotron-produced, and the most 
common method of production utilizes proton reactions. It is 
interesting to note that at the present time (August, 1979) there 
are at least eight commercial cyclotrons in the United States 
dedicated to isotope production, and these accelerators produce 
mainly four radioisotopes for radiopharmaceutical use (111In, 
67Ga, 1 2 3 I , and 201T1). 

TABLE I 
RADIONUCLIDES OF INDIUM AND GALLIUM 

OF INTEREST IN NUCLEAR MEDICINE 

ISOTOPE m m 113mIn 67Ga 6 8 G a 

HALF-LIFE 2.8 days 1.7 hr 3.3 days 68 min 

METHOD OF 111Cd Decay of 6 7Zn(p,n) Decay of 6 8 Ge 
PRODUCTION (P,n) 1 1 3 S n (t1/2=275 days) 

( t 1 / 2 = 
115 days) 

The short-lived gallium and indium isotopes are produced for 
medical purposes at the site of use from a radionuclide generator 
(6). The 113sn-113mIn generator has been displaced in the United 
States by the 99Mo-99mTc generator, although it continues to be 
utilized in countries where there are delivery problems with the 
much shorter-lived 99Mo-99mTc system (7). The 
germanium-68/gallium generator is one of a very limited number of 

0-8412-05 8 8-4/ 80/47-140-121 $05.00/0 
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generator systems that produces a short-lived positron-emitting 
radionuclide (£). There i s currently great interest i n 
positron-emitting radiopharmaceuticals because of the fact that 
their d i s t r i b u t i o n can be quantitated i n vivo u t i l i z i n g positron 
emission transaxial tomography. U t i l i z i n g this technique, 
reconstruction of a radionuclide d i s t r i b u t i o n i s possible by 
several techniques to give the true d i s t r i b u t i o n of a c t i v i t y i n 
the source (8 r9 r10). 

The design of radiopharmaceuticals labeled with indium and 
gallium radionuclides i s compounded by the fact that both indium 
and gallium form very strong chelates with the plasma protein 
transferrin (11,12). Due to t h i s large s t a b i l i t y constant and 
the larger amount of transferrin in human plasma (0.25 mg/100 
ml), one would anticipate indium and gallium compounds being 
thermodynamically unstable i n vivo. It appears, however, that 
for indium and gallium complexes with s t a b i l i t y constants >1 
the rate at which the equilibriu
the rate of many bi o l o g i c a
glomerular f i l t r a t i o n rate of 1 1 1InDTPA (12). It should be 
noted, however, that the injection of weak chelates of indium and 
gallium leads to very similar biodistributions. Because of this 
effect of exchange with t r a n s f e r r i n , one of the major goals of 
research i n this area i s the developement of strongly-binding 
bifunctional chelates. The f i r s t of these was 
1-(p-benzenediazonium)-ethylenediamine-N,N,N•,N 1-tetra-acetic 
acid (azo-0-EDTA) shown i n Figure 1, which was developed by 
Sundberg, et a l (14). This compound forms a li n k between the 
metal ETDA complex and a protein by means of the diazo group. 
Human serum albumin labeled with 1 1 1 I n in such a manner was found 
to have a bi o l o g i c a l h a l f - l i f e of 7 days and to lose less than 5% 
of i t s a c t i v i t y to transferrin when incubated with serum for 2 
weeks (15). This and other approaches (16) have extended the 
number of available indium and gallium radiopharmaceuticals. The 
following i s a discussion of the major uses of each of the four 
isotopes. 

Indium-mm 

The tin-indium generator was introduced in 1966 by Stern et 
a l (12). The tin-113 which i s produced by the 1 1 2 S n ( n , Y ) 1 1 3 s n 
reaction in a nuclear reactor i s retained i n a hydrated zirconium 
oxide column eluted with 0.05M hydrochloric acid. The generator 
eluate has been used d i r e c t l y as a blood pool scanning agent ( l 8 f 

19f 20). The generator eluate, when injected d i r e c t l y , leads to 
the formation of 1 1 3 m i n _ t r a n s f e r r i n , which remains i n the blood 
pool for several 1 13m I n h a l f - l i v e s . Increasing the pH of the 
generator eluate leads to c o l l o i d a l formations which have been 
used for the v i s u a l i z a t i o n of the l i v e r , spleen, and bone marrow 
(21 f 22r 23). Larger particles where the radioactive indium i s 
associated with iron hydroxide (22 r 23.) or with macroaggregates 

In Inorganic Chemistry in Biology and Medicine; Martell, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



7. W E L C H AND MOERLEIN Ga & In Radioisotopes 123 

H00C-CH 2 CH 2 -C00H 

HOOC-CH -COOH 

Figure 1. Metal binding molecule that forms a link between the In-EDTA and 
the protein by means of a diazo bond 
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of albumin, have been u t i l i z e d for lung scanning (24 f25). 
As discussed previously, only chelates with a slow exchange 

rate remain stable i n vivo. Indium-113m chelates with EDTA and 
DTPA have been u t i l i z e d for the detection of brain tumors and for 
the study of renal funcions (26 f27). Indium-113m chelates with 
ethylenediamine tetra(methylene phosphonic acid) (EDTMP) and 
diethylenetriamine penta(methylene phosphonic acid) (DTPMP) have 
been u t i l i z e d to study bone tumors (28 f 29). These agents also 
have promise for the detection of myocardial infarcts (30.) • 

I t can be seen from the above discussion that the simple 
compounds of indium-113m that have been prepared to date can be 
used to study many organs of the human i n a non-invasive manner. 
Although the 393 keV decay energy and 1.7 hour h a l f - l i f e of 
1 1 3 m i n m a k e i t a less i d e a l nuclide than 99m T c > the i o n g 
h a l f - l i f e (118 days) of i t s parent 1 13sn make i t very useful i n 
developing countries or isolated regions where delivery of 
radioisotope generator
generator may be elute
50% of the equilibrium a c t i v i t y ) and need be replaced only twice 
a year. 

Indium-111 

The major uses of indium-111 in medicine are l i s t e d i n Table 
2. Indium-111 labeled DTPA i s the preferred agent for the study 
of cerebral spinal f l u i d kinetics (cisternography)(31). Indium-
labeled bleomycin has been used for tumor scanning (£), although 
6?Qa c i t r a t e has achieved greater c l i n i c a l use. It appears that 
indium bleomycin i s i n fact a weak chelate and the i n vivo 
dis t r i b u t i o n i s very similar to that of indium t r a n s f e r r i n . 

TABLE II 
INDIUM-111 RADIOPHARMACEUTICALS 

Radiopharmaceutical Application Reference 

1 1 1 I n C l 3 Tumor and Bone Marrow Imaging 32,134 
1 l 1 I n Citrate Bone Marrow Imaging 135 
1 1 1In-DTPA Cisternography 31,32,136 
1 1 1In-EDTA Cisternography 31,32,136 
1 1 1In-EDTMP Bone Imaging 137 
111In-HMDTP Bone Imaging 137 
111In-DTPMP Bone Imaging 137 
1 1 1In-Fe(0H) 3 Colloid Lymph Node Scanning 138 

Lung Scintigraphy 139 
1 1 1In-Bleomycin Tumor Scanning 2,32 
1 l lIn-HSA Cisternography 15,32,136 
m i n - T r a n s f e r r i n Cisternography and 15,32,136 

Bone Marrow Imaging 
1 1 1In-Fibrinogen Thrombus Imaging 32 
1 1 1In-RBC fs Cardiac and 32 

Spleen Imaging 
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Table II continued 
1 1 1 I n - P l a t e l e t s 

1 1 1In-Leukocytes 

1 1 1In-Lymphocytes 

Thrombus Imaging 

Abscess and 
Inflammatory Site Imaging 
Lymph Node Imaging 
Lymphocyte Kinetics 

34,37,38, 
137 
39 

40,140 
141 

The applications of indium-111 that are currently being 
investigated include studies with bifunctional chelates and the 
labeling of blood c e l l s . The bifunctional chelating group 
(Figure 1) has been u t i l i z e d to attach 1 1 1 I n to albumin, 
fibrinogen, and bleomycin (32.). Using this bifunctional 
technique i t i s possible to prepare a stable indium bleomycin 
chelate which has great potential for tumor l o c a l i z a t i o n . 

In recent years th
u t i l i z a t i o n of indium
blood c e l l s . I t has been shown that when the 8-hydroxyquinoline 
complex i s mixed with c e l l s separated from plasma, the indium 
becomes firmly bound inside the c e l l (33*31) • Studies to 
evaluate the mechanism of uptake suggest that the l i p o p h i l i c 
chelate diffuses inside the c e l l and that there are i n t r a c e l l u l a r 
binding sites to which the indium exchanges (35u. 3&)• Studies 
u t i l i z i n g t r i t i a t e d 8-hydroxy-quinoline have shown that the 
8-hydroxyquinoline i s not retained i n the c e l l but i s partitioned 
between the l i p o p h i l i c c e l l and the aqueous suspension media. 
Other studies u t i l i z i n g both labeled white c e l l s (33) and 
plate l e t s (36) have shown that when the c e l l s are lysed the 
a c t i v i t y i s attached to proteins. As the indium i s attached 
inside the blood c e l l a stable label results for reinjection into 
a patient because the c e l l membrane prohibits plasma transferrin 
access to the labeled protein. Labeled pl a t e l e t s (34, 37 r 38) f 

labeled white c e l l s (32.), and labeled lymphocytes (4Q.) have a l l 
been studied extensively. Platelets have been shown i n a series 
of normal volunteers to behave in the same manner as unlabeled 
platelets (38), and i n patients with thrombosis or 
atherosclerosis (31) to l o c a l i z e at or visualize the s i t e of the 
lesions. Labeled white c e l l s accumulate i n abscesses (33) and 
have been used for abscess detection i n humans (32.) • This 
a b i l i t y of 1 1^In-S-hydroxyquinoline to label blood c e l l s combined 
with the good imaging characteristics of indium-111 allows this 
valuable application of th i s nuclide. I t should be noted that 
the kinetics of uptake of the labeled c e l l s are such that the 
h a l f - l i f e of 1 1 3 m i n i s too short for many applications as a c e l l 
l a b e l . 

Gallium-68 

As discussed previously, the germanium-68/gallium-68 
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generator i s of particular interest because i t i s a convenient 
generator to produce a positron-emitting radionuclide. A 
commercially available generator i s based on the system i n i t i a l l y 
described by Greene and Tucker (41). In t h i s system the germanium-
68 i s loaded onto an activated alumina column and the gallium-68 
i s extracted with 0.005M EDTA. The gallium-EDTA solution at the 
time of elution contains less than 10~2? of 6 8 G e as a 
contaminant. Owing to the large differences i n the h a l f - l i v e s of 
the daughter and parent, the breakthrough of the parent must be 
very low, as the radiation dose to a patient from ^ 8Ge i s many 
orders of magnitude greater than that from ^Ga. Although ^Ga-
EDTA can be used d i r e c t l y for brain or renal scanning (42), the 
production of any other compound requires one to i n i t i a l l y 
decompose the EDTA complex. Although several methods have been 
used to accomplish this (43.), they are a l l time consuming and 
lose a s i g n i f i c a n t fraction of the 68-minute h a l f - l i v e d 
gallium-68. Because o
considerable e f f o r t to
gallium-68 in either an ionic form or as a weak chelate. Both 
solvent extraction and column systems have been developed to 
accomplish t h i s . In the solvent extraction technique ( M ) , 
gallium-68 i s extracted from an aqueous solution into chloroform 
or methylene chloride as the gallium 8-hydroxyquinoline complex. 
After evaporation of the solvent the 68Q a_8-hydroxyquinoline can 
either be used d i r e c t l y for c e l l labeling (45) or exchanged with 
stronger ligands to form other gallium-labeled 
radiopharmaceuticals. This type of generator has recently been 
automated (46) to produce the gallium 8-hydroxyquinoline without 
operator manipulation. In a new chromatographic generator system 
(41), the carri e r - f r e e germanium-68 i s adsorbed on polyantimonic 
acid in sodium oxalate solution at pH 5-10. Gallium-68 can be 
eluted as the gallium oxalate over a pH range of 7 to 11, and the 
germanium-68 breakthrough i s less than 0.06$. Other approaches 
to the production of a generator for ionic gallium-68 have been 
described by Neirinckx and Davis (48), who have described two 
systems. In one of these, gallium-68 i s eluted with d i l u t e 
hydrofluoric acid from a strongly basic anion exchange resin, 
Bio-Rad AG1-X8, onto which 6 8

G e i s strongly adsorbed. The 
dis t r i b u t i o n coefficients for germanium and gallium were 
determined and at the optimum conditions yields of gallium-68 of 
>95% with germanium breakthrough of less than 10~3j were 
obtained. When the concentration of hydrofluoric acid was 
limited to 0.01N HF to decrease the probability of fluoride 
t o x i c i t y , gallium-68 yields of 90J with germanium-68 breakthrough 
of <0.01$ were s t i l l obtained (49). Another system described by 
these investigators uses a chelate resin synthesized by 
co-polymerization of formaldehyde and pyrogallol. It was found 
that upon elution with d i l u t e hydrochloric acid good yields of 
D 0Ga were obtained with low levels of breakthrough. At this 
time, however, further investigation of column r a d i o l y t i c 
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s t a b i l i t y and toxicology of the organic resin appears to be 
needed. 

Many gallium-68 radiopharmaceuticals have been prepared, and 
i n several cases the procedures (£) are simply modifications of 
those already discussed for the indium radionuclides. As 
examples, - c o l l o i d has been prepared and used i n conjunction 
with a transverse section imaging device (50) to image the l i v e r 
of animals and humans. Figure 2 shows the d e t a i l obtainable i n 
seven sections of a dog l i v e r and spleen obtained in this manner. 
Blood components have also been labeled with gallium-68 (47) i n a 
manner analogous to that carried out with indium-111. Labeled 
red c e l l s have been used to visualize the vascular space and 
platelets have been used to visualize various areas of platelet 
deposition. Figure 3 i s an example of one of those, i n which 
gallium-68 labeled platelets are accumulating in a performed 
pulmonary embolus. 

In the area of bifunctiona
Krejcarek and Tucker (16
to proteins (51). In this approach DTPA i s coupled to proteins 
bv the formation of an amide bond. I t has been shown that 
"Ga-proteins can be formed and that the labeled protein i s 
stable for a time period of several hours. The same type of 
linkage has also been used to attach gallium-68 to human serum 
microspheres (51). 

Whereas most positron-emitting radionuclides in nuclear 
medicine are cyclotron-produced, gallium-68 has the unique 
advantage of being readily-available in a generator system. The 
275-day h a l f - l i f e of the parent germanium-68 i s large to avoid 
delivery problems, and the 68-minute h a l f - l i f e of gallium-68 i s 
convenient for radiopharmaceutical synthesis without subjecting 
the patient to excessive absorbed radiation dose. With continued 
c l i n i c a l use of positron tomography, these features w i l l make 
gallium-68 a valuable addition to the nuclear medicine 
armamentarium. 

Gallium-67 

Gallium-67 i s widely used for the detection of tumors and 
abscesses. Because most inorganic gallium compounds are 
hydrolyzed at physiological pH to form the insoluble hydroxide, 
the soluble gallium-67 c i t r a t e i s the compound most often used in 
humans. Gallium-67 bleomycin has not shown the tumor s p e c i f i c i t y 
or blood clearance of the c i t r a t e s a l t and hence has not found 
the widespread application of gallium-67 c i t r a t e . Examples of 
the type of image obtained using gallium-67 c i t r a t e are shown in 
Figures 4 and 5. 

When gallium-67 i s injected into the bloodstream as either 
chloride or c i t r a t e , i t rapidly becomes bound to serum proteins, 
especially transferrin (52 f53 r54). Although the 
gallium-transferrin interaction i s weaker than that of iron and 
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Figure 2. Tomographic images of a dog abdomen obtained with 68Ga-Fe colloid. 
Slices 1-5 show primarily the liver whereas slices 6 and 7 show the outline of the 

spleen. 

Figure 3. Tomographic section of 68Ga platelets localizing in an experimentally 
induced pulmonary embolus. The left panel shows the prelabeled emboli visualized 
on an Anger camera; the emboli have been prelabeled with technetium-99m-sulfur 
colloid. The middle panel shows the transmission scan used to correct the image 
for attenuation in various parts of the lung. The right panel shows the localization 

of the 68Ga platelets in the two emboli shown in the left panel. 
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Figure 4. An example of 67Ga localizing 
in an abscess. The large hot area of 

activity is the area of the abscess. 
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Figure 5. An example of 67Ga localizing in a tumor. This is a patient with 
lymphoma. As observed, there are multiple areas of increased activity in the 

lymph nodes. 
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t r a n s f e r r i n , over 90J of serum 6?Ga i s i n the form of 
"^Ga-transferrin (55). Gallium-transferrin distributes 
throughout the transferrin pool and the gallium concentrates in 
tumor, l i v e r , and kidney and i s secreted by the salivary glands, 
mammary glands, and the bowel (56). This tissue d i s t r i b u t i o n of 
gallium radionuclides i s affected by such factors as extent of 
neoplasm (J_), inflammatory processes (57), sex hormone status 
C5S.) i age (.52.), lactation (£2.), radiotherapy and chemotherapy 
treatment (6l f62), amount of carrier gallium administered 
(63 f64), anionic form (63), and administration of compounds which 
block plasma protein binding of gallium (64 f65). The tissue 
deposition i s p a r t i c u l a r l y affected by the s p e c i f i c a c t i v i t y of 
the gallium, for use of ? 2Ga (produced by the (n, y) reaction) 
shows high bone uptake (66.67 f68), whereas application of 
essentially carrier-free &?Ga (cyclotron-produced) has found 
widespread c l i n i c a l use for imaging a variety of e p i t h e l i a l and 
lymphoreticular neoplasm
(77 P78 r79 P80). At t h i
gallium-67 lo c a l i z e s in tumors or inflammatory processes i s not 
d e f i n i t e l y established. 

The uptake of 67Qa into abscesses has been less well sudied 
than tumor deposition processes. It has been suggested that the 
l o c a l i z a t i o n of gallium in these lesions i s due to i t s 
concentration by polymorphonuclear leukocytes (PMN) at the s i t e 
of inflammation (79 f80), but this explanation has been disputed 
because of 6 7 G a accumulation i n lesions of agranulocytic patients 
and because less than 1% of injected gallium binds to the 
c e l l u l a r fraction (81). Rather, i t has been proposed that 
l o c a l i z a t i o n of i s due to leakage of protein-bound gallium 
from c a p i l l a r i e s with increased permeability resulting from the 
inflammation (82 f83). Once the radionuclide has extravasated 
into the lesion, i t binds p r e f e r e n t i a l l y to non-viable PMN (which 
have an attenuated permeability barrier) and to a lesser extent 
to bacteria, viable PMN, and extracellular proteins. This 
general mechanism i s also applicable to other nuclides, but 6 7 G a 

characteristics make i t p a r t i c u l a r l y useful, such as long 
biolog i c a l h a l f - l i f e allowing lesion accumulation, low blood 
levels after twenty-four hours, and long physical h a l f - l i f e 
allowing imaging two to three days post i n j e c t i o n . 

A similar approach to tumor uptake mechanism has been 
presented (84). In this case, the gallium-67 i s assumed to 
accumulate i n tumor c e l l s i n an unknown manner because of 
increased deposition of the radionuclide at the tumor s i t e i n an 
inflammatory response. Because acute inflammation i s associated 
with increased c a p i l l a r y blood flow and permeability (85) as well 
as c a p i l l a r y sprouting (j£&) > these changes allow more o^Ga to be 
delivered to the tumor s i t e . This simple mechanism offers the 
advantage of explaining why gallium accumulates only i n viable 
(not necrotic) neoplasms (£3.) and that i t may operate 
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concurrently with the alternative mechanisms which w i l l now be discussed. 
The s i m i l a r i t y between gallium and the alkaline earth 

elements has been developed i n a different explanation for 
gallium tumor uptake (87,88,89), Because the lack of tumor 
s p e c i f i c i t y i n °?Ga uptake suggests that a simple mechanism i s 
involved, perhaps a simple competition between gallium and 
magnesium or calcium for macromolecular ligands occurs. Since 
the ionic r a d i i of Ga3+ (0.62) and Mg 2 + (0.65) are similar, the 
exchange should occur and favor gallium complexation because of 
i t s higher valence and hence greater complex s t a b i l i t y . Exchange 
with C a 2 + (ionic radius 0.99) i s also possible because the 
macromolecules involved are able to generate s t e r i c f i t t i n g to 
accommodate cation size i n accordance with the radius-ratio 
p r i n c i p l e . These magnesium and calcium ligands include RNA, DNA, 
proteins, acid aminoglycans, and phospholipids, a l l of which show 
active metabolic synthesi
not suggested that galliu
metals throughout their metabolic pathways, but rather than ^Ga 
remains i n the soluble fraction of tumor c e l l s , bound to the 
respective macromolecules. The higher tumor content of calcium 
and magnesium (92,93) implies greater concentration of the 
metal-binding ligands, and therefore greater c e l l u l a r uptake of 
gallium-67 via competitive ionic exchange. 

In a follow-up study of the s i m i l a r i t i e s of calcium and 
allium biokinetics, a comparative investigation of the uptake of 
^Ca and 6?Ga i n lactating dogs showed that similar subcellular 

distributions i n mammary gland c e l l s (94). However, the uptake 
of the two radionuclides did not correlate when transmissible 
venereal tumor was used. I t was concluded that although 
lactating mammary gland uptake of calcium and gallium shows 
similar characteristics, there i s no s i m i l a r i t y i n the mechanism 
of uptake of these two elements by tumor tissue. 

Using cultured mammalian sarcoma c e l l s , i t has been found 
that transferrin i s necessary in the growth medium for gallium-67 
uptake to occur (Q5.Q6.Q7). A "transferrin receptor" on EMT-6 
sarcoma c e l l s for 1 2 5 i _ i a D e l e d t ransferrin was characterized by 
Scatchard analysis to have an average association constant K = 
4.54 x 106 1/mole and approximately (with variation) 500,000 
receptors per c e l l (95). I t was proposed that tumor accumulation 
of gallium-67 can occur only i f the metal i s complexed with 
transferrin so that i t can interact with the receptors of tumor, 
as well as non-malignant c e l l s (.23.) • The complex then enters the 
c e l l v i a an "adsorptive endocytosis" process (Q5rQ6.Q7.Q8.QQ) 
similar to the manner in which iron i s taken up by reticulocytes 
and bone marrow c e l l s (100,101). These tr a n s f e r r i n receptors are 
saturable (that i s , a plot of 1 2 5 i _ t r a n s f e r r i n uptake versus 
extracellular t r a n s f e r r i n concentration reaches a peak ( at about 
200 yg/ml) as more carr i e r t r a nsferrin i s added to the medium) 
(.25.). Since uptake i s also proportional to the fraction of 
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gallium which i s bound to t r a n s f e r r i n , this mechanism predicts 
that t o t a l c e l l u l a r uptake i s proportional to the "calculated 
c e l l u l a r uptake" (the fraction of 6?Ga as 6?Ga transferrin times 
the fraction of t o t a l t r a n sferrin which i s cell-bound)(96). Once 
the gallium-transferrin i s inside the c e l l , i t i s deposited i n 
the lysosomes i n i t i a l l y and then distributed to other regions of 
the c e l l s (some gallium i s stored i n f e r r i t i n , but most of the 
element i s deposited i n the microvesicles and rough endoplasmic 
reticulum). The i n t r a c e l l u l a r gallium must be i r r e v e r s i b l y bound 
to macromolecules to prevent i t from d i f f u s i n g into the 
extracellular space (102)• Only c e l l s with a "transferrin 
receptor" as well as " i n t r a c e l l u l a r receptor" w i l l accumulate and 
retain 6?Ga. 

The above hypothesis offers a simple description of 
gallium-67 uptake since gallium complexes rapidly exchange with 
plasma proteins which result  i  primaril  gallium-transferri
(52 r53 r54). It also explain
give a higher tumor uptak  galliu  (102),
of scandium w i l l increase the tumor/blood r a t i o by competitively 
displacing the gallium from serum transferrin (58), and the 
correlation between unsaturated iron binding capacity (UIBC) and 
tumor uptake of gallium (103). However, i t does not offer 
reasons for the discrepancy between 6?Ga and 59pe d i s t r i b u t i o n 
characteristics (104), the reported inhibitory effects of 
transferrin on tumor uptake (105), or why gallium accumulation in 
tumors of iron-deficient animals i s not greater than that of 
animals fed a normal iron diet (106). 

Doubting that endocytosis of foreign material was the 
primary uptake mechanism for tumors (59), other workers chose to 
examine the intramolecular d i s t r i b u t i o n of gallium i n an attempt 
to elucidate the i n t r a c e l l u l a r receptors involved i n the process. 
Early reports from autoradiographic (107), zonal ultracentrifugal 
and enzymatic (108), and conventional (109) techniques show that 
gallium-67 l o c a l i z e s in the lysosomes of both l i v e r and tumor 
tissue. Large amounts of gallium-67 i n the soluble portion of 
tissue homogenates (84r110) are attributed to the disruption of 
these organelles during homogenation (111) because of the large 
amount of 6 7 G a -acid phosphatase (a lysosomal enzyme) i n the 
preparations (59). More refined methods have shown that 
gallium-67 binds to a microsomal fraction which probably 
represents rough endoplasmic reticulum (111). In normal rat 
l i v e r , most of the gallium l o c a l i z e s i n lysosomal particles (M) > 
but the hepatomas sequestered the majority of their °?Ga i n the 
smaller organelles (111). 

It has been further shown that a majority (approximately 
60?) of the extractable 6?Ga (about 70% of the c e l l u l a r gallium) 
from tumor and l i v e r c e l l s of the rat i s associated with two 
macromolecular fractions of molar weight 1-1.2 x 10^ Daltons and 
4-5 x 101* Daltons (64). The 1-1.2 x 10^ D band i s found i n both 
l i v e r and tumor c e l l s , whereas the 4-5 x 10^ D band i s found 
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primarily in tumor c e l l s , although at minute concentrations only 
(25 yg of c a r r i e r gallium w i l l saturate the binding of t h i s 
component). Most of the l i v e r uptake i s associated with the 
heavy macromolecule, but 50% of the gallium-67 extracted from 
tumor c e l l s associates with the low molecular weight fraction 
(64). This difference i n complexation may represent an altered 
physiology between tumor and normal tissue. Both molecules are 
glycoproteins, and unstable to heat and a l k a l i n i t y . Because 
plasma-bound °7oa i s stable at pH 8.0 for several hours (M ), the 
pH l a b i l i t y of these complexes i s evidence that there are 
i n t r a c e l l u l a r receptors for gallium which d i f f e r from the plasma 
proteins that bind to t h i s metal (64). This pH-dependent process 
may represent the dissociation of a complex or the change of an 
ionic species [Ga(0H)3 Ga(0H)]j~] within the i n t r a c e l l u l a r 
space. 

Lactoferrin, with a molecular weight of 8.5-9 0 x 101* and a 
structure similar to transferri
alternative i n t r a c e l l u l a
Lactoferrin binds iron with a greater a f f i n i t y than transferrin 
(114) f and i s found i n tissues and secretions (especially milk) 
which l o c a l i z e gallium-67 (115 f1I6 r117.118.119). I t was proposed 
that 6?Ga labeled to transferrin and other plasma proteins i s 
transferred to c e l l u l a r l a c t o f e r r i n due to the l a t t e r 1 s greater 
chelating a b i l i t y (113-120). Such a transfer of gallium-67 has 
been demonstrated i n v i t r o (121), and increased concentrations of 
the protein has been found in tumors (122 P123 P124). 

This mechanism has been c r i t i c i z e d since lactation not only 
produces l a c t o f e r r i n (hence breast uptake of gallium-67) but also 
increased lysosomal a c t i v i t y which may account for increased 
radiogallium uptake in breast, milk, and tumor (125). However, 
i t offers several advantages as well, one of which i s elimination 
of the "dimerization" of the 4-5 x 10^ MW molecule to explain the 
83,000 MW results when tumor c e l l homogenates were analyzed using 
SDSrpolyacrylamide gel electrophoresis (126). The l a c t o f e r r i n 
hypothesis agrees with reports that (only) about one-third of the 
gallium-67 in tumors i s associated with f e r r i t i n (52.) and that 
gallium-67 was associated with 85,000-90,000 MW "fragments of 
degraded i n t r a c e l l u l a r t r a n s f e r r i n " (127). The author of t h i s 
mechanism emphasized however, that l a c t o f e r r i n levels are not 
elevated in a l l tumors, and f e r r i t i n may act as an alternative 
pathway for binding (128). 

Perhaps the most exciting aspect of this proposed mechanism 
i s the manner i n which i t correlates with recently-isolated 
ion-binding molecules called siderophores (129). The primary 
function of l a c t o f e r r i n i s to diminish the amount of 
extracellular free iron and thereby i n h i b i t bacterial growth 
(130). Lactoferrin deposited by polymorphonuclear leukocytes i s 
attached to the surface of monocytes and macrophages i n 
inflammatory responses (130). Siderophores are synthesized by 
bacterial c e l l s to sequester iron needed for growth, and 
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therefore compete with l a c t o f e r r i n ( 1 3 1 ). Upon the recent report 
of a siderophore-like substance isolated from the iron-deficient 
growth medium of a mammalian tumor tissue ( 1 3 2 ), i t i s l i k e l y 
that l a c t o f e r r i n i s deposited as a reactive response during 
competition for available e x t r a c e l l u l a r iron. Since both 
l a c t o f e r r i n and siderophores bind gallium readily ( 1 3 3 ), the 
gallium - 6 7 uptake i s expected to be higher i n the region of a 
neoplasm. 

In conclusion, one may see that the tissue d i s t r i b u t i o n of 
gallium i s well known and c l i n i c a l l y useful, but the problem of 
subcellular l o c a l i z a t i o n and uptake mechanism remains to be 
solved. Studies to date seem to be i n agreement on some points 
and in opposition on others. This state of a f f a i r s may merely 
r e f l e c t the variation i n the pathology of the different 
neoplasms, or i t may be showing us the complexity of the gallium 
uptake mechanism. The pharmacology of the gallium ion may be so 
ubiquitous that there i
tumor type. This situatio
(such as 1 1 1 I n or the radiolanthanides) which follow a large 
number of biochemical pathways. In any case more work i s needed 
to find the various i n t r a c e l l u l a r distributions of gallium and 
the possible uptake mechanism(s) i n the hope that a mechanism can 
be isolated which w i l l be used to optimize radiopharmaceuticals 
to s e l e c t i v e l y and rapidly p a r t i t i o n the radionuclide from the 
plasma into the tumor c e l l . 
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It is somewhat surprisin
metal coordination chemistry
organic platinum complex has proven to be one of the most potent 
of anticancer drugs. This chemical-cis-dichlorodiammineplatinum 
(II) (cisplatin) has now been approved in most countries of the 
world for the treatment of advanced, metastatic, testicular and 
ovarian cancers. It is now considered, when used in appropriate 
combination chemotherapy, to be curative for these cancers. Many 
recent clinical advances suggest that it will also be of signifi
cant utility in the treatment of other solid cancers such as 
those of the bladder, prostate, lung, head and neck, certain 
cancers in children, and finally, in other genitourinary cancers. 
These clinical trials have been underway for eight years now and 
are still continuing in an effort to increase the efficacy and 
decrease the toxicity of cisplatin, as well as broadening the 
spectrum of responsive cancers. 

In the meantime, hundreds of other metal complexes have been 
shown to be active against various animal-tumor screens. These 
include predominantly analog structures of the parent drug, but 
also a scattering of complexes of metals other than platinum. 
Active pursuit of these areas may be highly rewarding. 

It is curious, however, that while the value of the cisplatin 
drug is well established, knowledge of it's relevant chemistry 
and mechanisms of action remains still in a fairly primitive 
state. For example, if cisplatin is simply dissolved in water, 
the subsequent aquation reactions are numerous and complex. The 
diammine ligands are not likely to be exchanged under these 
conditions, but the chloride ligands are. These are sequentially 
exchanged for water or hydroxyl ligands. The extent of the 
exchanges is primarily controlled by the chloride concentration 
in the solution. However, further reactions of the aquated 
species are known to occur, forming a variety of oligomeric 
species, including a dimer, a cyclic trimer and a tetramer. The 
relative concentrations at equilibrium of al l of these products 
is markedly dependent on pH and temperature. Thus the relatively 
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innocuous action of dissolving c i s p l a t i n i n water already i n t r o 
duces a large variety of products. This makes any simple i n t e r 
pretation of the b i o l o g i c a l reactions dubious at the very least. 

Neverthless, some guiding interpretations for further experi
mental work are necessary, even i f these be, admittedly, simple 
minded. We w i l l assume that upon in j e c t i o n of the c i s p l a t i n 
into the extracellular f l u i d of an animal the high chloride con
centration (on the order of 100 milliequivalents per l i t e r ) 
l i m i t s any aquation reaction, and the drug remains intact as i t 
courses through the body. Additional reactions of c i s p l a t i n 
with molecules i n the blood w i l l have to be l e f t to the 
pharmacokineticists to sort out. There i s evidence to suggest 
that the intact drug passively permeates c e l l membranes (viz, no 
active c a r r i e r i s necessary). Usually, the i n t r a c e l l u l a r 
chloride concentration i s lower than the extracellular value. 
In some c e l l s of the body  such as muscle c e l l s  the chloride 
concentration may be a
while i n other c e l l s , suc
stomach and intestines, the chloride concentration i s approxi
mately the same as i n the extracellular f l u i d . In those c e l l s 
where the chloride concentration i s low, the aquation reaction 
w i l l occur to some degree. This i s the only step necessary to 
activate the drug. The aquated species are now able to react 
with various i n t r a c e l l u l a r molecules, and i n p a r t i c u l a r , the 
nucleic acids. Evidence from both i n v i t r o and i n vivo 
studies strongly imply that the primary target molecule leading 
to the s i g n i f i c a n t biologic actions i s the c e l l u l a r DNA. 

The reactions of the aquated c i s p l a t i n species with DNA 
again provides a plethora of reaction s i t e s , one or more of 
which may be the s i g n i f i c a n t ligand exchange leading to the 
anticancer a c t i v i t y . It i s the task of those attempting to 
understand the mechanisms of drug action to unravel the results 
of these different reactions. A higher order of complexity i s 
added to this system i n that the different aquated species may 
each produce a different set of reaction products with DNA. 

It i s quite clear by now that drug action of the dichloro-
diammineplatinum (II) i s stereoselective. For anticancer a c t i v 
i t y to occur the drug must be i n the c i s configuration. The 
trans isomer i s inactive. This i s true for a l l the other analogs 
tested so far. We may try to use this s t e r e o s e l e c t i v i t y as a 
tool to pry out the s i g n i f i c a n t ligand exchanges. We f i r s t w i l l 
l i m i t our considerations to those reactions of aquated c i s p l a t i n 
which the c i s isomer i s capable of but the trans isomer i s not. 
Of this sub-class of reactions, one i s most interesting. This 
i s the formation of a closed ring chelate of c i s p l a t i n with the 
N-7 and 0-6 nucleophilic s i t e s of guanine. It had been shown 
previously that the c i s p l a t i n reacted primarily with the GC 
r i c h regions of DNA. It has also been suggested that the t e r t i a r y 
structure of DNA i s probably too p l a s t i c to exhibit the necessary 
stereos e l e c t i v i t y . It i s also known that the c i s p l a t i n does not 
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intercalate. And i t i s believed that reactions with the phos
phate-sugar chains are not relevant. 

Both intra-and interstrand crosslinkings of DNA by the aquat
ed c i s p l a t i n and i t ' s trans isomer are known to occur. Cross-
lin k i n g has been t r a d i t i o n a l l y invoked to account for cytotox
i c i t y . In this case, however, evidence exists that equal 
numbers of trans complex crosslinks as c i s complex crosslinks 
cause the same degree of cytotoxicity-but the trans i s not an 
active anticancer agent. I emphasize the importance of separat
ing cytotoxic and anticancer effects. A l l c e l l u l a r poisons are 
not anticancer agents. Somehow a degree of s e l e c t i v i t y i s neces
sary i n order to have large tumor masses disappear with l i t t l e 
or no t o x i c i t y to the normal c e l l s of the body. 

What i s lacking at the present time i s hard chemical e v i 
dence for the existence of the N-7, 0-6 chelate complex with 
guanine. Reactions of aquated c i s p l a t i n with the various 
nucleophilic s i t e s of guanin
products. These are th
within 48 hours of reaction time. With longer incubation times, 
however, the number of reaction products decreases. Those re
maining are l i k e l y to represent the more thermodynamically stable 
products. These are also the ones that usually end up i n the 
crystallographers hands. It must be pointed out, however, that 
the s i g n i f i c a n t lesion need exist for no more than one to two days 
within the c e l l (one r e p l i c a t i o n of the DNA), and therefore, 
this lesion may well be one of the less thermodynamically stable 
products. Therefore, i n the court of l a s t resort, crystallography, 
we s t i l l may not obtain a f i n a l judgement. 

One of the aspects of the chelate complex that makes i t 
p a r t i c u l a r l y attractive to me i s the involvement of the 0-6 s i t e 
of guanine. There i s an intriguing story developing i n the f i e l d 
of carcinogenesis by alkylating agents, which now implicates the 
alkylation at the 0-6 s i t e as possibibly the most relevant i n 
causing mutations i n somatic c e l l s . This i s considered to be a 
necessary, but not s u f f i c i e n t step, i n the transformation of 
the c e l l into a cancer c e l l . Sufficiency occurs when the lesion 
i s not repaired p r i o r to DNA r e p l i c a t i o n and leads to a mispair
ing with thymine instead of the correct pairing with cytosine. 
This then leads on further r e p l i c a t i o n to the replacement of 
the o r i g i n a l GC pair by an AT pair-a base substitution mutation. 
Whether such mutations need to occur i n particular regions of the 
DNA i s not yet clear. 

The hypothesis of the 0-6 guanine involvement does provide 
an extra bonus i n that a mechanism of action can be postulated, 
and tested, which allows an explanation of the selective destruc
tion of cancer c e l l s . If the cancer c e l l becomes so because of 
i t s i n a b i l i t y to repair the 0-6 guanine lesion caused by a car
cinogen then i t may also be unable to repair the c i s p l a t i n i n 
duced damage. But the normal c e l l s have intact repair mechan
isms and can repair the damage prior to DNA r e p l i c a t i o n and 
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thus survive. Tests of this mechanism of s e l e c t i v i t y are i n 
progress. 

The discovery of a new class of anticancer drugs based on 
metal complexes affords us a new opportunity to reexamine the 
problems of cancer chemotherapy. It i s obvious that i n t e r 
actions of metals with DNA i s largely an undeveloped f i e l d of 
study, but i s too important to remain so. 

RECEIVED Apr i l 7,1980. 
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Binding of a Platinum Antitumor Drug to its 
Likely Biological Targets 
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Cis-dichlorodiaimineplatinum(II
c u r r e n t l y being used to t r e a t a wide v a r i e t y of cancers 
(10 . Ever since the i n i t i a l discovery that cis-DDP 
has unusual b i o l o g i c a l a c t i v i t y (2) not shared by the 
trans isomer, coordination chemists and b i o l o g i s t s 
have s t r i v e d to understand the mechanism of a c t i o n 

c i s - D D P t r a n s - D D P 

and the reason f o r the s e l e c t i v i t y of the c i s isomer. 
Numerous studies have been c a r r i e d out that strongly 
implicate DNA as the target of drug a c t i o n ( 3 ) . 

The r e a c t i v i t y of cis-DDP i n a b i o l o g i c a l m i l i e u 
i s c r i t i c a l l y dependent upon the ch l o r i d e ion 
concentration (4). Hydrolysis reactions of the kind 
shown i n eq. 1 produce aquo complexes that are k i n e t i -
c a l l y more r e a c t i v e than the chloro or hydroxo 
complexes (5). When the drug i s administered, there-
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-C I " + 2 PtC l 2 ( NH 3 ) 2 Pt(NH 3 ) 2 Cl(H 2 0) Pt (NH 3 ) 2 (0H 2 ) 2 

+ C 1 " + C1 

+ H + 4 ( 1 ) 

r 

Pt(NH 3 ) 2Cl(0H) Pt (NH 3 ) 2 (0H 2 ) (0H) + 

fore, the high c h l o r i d e ion concentration (^0.1 M) i n 
blood suppresses i t s r e a c t i v i t y . A f t e r d i f f u s i o n 
across the cytoplasmic membrane, the drug encounters 
a c h l o r i d e concentratio
b i o l o g i c a l targets ca

Since DNA i s most l i k e l y the target of drug action, 
our d i s c u s s i o n w i l l focus on i t s reactions with c i s -
and trans-DPP, We s h a l l not attempt to r a t i o n a l i z e 
the a b i l i t y of cis-DDP to k i l l cancer c e l l s before 
destroying normal c e l l s , a requirement of any u s e f u l 
c a r c i n o s t a t i c reagent. This s p e c i f i c i t y cannot be 
understood simply by examining the chemistry of a 
drug with i t s l i k e l y b i o l o g i c a l target. Stimulating 
discussions of t h i s aspect of the problem are 
a v a i l a b l e (3,6). 

Binding to the Nucleosome Core P a r t i c l e 

Each chromosome of a eukaryotic c e l l contains DNA 
that i s probably a s i n g l e molecule of s e v e r a l c e n t i 
meters i n length i f l a i d out s t r a i g h t (7). Within 
the nucleus, however, the DNA i s f o l d e d i n t o a h i g h l y 
compact form having several l e v e l s of s t r u c t u r a l 
o rganization. As shown i n Figure 1, the simplest 
b u i l d i n g block of chromatin (§,£) , the name given to 
the extractable chromosomal ma t e r i a l , i s the nucleo
some core p a r t i c l e . These p a r t i c l e s can be obtained 
following d i g e s t i o n of chromatin with micrococcal 
nuclease. They c o n s i s t of ^146 base p a i r s of DNA 
wrapped i n a shallow superhelix about an aggregate of 
eight histone proteins (Figure 2). During c e l l 
d i v i s i o n the nuclear DNA i s r e p l i c a t e d . I t i s probable 
that the antitumor a c t i v i t y of cis-DDP involves attack 
on the nucleosomal DNA. 

Studies of the binding of c i s - and trans-DPP to 
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tie ? 

Figure 1. Schematic of the possible levels of organization in chromatin (1) 

Figure 2. Structure of the nucleosome core particle showing the probable (but not 
established) relative positions of the histone proteins and the surrounding DNA (23). 
The labels H2a, H2b, H3, and H4 refer to the four different histone proteins present 
as two copies each in the nucleosome core particle. The DNA is wrapped around 
the outside of the protein cluster in a shallow superhelix of 13A turns. The approxi
mate dimensions of the particle are 110 X HO X 57 A. A twofold symmetry 

axis passes through the particle. 
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nucleosome core p a r t i c l e s have revealed s t r i k i n g 
d i f f e r e n c e s i n r e a c t i v i t y (10). At low r a t i o s of 
bound platinum atoms per core p a r t i c l e (̂ 5 - 10), the 
c i s isomer binds mainly to the DNA while the trans 
complex forms DNA-protein and p r o t e i n - p r o t e i n cross
l i n k s . The greater a b i l i t y of trans-DPP to c r o s s l i n k 
biopolymers i s reasonable since non-bonded s t e r i c 
repulsions between macromolecules w i l l be le s s than 
f o r cis-DDP induced c r o s s l i n k s . Cis-DDP forms analo
gous c r o s s l i n k s but only at much greater binding 
r a t i o s . The c r o s s l i n k s occur because the platinum 
atom coordinates to p r o t e i n amino acids and/or DNA 
bases belonging to two or more d i f f e r e n t constituents 
of the nucleosome core p a r t i c l e . This feature was 
demonstrated through gel e l e c t r o p h o r e s i s studies 
using 195mpt r a d i o l a b e l e d c i s - and trans-DPP. In the 
case of trans-PPP, s p e c i f i
p r o t e i n p a i r s H3/H2
band containing the c r o s s l i n k e d histones was s l i c e d 
out of a polyacrylamide g e l and soaked i n cyanide 
s o l u t i o n to remove the platinum as [Pt(CN)4] 2' (11). 
The r e s u l t i n g g e l s l i c e was then run i n a second 
dimension to determine the histone proteins s p e c i f i 
c a l l y c r o s s l i n k e d . 

The d i f f e r e n c e s revealed i n the g e l e l e c t r o p h o r e t i c 
pattern of the nucleosome core p a r t i c l e a f t e r binding 
c i s - and trans-PPP (10) could p o s s i b l y provide a simple 
i n v i t r o screen f o r pTatinum antitumor drug a c t i v i t y . 
Preliminary studies (12) have shown that nucleosome 
cores incubated with e i t h e r dichloroethylenediamine-
platinum(II) or c i s - d i c h l o r o b i s ( i s o p r o p y l a m i n e ) -
platinum(II), two known antitumor drugs, e x h i b i t g e l 
e l e c t r o p h o r e t i c patterns very s i m i l a r to those of 
nucleosome cores incubated with cis-PPP. Incubation 
with [ ( t e r p y ) P t C l ] C l , an i n a c t i v e compound, gave very 
d i f f e r e n t g e l patterns. Further work i s i n progress 
to evaluate the u t i l i t y of t h i s assay. 

The technique of PNA a l k a l i n e e l u t i o n has demon
st r a t e d the greater a b i l i t y of trans- than cis-PPP to 
induce protein-PNA c r o s s l i n k i n g i n L1210 mouse 
leukemia c u l t u r e d c e l l s (13). The extent of PNA-
p r o t e i n c r o s s l i n k i n g d i d not c o r r e l a t e with the cyto
t o x i c i t y of c i s - and trans-PPP. There was a c o r r e l a 
t i o n of i n t r a s t r a n d PNA c r o s s l i n k i n g with c y t o t o x i c i t y , 
however, with the c i s isomer being more e f f e c t i v e . 
Intrastrand c r o s s l i n k s are probably responsible f o r 
the r e t a r d a t i o n and spreading of the nucleosomal core 
p a r t i c l e PNA on gels a f t e r r e a c t i o n with cis-PPP (10). 

In summary, the studies of the binding of c i s -
and trans-PPP with the nucleosome core p a r t i c l e have 
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shown a c l e a r d i f f e r e n c e i n r e a c t i v i t y f o r the two 
isomers, consistent with t h e i r molecular s t r u c t u r e s . 
The relevance of t h i s discovery to the c y t o t o x i c i t y 
and greater antitumor drug a c t i o n of the c i s isomer 
i s not obvious. Perhaps trans-DPP, the more r e a c t i v e 
c r o s s l i n k i n g reagent, i s scavenged i n vivo before i t 
can reach the nuclear DNA. 

Binding to Closed C i r c u l a r DNA 

Closed c i r c u l a r DNAs i s o l a t e d from E s c h e r i c h i a 
c o l i s t r a i n K12 W677 containing the plasmid pSMl (14) 
have been used to monitor the binding of c i s - and 
trans-DPP. Closed c i r c u l a r DNAs are more u s e f u l than 
l i n e a r DNAs f o r such studies because small changes i n 
the structure of the DNA  f o r example unwinding of the 
duplex, produce larg
properties that ar
binding of both platinum complexes to pSMl DNAs 
changes the degree of s u p e r c o i l i n g , a r e s u l t that was 
a t t r i b u t e d to d i s r u p t i o n and unwinding of the double 
h e l i x (15). E l e c t r o n micrographs showed the p l a t i n a t e d 
DNAs to~~Ee shortened by up to 50% of t h e i r o r i g i n a l 
length. As shown i n Figure 3, a s i m i l a r shortening 
occurs upon binding of cis-DDP to pM2 DNA (16). 

The unwinding and shortening of the DNAHouble 
h e l i x i n the presence of cis-DDP most l i k e l y involves 
d i s r u p t i o n of the base p a i r s accompanied by coordina
t i o n of the platinum atom to one or more of the hetero
c y c l i c nitrogen atoms of the bases. Since cis-DDP i s 
b i o l o g i c a l l y a c t i v e at very low l e v e l s (<10~3y of bound 
platinum per DNA phosphate (3), i t i s po s s i b l e that 
the drug recognizes a spe c i f T c sequence of bases i n 
the DNA chain. The most l i k e l y candidates are those 
r i c h i n guanine-cytosine base p a i r s . E a r l i e r studies 
revealed that cis-DDP binds more strongly to DNAs with 
high (G + C) content, and e s p e c i a l l y to poly(dG)-poly 
(dC) (r7,18). Moreover, i n t r a s t r a n d c r o s s l i n k i n g of 
GpG was proposed (19) to account f o r the very smeared 
gel e l e c t r o p h o r e t i c pattern of X DNA digested by the 
r e s t r i c t i o n endonuclease Bam HI i n the presence of 
[(en)PtCl2L a reagent s i m i l a r i n structure and drug 
a c t i v i t y to cis-DDP. The Bam HI enzyme recognizes 
the following sequence, c u t t i n g the two polynucleotide 

- G+G A T C C -
- C C T A G G -
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chains where shown by the arrows. The a d d i t i o n of 
cyanide ion to the incubation mixture sharpened the 
bands. These r e s u l t s (19) were i n t e r p r e t e d to imply 
that [ ( e n ) P t C l 2 ] c r o s s l i n k s the GpG u n i t i n X PNA. 
Unfortunately, t h i s i n t e r p r e t a t i o n i s not uniquely 
j u s t i f i e d by the data. Since r e t a r d a t i o n and smearing 
of the gel pattern of the 146 base p a i r nucleosome 
core p a r t i c l e DNA occurs a f t e r treatment with cis-DDP 
(10), the smearing of the fragments i n the Bam HI 
digest g e l could have r e s u l t e d from platinum binding 
i n a region remote from the c u t t i n g s i t e . A d d i t i o n of 
cyanide would remove platinum as [Pt(CN)4]2- (11) 
and produce the observed sharpening of the banHs". 

I n a d i f f e r e n t experiment, the closed c i r c u l a r pSMl 
DNA was incubated with cis-DDP and then treated with 
the r e s t r i c t i o n enzyme Pst I (20) a f t e r removing 
unbound platinum. A
normally cleaves th

- C T G C A^G -
recognizing the _ g ^ C G T C - s i t e . Platinum bind
ing was followed by removing a l i q u o t s from the incuba
t i o n mixture, separating out free platinum by spin 
d i a l y s i s (21), and analyzing f o r bound platinum by 
atomic absorption spectroscopy. When 0.05 moles of 
platinum were bound per mole of DNA phosphate, the 
enzyme c u t t i n g was f u l l y i n h i b i t e d . Below that r a t i o 
( r ) , g e l e l e c t r o p h o r e t i c bands corresponding to 
fragments A - D (Figure 4) disappeared while p a r t i a l 
fragments AC, CD, DB, BA, ACD, CDB, DBA, and BAC 
arose with increasing platinum binding. I n t e r e s t i n g l y , 
the BD p a r t i a l was the f i r s t to appear, concomitant 
with the e a r l y removal of the B and D fragments from 
the g e l at r ^0.004. This behavior cannot be the 
r e s u l t of s e l e c t i v e binding of cis-DDP to bases w i t h i n 
the r e s t r i c t i o n enzyme r e c o g n i t i o n s i t e or a l l four 
c u t t i n g s i t e s would have been equally protected. 
Rather, a sequence adjacent to the D-B j u n c t i o n was 
proposed to be responsible f o r the s e l e c t i v e i n h i b i t i o n 
of the Pst I enzyme i n that region. As shown i n 
F i g . 4, a unique (dG)4— (dC)A sequence occurs on the 
r i g h t f l a n k of the D-B j u n c t i o n . The binding of c i s -
DDP to adjacent guanine or cytosine bases on one DNA 
strand i s stereochemically f e a s i b l e , as shown by a 
model b u i l d i n g study (20). I n t e r e s t i n g l y , models 
reve a l that trans-DPP cannot bind the N-7 atoms of 
both guanine bases i n the (GpG) fragment (18,20). At 
comparably low binding l e v e l s , trans-DPP dT3 not 
produce the s e l e c t i v e i n h i b i t i o n ofenzyme cleavage 
observed f o r the c i s isomer. 

A d d i t i o n a l work i n progress should enable the 
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ori 

C 

T G A T G C G C T C C T G C A G G 6 6 C T G T G T T 
A C T A C G C G A G G A C G T C C C C G A C A C A A 

f * 
T A A T C A A T A T C T G C A G T T T A T G C T G G 
A T T A G T T A T A G A C G T C A A A T A C G A C C 

t J 
C A G A A A A C T G C T G C A G A T G A C C G G A G 
G T C T T T T G A C G A C G T C T A C T G G C C T C 

t J 
A A C A T G G C A A C T G C A G T T C A C T T A C A 
T T G T A C C G T T G A C G T C A A G T G A A T G T 

t 
Figure 4. Map of bacterial plasmid pSMl DNA showing the origin of replication 
(ori) and cleavage pattern by the restriction endonuclease Pst I. Fragments A, B, 
C, and D are 1.80, 1.60, 1.19, and 1.09 kilobases in length, respectively. The 

sequence of bases at each of the four cutting sites also is shown. 

Pst I Sites: 

D - B Junction 

B - A Junction 

C - D Junction 

A - C Junction 
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s p e c i f i c bases that bind platinum to be i d e n t i f i e d . 
In the meantime, i t i s a reasonable hypothesis that 
the antitumor drug a c t i v i t y of cis-DDP involves 
r e c o g n i t i o n of the (dG) n ( d C ) n , η £ 4, sequence i n DNA. 
More s p e c i f i c a l l y , the mechanism probably involves 
i n t r a s t r a n d c r o s s l i n k i n g of adjacent guanine bases, 
as proposed p r e v i o u s l y (3,22), or p o s s i b l y adjacent 
cytosine bases. This supposition, i f confirmed, could 
lead to the r a t i o n a l design and development of more 
e f f e c t i v e drugs. 
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Abstract 

The binding of cis-dichlorodiammineplatinum(II), a 
powerful anticancer drug, to nucleosomes and to DNA 
is reviewed. The drug preferent ia l ly attacks the DNA 
of the nucleosome core par t i c l e , the basic building 
block of the chromosomes comprised of 146 base pairs 
of DNA wrapped in a shallow superhelix about an 
octameric aggregate of histone proteins. By contrast, 
the b io log ica l ly ineffective trans isomer forms DNA
-histone and histone-histone crossl inks. The unwinding 
of DNA by cis-dichlorodiammineplatinum and i t s 
recognition of a specif ic base pair sequence support 
a mechanism for cytotoxicity involving intrastrand 
crosslinking of adjacent guanine residues. 
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The Potential of Ruthenium in Anticancer 
Pharmaceuticals 
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Pertinent aspect
complexes are briefly outline
of these ions in anticancer pharmaceuticals. Of particular 
interest i s that Ru(lII) ammine complexes containing hard 
ligands may be activated by reduction in vivo to lose the 
acido groups and subsequently add a nitrogen base, which 
can then be firmly coordinated to the metal in either 
oxidation state. Work with nucleosides and mucleic acids 
indicates that the coordination of Ru(II) to such ligands is 
similar to that of the Pt(II) anticancer drugs, so that 
analogous effects might be exerted on nucleic acid metabolism. 
Ammineruthenium(III) ions, on the other hand, form unusual 
cytosinato and aderosinato species. Collaborative studies 
demonstrate that a number of Ru compounds serve as bacterial 
mutagens, and so indicate that at least some Ru complexes are 
capable of damaging genetic material. The in vivo production 
of the more easily substituted Ru(II) aquoammine species from 
the Ru(III) prodrug should be favored in the relatively 
reducing and hypoxic environment provided by the interior of 
many tumors. In vitro experiments ut i l iz ing subcellular 
components as electron-transfer catalysts provide support 
for this. Screening studies on a series of Ru compounds 
show that many complexes, which would be thought to function 
by an activation-by-reduction mechanism, do exhibit anti
tumor activity. Tissue distribution studies by other 
workers reveal significant concentrations of ruthenium, 
injected as cis-[Cl 2(CNH 3) 4Ru]Cl 2 , in tumor tissue. The 
potential of ruthenium isotopes for incorporation into 
radiodiagnostic pharmaceuticals for imaging tumors is also 
briefly discussed. 
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Possible applications of ruthenium complexes i n the 
treatment of cancer have been recognized by workers i n diverse 
areas and the u t i l i z a t i o n of this metal has been approached 
from widely di f f e r e n t perspectives. Early interest centered 
on the therapeutic properties of ruthenium complexes with 
aromatic chelates (1) and then, following a dormancy, eff o r t s 
became focused on complexes bearing analogies to cis-Cl2 
(NH 3) 2Pt (2,3). S l i g h t l y l a t e r , the suggestion was made 
that 97Ru could provide the basis for a family of radio-
diagnostic agents for organ imaging (4). This suggestion 
holds the promise that tumors may be s p e c i f i c a l l y imaged, 
located and diagnosed with the help of tumor-localizing Ru-
containing radiopharmaceuticals (5,6). In addition to 
radioscintigraphic agents of this type, tumor-specificity 
i s a desired (but not a required) property for chemotherapeutic 
pharmaceuticals. A f i n a l category of anticancer drugs, 
which has not been addresse
compounds, i s that of
which would provide a dose of short range radiation d i r e c t l y 
at the tumor s i t e . These might be possible with the 
g-emitting radionuclides, *03Ru or ̂ 06Ru, provided that a 
high degree of tumor-localization could be obtained. 

Approaches to the incorporation of 97Ru or 103Ru into 
radioscintigraphic agents include: 1) The use of ruthenium-red 
(7)a U^oxo trimer which i s known to bind p r e f e r e n t i a l l y to 
acidi c animal mucopolysaccharides. The stroma of many neoplasms 
are high i n these materials and so could conceivably cause the 
ruthenium dye to concentrate i n some tumors. 2) A range of 
ruthenocene complexes i n which the cyclopentadienyl moieties 
serve as derivatizable units for the attachment of organ 
s p e c i f i c molecules (8-10). 3) Complexes with biomolecules 
which are known to concentrate i n tumors. Particular interest 
centers on the bleomycins, a group of tumor s p e c i f i c a n t i 
b i o t i c s which induce nucleic acid cleavage. Glucose, nucleic 
acid and protein precursors, DNA and some proteins also tend 
to concentrate i n some types of tumor c e l l s . With many of 
these biochemicals the r e l a t i v e l y high a f f i n i t y of Ru(II) 
and Ru(III) ions for nitrogen ligands can be taken to advantage. 
4) The use of Ru(III) complexes as prodrugs, which can be 
transformed by the body into more active species which, i n 
turn, should behave s i m i l a r l y to the platinum chemotherapeutic 
agents (11). 

The l a s t approach depends upon particular aspects of 
ruthenium i n the II and III oxidation states as well as 
certain differences between tumor and normal tissue metabolism. 
It i s , i n concept, applicable to each of the major categories 
of anticancer pharmaceuticals mentioned above and provides 
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a r a t i o n a l basis for drug design. The remainder of t h i s 
report w i l l focus upon the chemical and b i o l o g i c a l hypotheses 
involved i n this approach and w i l l present the results of 
experiments which these have guided. 

Ruthenium-Nucleoside Interactions. 

The i n i t i a l phases of this work were carried out in the 
laboratory of Henry Taube at Stanford and were i n i t i a t e d 
to explore the effects of a r e l a t i v e l y Mhard" metal ion, and 
a r e l a t i v e l y "soft", pi-donor metal ion, on nucleosides and 
nucleotides (12-14). Because of their simplicity, high 
a f f i n i t y for nitrogen heterocycles, and ease of switching 
oxidation states, the pentammineruthenium (II-III) ions 
were chosen for study. A primary focus of these studies, 
which were begun before i t was widely known that the a c t i v i t y 
of the platinum anticance
nucleic acid binding, wa
purine coordination, p a r t i c u l a r l y carbenoid binding (14,15) 

Nucleosides offer a number and a variety of metal 
coordination s i t e s , but many of these can be eliminated by 
judicious alkylation of the heterocycle. This coupled with 
unique spectral patterns a r i s i n g from ligand-to-netal charge 
transfer (LMCT) transitions and predictable effects of the 
metal ion on the ionizing a b i l i t y of ring protons usually 
eliminates the need for structural assignments by x-ray 
crystallography. Indeed, the cautious interpretation of 
chemical and spectroscopic data has provided the correct 
assignment of the many possible linkage isomers i n every case 
involving ammineruthenium(III) ions that have subsequently 
been v e r i f i e d by x-ray methods. Moreover, solution conditions 
can be chosen so that only a single species exists and, owing 
to the r e l a t i v e inertness to substitution of Ru(II) and Ru(III) 
ions, these complexes persist for periods of time s u f f i c i e n t 
for chemical and biochemical study. 

The dominant mode of pentaammineruthenium coordination to 
purine nucleosides with a keto group at the 6-position i s at 
the N(7) s i t e on the imidazole ring (12-14,16). Figure 1 
i l l u s t r a t e s this mode of coordination and the hydrogen bonds, 
which further add s t a b i l i t y to the complex, that form between 
coordinated ammines and 0(6). Alkylation at N(9), as occurs 
i n nucleosides, prevents metal binding at both the N(9) and 
N(3) s i t e s . At low pH protonation i s preferred over metallation 
at N(l) and no ruthenium complexes involving N(l) coordination 
to t h i s type of nucleoside have been isolated or characterized. 
Attachment at the N(7) of deoxyguanosine, which i s thought to 
be the i n i t i a l point of attack of the platinum pharmaceuticals 
on DNA, has been shown to occur for ammineruthenium(II and III) 
ions (13,17), 

Figure 2 indicates that N(9) coordination i s indeed 
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Figure 2. Structure of 9-[(Hyp)(NH3)5Ru(III)] (IS) 

In Inorganic Chemistry in Biology and Medicine; Martell, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. CLARKE Ru Anticancer Drugs 161 

possible, when this s i t e i s available (18). The corre
sponding N(3)-bound complex has also been prepared pure i n 
solution (16), but has not been f u l l y characterized as a 
s o l i d . A novel mode of purine binding which, among true 
transition metal ions, has only been observed for Ru(II and 
III) i s shown i n Figure 3 (14,15). In this case, the 
caffeine ligand i s bound v i a the C(8) position. Purines 
other than xanthines have not yielded to attempts to form 
ylidene or carbenoid complexes of this type. 

The (NR3X5RUCIII) group i s also the only species known to 
form stable menodentate complexes with cytidine, adenosine and 
related nucleosides v i a coordination to the exocyclic nitrogen 
(Figure 4) (19). The Ru-N(4) bond in the cytidine complex i s 
approximately 0.13 & shorter than that expected for a Ru(III)-N 
single bond (20) and indicates that the p a r t i a l l y f i l l e d 
d ^ - o r b i t a l on the metal i s accepting some degree of electron 
density from a p^ - o r b i t a
of this type are stabl
most readily formed by redox cataly s i s at neutral pH. 
Catalytic synthesis i n the presence of a small amount of 
Ru(II) suggests that i n i t i a l attack probably occurs by the 
metal i n this oxidation state on the available pyrimidine 
ring nitrogen (19). Oxidation of the metal ion to Ru(III) 
should f a c i l i t a t e deprotonation of the exocyclic amine, 
thus allowing for a subsequent and f a i r l y rapid ring-to-
exocyclic nitrogen linkage isomerization. Spectral studies 
suggest that at low pH, reprotonation occurs at the adjacent 
ring nitrogen rather than on the exo-N (19). 

Since adenine occurs i n a variety of water soluble 
coenzymes, these can also coordinate Ru(III) v i a the exo-N 
s i t e (21). Other nucleosides (or near nucleosides) such as 
r i b o f l a v i n are capable of forming stable ruthenium adducts 
and such coordination may severely affect the coenzymic 
a c t i v i t y (22), Figure 5 i l l u s t r a t e s the mode of metal binding 
and the structural bending induced i n a f l a v i n . The p i -
retrodative bonding i n these species i s intense and, 
interestingly, the Ru(IT)-N(5) bond length (1.979 A) i s quite 
close to that of the Ru(III)-N(4)bond i n the cytosinato 
complex (1.983 Figure 4). The surprisingly similar 
geometries around the ligand nitrogen i n both of these 
complexes suggest a near equivalency i n the mode of binding, 
even though one would normally be considered to be a Ru(II) 
complex and the other Ru(III). In f a c t , the formulation of 
the f l a v i n complexes of Ru(II)-Fl does not always appear 
to be appropriate and the canonical form R u ( I I I ) - F l T may be 
preferred for some purposes (23). 
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Figure 5. 

Journal of the American Chemical Society 

Structure of 4,5-[(10MelAlo)NH3),tRu\2+ (22) 
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The spectra of (NK^^Ru(III)-nucleoside complexes 
invariably exhibit f a i r l y intense LMCT transitions, which 
are well resolved from the intraligand bands and provide a 
convenient probe into the nature of these metal-nucleoside 
interactions (12-14,16,19). Reference to Figure 6 reveals 
that these absorptions are usually localized i n two d i s t i n c t 
regions of the spectrum, one i n the near UV and the other 
i n the v i s i b l e . The energy of these bands i s primarily 
dependent upon the particular purine or pyrimidine involved, 
i t s protonation state and s i t e of protonation or deprotonation. 
Their i n t e n s i t i e s , on the other hand, are largely a function 
of the metal binding s i t e , but also depend somewhat on the 
nature of the ligand (16). Bands of this type have not been 
reported for any other metal-nucleoside adducts and contribute 
to making the present system one of the most convenient for 
study. 

Application of th
ion i s to a deprotonatio
ac i d i t y of that s i t e (cf. Figure 7) f a c i l i t a t e s assignments 
of the metal coordination position and separation of the 
various linkage isomers Csee Table I ) . The l a t t e r can 
usually be accomplished by ion-exchange chromatography since 
the charge of the sundry isomers varies d i f f e r e n t l y with the 
pH of the eluant buffer (12-14,16). A p a r t i c u l a r l y drastic 
change i n the a c i d i t y of nucleosides i s seen i n the cases of 
Ru(III) coordination to cytidine and adenosine i n which the 
proton ionization constant increases by a factor of at least 
109 over that of the free ligands and the preferred 
protonation s i t e i s altered (19), 

The a f f i n i t y of tr^CS03)(H 2G)(NH 3)4Ru(II) for guanosine 
i s approximately 200 times greater than i t s a f f i n i t y for 
adenosine (24), The lower binding constant for adenosine 
corresponds well with the r e l a t i v e i n s t a b i l i t y of (Ado) 
(NH3) 5Ru(II) at low pH and i t i s l i k e l y that the ligand i n 
both complexes i s coordinated at the N(l) position (12,19,24), 
The s e l e c t i v i t y for guanosine may be exploited for the s p e c i f i c 
l a b e l l i n g of such s i t e s on nucleic acids, so long as the 
metal i s r e s t r i c t e d to the lower oxidation state when binding 
to the macromolecule, 

In general, the Ru(II) coordination s i t e i s i d e n t i c a l to 
that of Ru(III) since both are normally substitution-inert 
and have f a i r l y high a f f i n i t i e s for most types of nitrogen 
ligands (12-14,16,25), However, this i s not always the 
case and the reduction of 4-(Ado)(HH3)5Ru(III) results i n a 
rapid linkage isomerlzation reaction (k«l,6 sec" 1) with the 
Ru(II) ion presumably coordinating at the N(l) position 
(19,26). Similarly, reduction of 7-(l,3-Me 2Xan)(NH 3)5Ru(III) 
i n acid yields 8-(l,3-Me2Xan)(H 20)(NH 3) 4Ru(II) (14,15). 
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\(nm) 

Figure 6. Spectra of various (NH3)5Ru(III) complexes showing variations in 
absorption patterns with ligand and binding site 
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CHANGES IN ACIDITY ( A PK A UNITS) 
OF (ME2XAN)(NK3)5RU(II AND I I I ) COMPLEXES 

2.19 
(0,6) 

5 

(0.5) (2.8) 

Journal of the American Chemical Society 

Figure 7. ApKa values of isomers of 7-[(Me2Xan)(NH8)5Ru(II and III)] (U). 
Values are reported in ApKa units relative to the free ligand. Numbers in paren

theses are for the Ru(II) complexes. 

Table I. Changes in Acidity of Hypoxanthine Complexes on Coordination 
of (NH3)3Ru(II and III) (16) 

0 

H 
APK. RELATIVE TO 

METAL BINDING DEPROTONATION FREE LIGAND 
SITE LIGAND SITE Ru(II) R u(III) 

3 7MEHYP 1 0.9 1.18 
7 INO 1 0.1 2.11 
9 7MEHYP 1 0.6 1.51 
9 IMEHYP 7 1.2 1.7 

Inorganic Chemistry 
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The carbenoid ligand in the l a t t e r case serves as a potent 
t r a n s - l a b i l i z e r so that the ammine group opposite i t quickly 
exchanges for water. Nor i s a change in oxidation state 
necessary to i n i t i a t e a change in binding s i t e since 
protonation of 3-(7-MeHyp~) (NH 3) 5Ru(III) i n 1 M EC1 results 
in a movement of the metal to the more electron r i c h N(9) 
position with an observed h a l f - l i f e cf 1,45 hrs. at 37° (16,21). 

These various linkage isomerization reactions suggest 
that even "substitution-inert" metal ions are not always held 
to a single position once bound to a nucleotide or nucleic 
acid. In fact , i t i s possible to envision sequential 
isomerizations resulting i n metal migration over the 
perimeter of a single base residue or along the chain of a 
nucleic acid. While certainly speculative, these ideas imply 
that the primary lesion i n f l i c t e d on a nucleic acid by metal 
coordination need not necessarily be the most damaging  and 
that subsequent metal movemen
positions, p a r t i c u l a r l
nucleic acid, may y i e l d the actual therapeutic or toxic 
ef f e c t . Indeed, such metal migration might be especially 
effective i n producing interstrand crosslinks i n DNA. 

Ruthenium Interactions with Nucleic Acids. 

The spectra of samples of [(NH3) 5Ru(III)] n-DNA prepared 
from normal and heat-denatured DNA are shown i n Figure 8. 
Comparison with Figure 6 reveals a coincidence of bands i n 
the v i s i b l e region suggesting that h e l i c a l DNA binds Ru(III) 
primarily at N(7) s i t e s on guanine residues, while the 
single-stranded DNA coordinates the metal additionally at the 
exocyclic nitrogens of cytosine and adenine. Subsequent 
acid hydrolysis of these samples followed by ion-exchange 
chromatography allows the separation and spectrophotometric 
i d e n t i f i c a t i o n of the individual (NH 3) 5Ru(III)-purine 
complexes (Figure 9), which substantially confirms this 
interpretation (17). However, the cytosine complex cannot be 
isolated by the techniques employed so that the evidence for 
Ru(III)-cytosine complexation i s en t i r e l y spectroscopic. 
Interestingly, the spectra of the Ru-DNA prepared using 
h e l i c a l DNA at the higher ruthenium concentrations exhibit 
s i m i l a r i t i e s to those obtained for the single-stranded 
samples. This implies some metal-induced uncoiling of the 
nucleic acid allowing subsequent metal attack on the 
" i n t e r i o r " adenine and cytosine s i t e s . 

Since ammineruthenium ions can coordinate the exo-N s i t e s 
of cytosine and adenine as well as r i n g nitrogens, a variety 
of options for i n t e r - and intrastrand crosslinking of DNA 
become available (11). However, the s t a b i l i t y of these 
various modes of binding depends both on pH and the oxidation 
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4 0 0 600 
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Inorganica Chimica Acta 

Figure 8. Spectra of [(NH3)5Ru(III)]l-DNA samples prepared from: a, helical 
and b, single-stranded DNA with DNA concentration held constant and increasing 

concentrations of (H20)(NH3)5Ru(II) followed by air oxidation (11) 
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Figure 9. Chromatography of acid hydrolyzed [(NH3)5Ru(III)]n-DNA samples 
prepared from: a, helical and b, single-stranded DNA (11) 
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state of the metal. Long-lived coordination of Ru(III) 
occurs with the exo-N s i t e s of adenine and cytosine and the 
N(7) of guanine, so that crosslinking involving these modes 
would appear most l i k e l y . In the case of Ru(II) only 
linkages involving the N(7) of guanine are expected to pe r i s t 
for s i g n i f i c a n t periods (13). However, transient linking 
involving Ru(II) and the exo-N s i t e s of adenine and cytosine 
and the N(l) position on adenine are possible (19). 

Activation by Reduction of Ru(III) Prodrugs. 

Significant differences exist between the chemistry of 
ammine Ru(II) and Ru(III) ions (11,25) which can be taken 
to advantage i n the design of anticancer pharmaceuticals. 
While both (NH 3)5Ru(II and III) have comparable a f f i n i t i e s 
for imidazole (K* 2 X 10 6), Ru(III) has a f i v e - f o l d higher 
a f f i n i t y for ammonia an
for pyridine i s A X 10
In general, Ru(II) ions bind more firmly to those ligands 
which can serve as good ir-acceptors of electron density from 
metal dir - o r b i t a l s , while Ru(III) ions exhibit a r e l a t i v e 
preference for acido ligands such as chloride and carboxylates. 
Also the substitution rates of vater or acido ligands from 
ammineruthenium(II) ions are usually much more rapid than those 
involving Ru(III). For example, the rate of aquation of 
Cl(NH 3) 5RuCH) i s approximately 5 sec^ 1, while that of the 
analogous Ru(III) complex can be estimated to be a f a c t o r of 
A X 10 6 slower at neutral pH (27-31). 

The r e l a t i v e chemical properties of Ru(II) versus Ru(III) 
suggest that ammineruthenium(III) ions should be far less 
active toward binding biochemical ligands than analogous 
RuClI) complexes. In the case of most nitrogen ligands a 
wealth of chemical evidence exists i n support of this (11). 
Thus a r e l a t i v e l y inactive and so, hopefully, f a i r l y non
toxic Ru(III) complex might be activated toward binding to 
nitrogen heterocycles by i n vivo reduction. Innocuous 
anionic ligands such as chloride or acetate could be employed 
as leaving groups to lower the charge of the complex and 
enhance l i p o p h i l i c i t y , so as to f a c i l i t a t e delivery of the 
Ru(III) prodrug across membrane ba r r i e r s . Activation of the 
drug should take place p r e f e r e n t i a l l y i n reducing environments. 
Inactivation would be expected to r e s u l t should reoxidation 
of the Ru(II) species take place before binding to a nitrogen 
ligand occurred. This s i m p l i s t i c approach, therefore, predicts 
greater levels of drug binding i n tissues high i n reducing 
power and low i n oxygen content. 

Recent studies on tumor metabolism indicate very low 
levels cf 02 to be available, even at very short distances 
from blood c a p i l l a r i e s (31-33). This appears to be due to a 
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high rate of oxygen u t i l i z a t i o n by tumor c e l l s , so that O2 
i s rapidly depleted and largely unavailable to much of the 
tumor tissue. Gylcolytic metabolism must then be r e l i e d 
upon to generate the major portion of the energy supply for 
much of the neoplastic tissue with concomitant increase i n 
l a c t i c acid production and lowering of pH (34>35)» Such 
anaerobic metabolism and g l y c o l y t i c production of NADH should 
and does provide a more reducing environment than the normal 
surrounding tissue (36). Therefore, production of the lower 
oxidation states of metal ions should be p a r t i c u l a r l y favored 
i n many types of neoplastic tissues. Moreover, for those 
metal ions whose reduction potentials are pH dependent, the 
more acidic mileu provided by most tumors should additionally 
favor the reduced species (11,37). 

Most organic reductants occurring i n vivo, such as NADK 
or succinate, do not rapidly reduce metal ions from the III 
to II oxidation states
required for the organi
while the metal ion requires but a single electron. Owing 
to this mismatch, some interface, usually supplied by a 
flavoprotein, i s necessary between the organic and inorganic 
reactants. This i s not meant to imply that f l a v i n s are the 
preferred i n vivo reductants of Ru(III) ions, but only that 
such reduction would be expected to occur at or subsequent to 
the electron-pair s p l i t t i n g process in a b i o l o g i c a l electron 
transfer system. Similarly, deactivation of Ru(II) species 
does not necessarily have to involve On; however, few 
re l a t i v e l y strong biochemical oxidants are available i n tissue 
i n i t s absence. 

The results of experiments employing subcellular 
components to catalyze the reduction of CKNHg^RuUlI) and 
subsequent metal complexation by a nitrogen heterocycle carried 
out i n both the presence and absence of a i r are i l l u s t r a t e d 
i n Figures 10 and 11 (38). These studies show that the NADH 
reduction of Ru(III) proceeds smoothly under anaerobic 
conditions when microsomal enzymes are present. The actual 
reductant i s not known but i s l i k e l y to be NADH- or NADPH-
dehydrogenase or cytochrome-b5, which accepts single electrons 
from the former enzyme. The cytochrome P-450 enzymes, which 
apparently serve to reduce chromate (39), probably do not 
reduce the metal complex i n the present system, since addition 
of metyrapone, a s p e c i f i c i n h i b i t o r for these proteins, did 
not affect the net rate of Ru(II) complexation. In keeping 
with the activation by reduction hypothesis, the rate of 
formation of (isonicotinamide)(NH3)5Ru(II) s i g n i f i c a n t l y 
decreases when the reaction i s run i n a i r . Moreover, when 
the reaction i s run under N2, creation of the dinitrogen 
complex does not greatly interfere with binding of the nitrogen 
heterocycle. Thus, diversion of potential ruthenium-containing 
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drugs i n this manner i s unlikely to present a problem (38)• 
Analogous experiments were carried out using mitochondria 

as the electron-transfer catalyst and succinate as the 
electron source. While large differences between the aerobic 
and anaerobic rates of metal complexation were also observed 
i n this system, only 1-3% of the metal was coordinated as 
Ru(II) even under r e l a t i v e l y forcing conditions (38), 
Addition of malonate, a s p e c i f i c i n h i b i t o r for succinate 
dehydrogenase, or antlmycin-A, which blocks the respiratory 
electron transfer chain between cyt-b and cyt-c^, resulted i n 
severe i n h i b i t i o n of metal complexation (Figure 11), This 
implies that the actual metal reductant occurs subsequent to 
cyt-b i n the electron-transfer sequence and either cyt-c^ or 
cyt-c are l i k e l y candidates. Assuming that either cytochrome 
serves to reduce Ru(lII) at least p a r t i a l l y explains the low 
y i e l d of the reaction, since the reduction potentials of 
these proteins CO.225 an
high r e l a t i v e to that o
s t e r i c interactions would probably prevent close contact with 
the reducing heme moiety (40-41), 

Bi o l o g i c a l Screening of Ruthenium Compounds. 

A p a r t i a l summary of the results of b i o l o g i c a l studies 
performed i n collaboration with other laboratories are 
summarized i n Tables II and I I I . In v i t r o work on the 
mutagenic properties of a series of ruthenium compounds has 
recently been carried out by Yashin, Miehl and Matthews (42). 
Kelman, Edmonds and Peresie have studied the i n h i b i t i o n of 
c e l l u l a r DNA and protein synthesis and were involved i n the 
submission of a number of ruthenium compounds to the NCI for 
screening i n animal tumor systems (43). 

The results of the Ames test for mutagenesis indicate 
that many ruthenium compounds introduce serious lesions into 
c e l l u l a r genetic material so that an error-prone DNA repair 
mechanism i s induced. These results are similar to those 
obtained for c i s p l a t i n (44) and suggest that these complexes 
probably bind d i r e c t l y to nuclear DNA. In concert with t h i s , 
many of the ruthenium complexes also i n h i b i t c e l l u l a r DNA 
synthesis (11,43), another property also noted for the 
cis-platinum drugs. Unfortunately, however, there i s no 
correlation between either of these studies and the antitumor 
a c t i v i t y of ruthenium compounds tested i n animal systems. 

A high percentage of the compounds tested, which would 
be expected to function as Ru(III)-prodrugs, have exhibited 
antitumor a c t i v i t y i n r a t s . An exception to this are those 
complexes containing b i p y r i d y l or o-phenanthroline ligands 
which strongly s t a b i l i z e the lower valent state and which 
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Table II. Antitumor and Mutagenic Activity of Selected Ruthenium Complexes 

COMPOUND 
DOSE 

% INHIB. 
DNA 

CL 3(NH 3)RU(III) 

CIS- (CL2<NH3)i,Ru(IIIj] CL 12.5 157 86 

CIS-[CL 2(EN) 2RU(III)]CL 50 139 26 +++ 

[5X(EN)2RU] [(OX)2ENRI] 50 151 33 ++ 

|R(NH 3) 5RU(III)]BR 2 12.5 120 40 

[CH3C00(NH2)5R^ (CLO^ 12.5 m 50 

p 3CH 2C00(NH 3) 5Rij (Zi%)2 12.5 163 0 

^INO)(NH 3) 5RU(III)| CL 3 25 125 96 +++ 

^3ME 2XAN)(NH 3) 5R^ CL 3 50 90 35 +++ 

gNH3)6Ru(IIl3 CL 3 3.1 113 0 

K 3|CL 6RU(III)J 25 138 6 

[ISN(NH3)5RU(II)] ( P F 6 ) 2 6.25 104 

|0X(BIPY)2RU(II:J 3.13 101 + 

[CL 2(BIPY) 2RU(IID] CL 50 97 

fN0)(NH3)5Ru(II)] 3.12 127 62 

cis-CL2<DMS0)i|Ru(II) 565 125 ++ 
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Table III. Tissue Distribution of 1 0 3Ru Complexes8 (49) 

COMPOUND TIME 
(HRS) 

TUMOR BLOOD MUSCLE LIVER KIDNEY 
(TUMOR/TISSUE RATIOS IN PARENTHESES) 

TCI 

RUCI_3 

48 6.10 3.20 
(1.90 

1.15 
(5.30) 

9.17 
(0.66) 

10.48 
(0.58) 

1.86 

[Ru(NH3)5CC| CL 2 24 3.29 1.97 
(1.67) 

0.79 
(4.16) 

2.37 
(1.38) 

5.89 
(0.56) 

1.70 

96 2.30 0.67 
(3.43) 

0.80 
(2.87) 

1.63 
(1.41) 

3.81 
(0.60) 

1.49 

CIS- [Ru(NH3)I}CL^ CL 24 5.38 5.18 
(1.03) 

1.54 
(3.49) 

5.12 
(1.05) 

9.23 
(0.58) 

1.56 

72 5.93 2.10 
(2.82) 

1.32 
(4.49) 

4.14 
(1.43) 

7.21 
(0.82) 

2.03 

CIS- [RUUN^CL^] CL 24 5.97 5.62 
(1.05) 

1.69 
(3.53) 

5.76 
(1.03) 

11.15 
(0.53) 

1.70 

67GA-C URATE 24 7.09 1.81 
(3.92) 

0.53 
(13.38) 

9.30 
(0.76) 

9.21 
(0.77) 

1.81 

96 3.54 0.36 0.37 8.19 7.14 1.45 
(9.83) (9.57) (0.43) (0.49) 

TCI (TUMOR CONCENTRATION INDEX) = I INJECTED DOSE/G OF TUMOR 
% INJECTED DOSE/G IN WHOLE BODY 

° Tissue from EMT-6 sarcoma bearing mice. Date given as % dose/g of tissue. 

In Inorganic Chemistry in Biology and Medicine; Martell, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. CLARKE Ru Anticancer Drugs 111 

would s i g n i f i c a n t l y decrease the rate of loss of the acido 
groups from Ru(II). The bulky aromatic ligands in these 
complexes might also l i m i t DNA binding. Several n i t r o s y l -
ruthenium(II) compounds investigated by Dr. S. P e l l (45) and 
Cl2(DMSO)4Ru(II) under study in I t a l y (44,46) have also 
shown anticancer a c t i v i t y . The fac-Cl3(NH3)3Ru isomer has 
been shown to induce filamentous growth i n E. C o l i (47). 
However, i t should be noted that this i s not the same triammine 
species that i s presented i n Table I, which i s probably a 
mixture of mer and fac isomers (48). 

While the results of b i o l o g i c a l testing are i n large part 
consistent with the hypothesis of Ru(III) prodrugs being 
activated by i n vivo reduction toward nucleic acid binding, 
this i s by no means proven. Moreover, recent radioactive 
tracer studies carried out i n collaboration with P. Richards 
and S.C. Srivastava of the Brookhaven National Laboratory 
working i n conjunction wit
Hospital (49), indicat
metal, injected as ammineruthenium(III) complexes, are retained 
by several tissues i n addition to the tumor (Table I I I ) . 
Most troublesome are r e l a t i v e l y high levels remaining i n the 
blood, suggesting that binding to proteins occurs even in this 
aerated environment. A possible reason for this i s the high 
a f f i n i t y of both Ru(II) and Ru(III) ammine complexes for RS~ 
groups which are available on some plasma proteins. 
Nevertheless, the prototypical complex, c i s - C l 2 ( N ^ ^ R u C l I I ) , 
does exhibit l o c a l i z a t i o n i n the tumor on a l e v e l comparable 
with that of the most widely used tumor-imaging agent 

- c i t r a t e . 
Pitha (50) has shown that the c e l l u l a r t o x i c i t y of c i s -

Cl 2(NH3)4Ru(III) i s considerably higher than the corresponding 
trans isomer when tested on c e l l s grown i n l i q u i d media. 
Moreover, the toxic effect was essentially the same when the 
c e l l s were grown i n the presence of the complex for only one 
hour, suggesting that the metal i n i t i a l l y binds to the c e l l 
surface and then enters through pinocytosis. Since the rate 
of aquation of this complex i s expected to be comparable to 
that of cis-Cl2CNH 3)2Pt (11)» direct Ru(III) coordination i s 
possible under physiological conditions. However, redox-
induced translocation should remain the dominant effect 
following entry into the c e l l and would allcw more rapid 
coordination of i n t r a c e l l u l a r nucleic acids. 

Corclusion. 

A number of Ru(III) complexes have exhibited antitumor 
a c t i v i t y and i t i s l i k e l y that redox assisted substitution i s 
involved i n causing the metal to interact with genetic 
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material. Unfortunately, however, the toxic doses of most of 
the compounds tested are not greatly different from those at 
which the highest l e v e l of anticancer a c t i v i t y occurs. Thus, 
the high degree of antitumor s e l e c t i v i t y hoped for i n pursuing 
the "activation-by-reduction" hypothesis has not yet been 
obtained. Nevertheless, this approach remains encouraging and 
testing of analogs of those compounds exhibiting the greatest 
therapeutic index should prove p r o f i t a b l e . 

The use of 97RU ±n radioscintigraphic agents for tumor 
diagnosis offers several advantages over other isotopes i n 
present use. The h a l f - l i f e of this radionuclide (2.9 days) i s 
su f f i c i e n t to allow chemical synthesis and p u r i f i c a t i o n , but 
not so long as to provide an intolerable l e v e l of radiation 
to the patient or to be inconvenient for hospital use. 
Moreover, the radiation from this isotope allows i t s use i n 
presently available radioscintigraphic equipment  A series of 
precursor complexes involvin
be used to coordinate a
ligands and macromolecules such as proteins and nucleic acids, 
seems possible. F i n a l l y , improvement of the tumor l o c a l i z a t i o n , 
already exhibited by some ruthenium complexes, based on the 
elevated Ru(II)/Ru(III) r a t i o s hypothesized to occur i n tumor 
r e l a t i v e to normal tissue may make available a new class of 
tumor-imaging pharmaceuticals. 
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Correlations of Physico-Chemical and Biological 
Properties with in Vivo Biodistribution Data for 
Platinum-195 m-Labeled 
Chloroammineplatinum(II) Complexes 
JAMES D. HOESCHELE, THOMAS A. BUTLER, and JOHN A. ROBERTS 

Nuclear Medicine Technology Group, Health and Safety Research Division, 
Oak Ridge National Laboratory, Oak Ridge, TN 37830 

Cis-Dichlorodiammineplatinum(II)
unique metal-based antitumo
combinational chemotherapy of cancers of genitourinary origin 
(1,2). Its mechanism of action is presumed to involve the inhibi
tion of DNA synthesis (3,4). cis-[Pt(NH3)2Cl2] is a member of a 
family of third-row transition metal complexes known collectively 
as the chloroammineplatinum(II) complexes. The typical square
-planar structure and formulae of these complexes is illustrated in 
Figure 1. It is significant that cis-[Pt(NH3)2Cl2] is the only 
complex in this series which exhibits clinically useful antitumor 
activity. In contrast, the structurally similar trans isomer is 
inactive (5,6), and the remaining complexes in this series exhibit 
either marginal or no antitumor activity (7). This striking 
contrast in biological activity for a series of related complexes, 
coupled with the fact that this model series of complexes ideally 
lends itself to the study of structure-activity relationships, 
prompted us to study the in vivo distribution properties of this 
important class of complexes. The purpose of this study was to 
obtain biodistribution data of a systematic nature which could be 
correlated with available physico-chemical and b i o l o g i c a l data for 
these complexes and with existing structure-activity c r i t e r i a for 
platinum(II) antitumor agents. The type of data available for 
correlation i s tabulated i n Table I. Correlations of this nature 
have the potential of providing additional insight into the 
mechanism of action of Pt(II) compounds, a better understanding 
of, and perhaps a basis for predicting the b i o l o g i c a l fate, d i s 
t r i b u t i o n , and potential u t i l i t y of these and related transition 
metal complexes in vivo. These correlations could also stimulate 
new ideas for the design of more effective and, hopefully, less 
toxic antitumor agents. 

Our study of the in vivo d i s t r i b u t i o n of a l l six chloroammine-
platinum(II) complexes has been completed and represents, to the 
best of our knowledge, the f i r s t b i o d i s t r i b u t i o n study of a com
plete series of tran s i t i o n metal complexes. The purposes of this 
paper are to report (a) a brief description of the microscale 
synthesis of the 1 9 5 ^ P t - r a d i o l a b e l e d complexes, (b) the empirical 
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[ p t ( N H 3 ) 4 . x C l x ] 2 

[ P f A 4 ] 2 + , [ p t A 3 C l ] + , [ P t A 2 C I 2 ] ° , [ p t A C I 2 ] . [ P t C l J 2 

CIS a T R A N S 

Figure 1. Square-planar structure and formulae of the chloroammineplatinum(II) 
complexes. The series includes two cationic complex species [Pt(NH3)^]2+ and 
[Pt(NH3)3ClY, two neutral species (cis-[Pt(NH3)2Cl2], polar, and lr2Li\s-[Pt(NHs)2-
Cl2], nonpolar), and two anionic complex species [Pt(NHs)Cl3y and [PtCl^]2'. 

Counter ions are K+ and Cl~. A denotes NH3. 
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HOESCHELE E T AL. Chloroammineplatinum(II) Complexes 

Table I. Physico-chemical and Biological Data Available 

for Chloroammineplatinum(II) Complexes 

Physico-chemical Properties Reference 

1. Chemical Kinetic an
for Aquation 

a) Reactivity of C l " and NH3 Ligands 

2. Number and Position of Ligands (e.g., o i s 3 trans) 

3. Net Charge on Complex (-, 0, +) 

4. Dipole Moment, y Cfor c i s and trans) 

5. P a r t i t i o n Coefficients, K d (organic/aqueous) 18, * 

Biological Properties 

1. Antitumor A c t i v i t y 5, 7 

2. Toxicity 5, 7 

3. Mutagenicity (CHO Cells) 27 

4. Bio l o g i c a l Half-time, T!/ 2(B) 23, 24, 

5. DNA Binding Constants 26 

*This Study 
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correlations and qualitative observations discerned from these 
bio d i s t r i b u t i o n studies thus far, and (c) the implications of 
these observations. 

Experimental 

19 5m p t Radiolabel. 19 5m P t ( x ^ 2 = 4.02 d) i s produced by 
neutron i r r a d i a t i o n (n_,y) of enriched 1 9 4 P t (97.41%) i n the High 
Flux Isotope Reactor (HFIR) at the Oak Ridge National Laboratory. 
Platinum-195m i s an ideal radiolabel since i t emits penetrating 
radiation (y-photons of 99 and 129 keV) and thus provides the 
capability of sensitive detection of Pt at low concentrations i n 
b i o l o g i c a l specimens. The maximum sp e c i f i c a c t i v i t y achievable i s 
^1 mCi 1 9 5 wPt/mg Pt, which i s equivalent to ^ 2 x 10 3 d i s i n t e 
grations /min/ng Pt. Also, 195Wpt i s i d e a l l y suited for tissue 
l o c a l i z a t i o n studies by autoradiographic techniques since approxi
mately three conversion

Microscale Syntheses. A schematic outline of the microscale 
synthesis of the i y W 7*Pt-labeled complexes i s i l l u s t r a t e d i n Figure 
2. In general, the methods of synthesis employed were essentially 
adaptations and/or refinements of published procedures (8,13). 
Syntheses were performed at a scale of 50-100 umoles Pt and over
a l l yields of a given complex ranged from 40-99%. The radiolabeled 
complexes were purified by r e c r y s t a l l i z a t i o n from physiological 
saline and/or by techniques u t i l i z i n g ion-exchange resins. The 
purity of these complexes was c e r t i f i e d by comparing the u l t r a 
v i o l e t and v i s i b l e absorption spectra with available spectral data 
(14,15,16) as well as by thin-layer and paper chromatographic 
techniques employing a radiochromatographic scanning device. A 
detailed description of the methods for synthesis, p u r i f i c a t i o n , 
and evaluation of the purity of these complexes w i l l be published 
elsewhere. 

At the microscale l e v e l , a key stratagem which greatly 
f a c i l i t a t e s the synthesis of these complexes i s to accurately 
determine the s p e c i f i c a c t i v i t y of 1 9 5 7 7 2 P t just after dissolution 
of the Pt target i n aqua regia and, where necessary, after the 
synthesis of <?£s-[Pt(NH3)2Cl2]. This permits c r i t i c a l stoichio
metric requirements to be met, as i n the reduction of Na2PtClg 
with N2H1+ •2EC19 and a rapid determination of f i n a l product y i e l d s . 

The central position of cis-[Pt(NH3)2CI2] i n this scheme 
emphasizes the importance of this complex as the preferred s t a r t 
ing material i n the synthesis of three of the remaining chloro-
ammineplatinum(II) complexes. It i s an ideal starting material 
because the microscale synthesis has been optimized to a degree 
which permits synthesis of a pure compound i n a 75% overall y i e l d 
based on the irradiated Pt metal target (17). 

The 1 9 5 m P t - l a b e l e d complexes of the general structure, 
[PtA i +]Cl 2 (A=CH3NH2 and i-C 3H 7NH 2), were synthesized using pro
cedures i d e n t i c a l to that for [Pt(NR^)^]Cl 2, except that NH3 was 
replaced by the other amines. 
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Biodistribution Studies. Normal female Fischer 344 rats, 
8-12 weeks old, were used i n the in vivo d i s t r i b u t i o n studies. 
Based on a dose of 4 mg/kg of cis-[?t(NHs^C^l, a dose which i s 
therapeutically effective i n treating rat tumors, equimolar doses 
of the 1 9 5 m P t - l a b e l e d complexes were administered intravenously i n 
physiological saline via the l a t e r a l t a i l vein. The concentration 
of each complex i n the administered solution (0.7 to 1.0 ml) was 
1.0 mg/ml with the exception of trans-[Pt(NH3)2Cl2] which was 
0.36 mg/ml, i . e . , a saturated solution at 37°C. F i f t y to 100 yCi 
of 1 9 5 m p t was administered to each rat. Groups of 4 to 5 rats 
were s a c r i f i c e d at 0.25, 1, and 4 h and 1 and 7 d post-injection. 
The organs were excised, rinsed with physiological saline, and the 
Pt-195/77 ra d i o a c t i v i t y determined i n the whole organ by means of a 
Packard Auto-Gamma spectrometer. Biodistribution/retention data 
were obtained as a function of time for a l l compounds and, i n the 
case of the cis isomer only, as a function of the dose of the 
injected compound. B i o l o g i c a
from the cumulative % dos
which were collected i n metabolism cages over a period of a week. 

Pa r t i t i o n c o e f f i c i e n t s were determined radiometrically using 
n-octanol/saline mixtures at 37°C. Saline solutions, of the 
respective radiolabeled complexes (10"*1* M) were equilibrated with 
an equal volume of rc-octanol for at least 4 h. Aliquots of the 
organic and aqueous phases were counted and values computed 
from the r a t i o of the yCi 1 9 5 m P t / m l n-octanol to the yCi ^5mVt/ml 
saline. 

Results and Discussion 

Biodistribution Data. The d i s t r i b u t i o n and retention of 
195tf?pt determined i n 14 tissues 24 h after administration of 
1 9 5 w P t - l a b e l e d complexes to female Fischer rats i s compiled i n 
Tables I I , I I I , and IV. Data i n Table II are expressed i n terms of 
the % injected dose/g tissue, which i s a measure of the concentra
tion of Pt i n the tissues rather than the t o t a l amount of Pt 
retained per organ. Data i n Tables III (tissue/blood ratios) and 
IV (relative tissue d i s t r i b u t i o n data) were computed using the 
data i n Table I I . The average uncertainty i n these data i s on the 
order of 15%. For purposes of data comparison, an equimolar dose 
of 13.3 umoles of complex was administered per kg rat body weight. 
A retention of 1% of the injected dose/g tissue for a 0.2 kg rat 
corresponds to 26.6 n moles or 5.19 yg Pt/g tissue. Unless stated 
otherwise, reference to the d i s t r i b u t i o n data should be i n t e r 
preted as the % injected dose/g tissue. Also, reference to the 
l e v e l or concentration of a complex should be interpreted as the 
l e v e l or concentration of Pt, as measured by 1 9 5 w P t , since the 
nature of the retained species i s unknown. 

Using the data i n Table IV, tissues were ranked for each 
compound i n the order of decreasing concentration of Pt. Rankings 
were averaged and the average order of decreasing tissue retention 
was established as follows: 
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kidney > l i v e r > lung > genitals > spleen > bladder > adrenals 
> colon > heart > pancreas > small intestine > skin 
> stomach > brain 

while the order for the ois-[?t^3)2(^-2] alone was: 

kidney > genitals > l i v e r > adrenals > spleen > bladder 
> lung > pancreas > heart > brain (only 10 tissues). 

Several general observations have been made from a comparison 
of the tissue d i s t r i b u t i o n after 24 h (Table II) and the average 
order of decreasing tissue retention. Platinum was detected i n 
every tissue examined [14] for every compound. The highest con
centrations were found i n the kidney (0.2-4%) and, i n general, the 
lowest i n the brain (0.01-0.05%). The genitals (ovary, f a l l o p i a n 
tubes, and uterus) exhibited the second highest levels for 
c?is-[Pt(NH3)2Cl 2], and i
respond well to cis-[?t
However, this association does not imply that high tissue uptake 
necessarily predicts (and that low uptake necessarily rules out) 
chemotherapeutic effectiveness toward tumors of the same tissue of 
o r i g i n . A case i n point i s the testes, which (in the rat) shows 
low Pt uptake (0.036% for c?is-[Pt(NH 3) 2Cl 2]) ; however cis-
[Pt(NH3)2Cl2l i s most effective c l i n i c a l l y against metastatic 
t e s t i c u l a r cancer. 

Distribution P r o f i l e s as a Function of Time for Selected 
Tissues. P r o f i l e s of the d i s t r i b u t i o n of chloroammineplatinum(II) 
complexes as a function of time (for periods up to 7 d) i n four 
s p e c i f i c tissues are shown i n Figure 3. The d i s t r i b u t i o n patterns 
are d i s t i n c t and presumably r e f l e c t the unique chemical behavior 
expected for discrete substitution-inert complexes, i . e . , these 
complexes appear to retain s u f f i c i e n t identity in vivo to exhibit 
characteristic d i s t r i b u t i o n patterns. This can be contrasted with 
the behavior of simple binary metal s a l t s , which exist as l a b i l e 
cations i n solution, and whose d i s t r i b u t i o n properties show l i t t l e 
or no difference from one s a l t to another. A l l compounds are 
cleared r e l a t i v e l y rapidly from the blood (panel A), especially 
the cationic species, [Pt(NH 3) 3C1] + and [Pt(NHs)^] 2 +, for which 
the levels are on the order of 0.1% and 0.02%, respectively after 
4 h. The [Pt(NH 3)C1 3]" ion shows the highest l e v e l after 7 d 
(M.%) . 

Platinum levels i n the kidney (Figure 3B), an organ of con
siderable c l i n i c a l interest because of the dose-limiting t o x i c i t y 
exhibited by cr£s-[Pt(NH3) 2C1 2], are appreciably higher than i n the 
blood. An important feature of the kidney p r o f i l e s i s that while 
the levels of most complexes steadily decline with time, retention 
i s invariant at 4% (^21 yg Pt/g tissue) for PtCli+ 2" and trans-
[Pt(NH 3)2Cl 2] from 0.25 h to >7 d, suggesting i r r e v e r s i b l e and 
accumulative tissue binding. The levels for c?is-[Pt(NH3)2Cl2l i n 
the kidney 24 h post-injection are r e l a t i v e l y low (VL.3%) but 
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TIME (days) TIME (days) 

Figure 3. Profiles of the distribution of 195mPt-radio!abeled chloroammineplati-
num(II) complexes in the blood, kidneys, liver, and spleen as a function of time (5 
days). Distribution is in terms of % injected dose/g tissue. Symbols: (A) [P/C/J 2 -; 
(A) [Pt(NHt)ClaY; (O) cis-[Pt(NH3)2Cl2]; ( · ) trans-[Pt(NH3)2Cl2]; Ο [Λ-
(NHs)sClY; (m) [Pt(NHsh]2\ Panels: (A) blood; (B) kidneys; (C) liver; (D) spleen. 
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s t i l l *5X higher than for [Pt (NH3) i j 2 + (0.25%). The spread i n Pt 
concentrations after 7 d i s nearly 40-fold. 

With the possible exception of the skin envelope, the l i v e r 
(Figure 3C) shows the highest retention on a whole organ basis; 
however, l i v e r concentrations of Pt are, i n general, substantially 
lower (2 to 6 times) than i n the kidney. After 7 d, the range of 
Pt concentrations i s approximately 30-fold: 0.62 for the [ P t C l i J 2 " 
ion compared to 0.022 for the [Pt(NH3)i +] 2 + species. 

A unique pattern of d i s t r i b u t i o n i s observed for the spleen 
(Figure 3D). With the exception of the [Pt(NH3)iJ 2 + species, 
retention gradually increases rather than decreases as a function 
of time beyond 0.25 h post-injection. A similar pattern was 
observed for 1 9 5 m P t - l a b e l e d eis- and trans-[Pt(NH3) 2C1 2] i n the 
mouse (19) where the apparent increase i n retention i n the spleen 
with time was accounted for by a decrease i n splenic weight 
without a proportional decrease i n Pt content  Retention of 
c£s-[Pt(NH 3) 2Cl 2] graduall
available. 

Tissue S e l e c t i v i t y . As judged by tissue/blood ratios at 24 h 
post-injection of 1 y b m P t - l a b e l e d chloroammineplatinum(II) com
plexes (Table IV), tissue s e l e c t i v i t y i s optimal for the t e t r a -
ammine complex, [Pt(ΝΗ3) 4]C1 2. For example, values for the 
kidneys, lungs, colon, l i v e r , and brain are 36, 29, 24, 23 and 7, 
respectively. A most intriguing result i s that the inert, d i p o s i -
tiv e cationic species exhibited both the highest concentration of 
Pt i n the brain (0.05%) and highest brain/blood ratios (6.7) of 
any of the chloroammineplatinum(II) complexes. Although the 
absolute amount of Pt retained i s very small, these values are 
s t i l l 3.9 and 118 times the corresponding values for neutral 
c£s-[Pt(NH 3) 2Cl 2]. It i s unlikely that a trace impurity i n the 
1 9 5 7 7 7Pt-labeled [ P t ( N H 3 ) j j C l 2 preparation could be responsible for 
the brain uptake for the following reasons: (a) brain levels of 
Pt were reproducible for three independent syntheses of the 
[Pt(NH 3 ) i +]Cl 2 complex; (b) syntheses of [ P t ( N H 3 ) i J 2 + were carried 
out using the p u r i f i e d starting material, c£s-[Pt(NH 3) 2Cl 2], 
which exhibits the lowest brain uptake of any chloroammine analog; 
and (c) radiochromatograms of radiolabeled [ P t i N H s ) ^ ] 2 + and pre
cursor showed no detectable extraneous r a d i o a c t i v i t y . Rectilinear 
scans of a female rat at both 4 and 24 h post-injection of 0.2 mCi 
of 1 9 5 ; 7 7 P t - l a b e l e d analog c l e a r l y showed uptake i n the brain and 
other body organs (Figure 4). The higher brain/blood r a t i o , which 
suggests better transport through the "brain-blood barrier", i s 
surprising. Moreover, there i s a trend of increasing retention 
and tissue s e l e c t i v i t y with increasing positive charge on the 
chloroammineplatinum(II) complex. If this relationship i s a 
general one, i t suggests that multi-charged cationic complexes 
and/or metal ions may exhibit a selective a f f i n i t y for brain 
tissue and, therefore, might have u t i l i t y as brain imaging agents. 
In the context of brain tissue a f f i n i t y , Ga(III) and Bi(III) have 
potential u t i l i t y as brain-imaging agents (20) and Al(III) has 
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Figure 4. Rectilinear scan of a (female) Fischer 344 rat 4 h after administration 
(iv) of 0.2 mCi of 195mPt-labeled [Pt(NH3),t]Cl2, demonstrating uptake in the brain 
and other body organs. [Pt(NH3),t]Cl2 was administered in saline at a dose of 4.4 

mg/kg. Anterior view; head (top). 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



194 INORGANIC CHEMISTRY IN BIOLOGY AND MEDICINE 

been detected i n abnormally high levels i n autopsied brain tissue 
of patients a f f l i c t e d with the degenerative Alzheimer's disease 
(21). 

Localization studies originating out of the observations 
noted above and designed to evaluate the potential of 1 9 5 w P t -
labeled [Pt(NH 3)i +]Cl 2 as a brain-imaging agent, have shown that 
(a) uptake i s not selective for any one anatomical region of the 
brain, and (b) 1 9 5 ^ p t i s l o c a l i z e d (by means of autoradiographic 
examination of brain s l i c e s ) p r i n c i p a l l y within the extravascular 
spaces rather than within the c e l l s . Attempts to enhance brain 
uptake using homologs of [Pt(NH3)ijCl 2, i . e . , 1 9 5 m P t - l a b e l e d -
[ P t A i j C l 2 complexes where A=CH3NH2 and £-C3H 7NH 2, were unsuccess
f u l , as shown i n Table V. Brain uptake after 24 h i s reduced by 
nearly a factor of 10, and organ uptake i s generally diminished 
compared to [Pt(NH3)ijCl 2. Increasing the a l k y l character of the 
A substituent of [PtAi +]Cl 2 complexes presumably increases the 
l i p o p h i l i c i t y of the complexe
uptake of such complexe
distribution/retention patterns are unique, uptake i s neither 
s u f f i c i e n t l y high (with the exception of the kidney) nor s u f f i 
c i e n t l y selective i n any given tissue to warrant consideration of 
any chloroammineplatinum(II) complex as a potential imaging agent. 

Tissue Distribution as a Function of Dose of c£s-[Pt(NH3) 2Cl 2] 
24 h Post-Injection. As a f i r s t step i n assessing whether kidney 
retention (damage) might be altered by varying basic pharmacolog
i c a l parameters, tissue d i s t r i b u t i o n was studied as a function of 
the dose of administered 1 9 5 w P t - [ P t ( N H 3 ) 2 C 1 2 ] . The results i n 
Figure 5 indicate that tissue d i s t r i b u t i o n i s essentially indepen
dent of the injected dose of this drug. This means that a constant 
f r a c t i o n of the injected dose i s retained i n a l l tissues for a 
single i.v. i n j e c t i o n over a s i x - f o l d range of doses (1.0 to 6.0 
mg/kg). Hence, proportionally greater amounts of Pt would be 
retained by the kidney at higher doses as i n high dose ois-
[Pt(NH 3) 2Cl 2] therapy. If Pt retention i s d i r e c t l y proportional 
to kidney damage, there would appear to be no benefit gained (as 
regards reducing kidney retention) i n substituting a daily-dose 
regimen for a single-dose regimen since the same amount of Pt w i l l 
be retained i n either case for the same t o t a l dose. This premise 
would be v a l i d only i f a constant fr a c t i o n of the dose i s retained 
for each successive daily dose; preliminary 195>"Pt tracer studies 
indeed indicate that this i s true (22). It would appear that 
kidney retention i s not l i k e l y to be diminished by variation of 
drug concentration unless the pharmacokinetics of uptake are 
di f f e r e n t at very low drug concentrations. 

Order of Compound Retention. The complexes were ranked i n 
the order of increasing t o t a l retention at 24 h post-injection. 
The t o t a l tissue retention of a compound ( l i s t e d i n Table II under 
Totals) i s the mathematical sum of the tissue retention i n ten 
tissues. Tissues were selected for which data were obtained for 
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Table V. Tissue Distribution of 1 9 5 O T P t - l a b e l e d [PtAi +]Cl 2 

Complexes in the Fischer (female) 344 Rat 

at 24 h Post-Injection (ί.ν.Λ t a i l vein) 

A: NH3 CH3NH2 (CH 3) 2CHNH 2
a 

Tissue ΙΟ 2 χ % Dose/g Tissue 

Brain 4.8 0.50 0.65 

Blood 0.66 0.75 1.6 

Liver 14 3.5 21 

Kidney 25 12 97 

Slight impurit

[PtA 3Cl]Cl analog. 

Figure 5. Distribution of 195mPt in (female) Fischer 344 rat tissues 24 h after 
administration (iv) of various doses of 195mPt-labeled cis-[Pt(NH3)2Cl2]. The distri
bution data are expressed in terms of the % of the injected dose/g tissue; dose of 

cis-[P/(7V7/J;C72] is in terms of mg/kg body weight. 
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a l l six complexes. The importance of this order, which i s 
essentially the same at 7 d, i s shown below (Table VI) and w i l l be 
discussed i n r e l a t i o n to selected physico-chemical and b i o l o g i c a l 
data. 

Empirical Correlations of Biodistribution Data with Physico-
chemical and Bi o l o g i c a l Properties 

P a r t i t i o n Coefficients. The trend i n p a r t i t i o n c o e f f i c i e n t s , 
K^, determined for n-octanol/saline mixtures i s consistent with 
the p o l a r i t y of these complexes but only p a r t i a l l y consistent with 
the order of compound retention. As i l l u s t r a t e d i n Figure 6, 
trans-[Pt(NH3)2Cl2] exhibits the highest K d value and [ P t ( N H 3 ) i j C l 2 

the lowest, and the tissue d i s t r i b u t i o n of these complexes r e f l e c t s 
this contrast. The for trans[Pt(NH3)2C12], i s consistent with 
i t s high tissue uptake  the neutral and non-polar nature of this 
molecule (μ = 0) and i t
(vide i n f r a ) . These result
brane transport and tissue uptake for these complexes are not 
l i m i t i n g factors i n the sequence of events responsible for a n t i 
tumor a c t i v i t y . If p a r t i t i o n c o e f f i c i e n t s for n-octanol/saline 
mixtures are indeed a satisfactory measure of membrane transport 
for these complexes, the r e l a t i v e l y high tissue uptake for 
K[Pt(NH3)Cl3] i s surprising i n view of the low observed for 
thi s analog. A p a r t i t i o n c o e f f i c i e n t for K ^ t C l ^ has not been 
determined but i s predicted to be less than that for K[Pt(NH3)Cl3]. 
The Krf data are tabulated i n Table VII. 

Bi o l o g i c a l Half-times. B i o l o g i c a l half-times, Τ χ / ^ Β ) , (Table 
VII) of chloroammine-platinum(II) complexes also p a r a l l e l the 
order of compound retention, i . e . , complexes retained to the 
greatest extent also show the longest half-times. Half-times for 
ois and trans could not be determined using the present data but 
would appear to be >7 d. Literature estimates of Tj/^B) for ois 
range from 1 d (23) to > 7 d (24) and, based on whole-mouse count
ing data (£.p. injections) (19), the Tj/^B) for trans could be 4 
to 10 X greater than that for ois. 

Cumulative urine and fe c a l excretion p r o f i l e s (Figure 7) 
appear to be multiphasic i n nature and the order of i n i t i a l rates 
of urinary excretion i s essentially the reverse of the order of 
compound retention. It i s interesting to note that the amount of 
195Mp t excreted via the urine compared to that for the feces at 
24 h (U/F ratios i n Table VII) i s approximately 10 X greater for 
ois than for trans and 1.5 X greater for ois than for the 
[PtiNHs)^] 2" 1" species. The approximately equal amounts of Pt 
excreted via the urine and feces for the [ P t C l i J 2 " ion, strongly 
suggests that this charged species i s metabolized extensively. 
This i s consistent with the high binding capacity (four replace
able chloride ligands) and high tissue retention for this ion. In 
sharp contrast, one would expect that the chemically inert and 
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Table VI. Order of Increasing Compound Retention 24 h Post-Injection a 

[ P t A 4 ] 2 + < [ P t A 3 C l ] + < [PtA 2Cl 2]° < [PtACl 3]- < [ P t C l t J 2 - < [PtA 2Cl 2]° 

I II III, ois IV V VI, trans 

(0.36) b (1.05) (1.00) (2.37) (2.60) (2.78) 

Counter cations (K ) and anions (Cl") have been omitted to emphasize 
the charge on the complexes. 

^Numbers i n parentheses are the to t a l retention normalized to that 
for e i s [ P t ( N H 3 ) 2 C l 2 ] . 

Τ 

[ P t A 4 ] d 2 [P tA 3 Cl ]CI [ P t A 2 C I 2 ] KJPtACI j ] K 2 [ P t C I 4 ] 

CIS TRANS 

Figure 6. Comparison of partition coefficients, Kd, with the order of 195mPt-labeled 
chloroammineplatinum(II) compound retention in the tissues. Kd values refer to 
n-octanol/saline mixtures at 37°C. Data is normalized relative to that for cis-

[Pt(NH3)2Cl2]. 
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Table VII. Partition Coefficients, Kj, Biological Half-times, 

Tl/ 2(B), and Ratios of Urinary/Fecal Excretion (U/F) 

for 1 9 5 mPt-Labeled Chloroammineplatinum(II) Complexes. 

Complex*2 
Kd 

(Relative) 
T l / 2 ( B ) C U/F 

(24 h) 

K2[PtCL»] -- 6.3 0.95 

K[Pt(NH 3)Cl 3] 0.84 2.8 4.1 

cts-[Pt(NH 3) 2Cl 2] 1.0 20d 

trans-[Pt(NH3)2C12] 6.2 11 2.1 

[Pt(NH 3) 3Cl]Cl 0.11 0.23 4.7 

[Pt(NH 3) 1 +]Cl 2 0.036 0.13 13 

a[195mp t_Pt(H)] 

^Between n-octanol/saline at 37°C; Κα (abi solute) for cis = 7.3 χ 10" 

^Determined from cumulative rat urine and fecal excretion 

•3 

Data from reference 24 

HOURS DAYS 
T IME 

Figure 7. Profiles of the cumulative urine and fecal excretion of 195mPt as a 
function of time. Biological half times, Ίί/2 (B), are indicated by arrows at the point 
of 50% dose excretion. Data for cis (Ref. 24). Symbols: (A) [PtCl,,]2'; (A) 
[Pt(NH3)ChY; (O) cis-[Pt(NH3)2Cl2]; (%) trans-[Pt(NH3)2Cl2]; (Π) [Pt(NH3)3ClY; 

(M) [Pt(NHM*\ 
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b i o l o g i c a l l y inactive [ Ρ ^ Ν Η 3 ) 4 ] 2 + species undergoes l i t t l e or no 
reaction in vivo since v i r t u a l l y 100% of the injected a c t i v i t y i s 
excreted within 3 d. 

Charge on the Complex; Number of Potential Binding Sites. 
With the exception of the trans isomer, the order of compound 
retention exactly p a r a l l e l s trends i n the negative charge on the 
complex and i n the number of replaceable chloride ligands (or 
number of potential binding sites) on the central metal atom, 
Pt( I I ) . Based only on this correlation, i t would appear that 
gross tissue binding i s rather non-selective and i s related 
s t a t i s t i c a l l y to the number of available coordination s i t e s . 
However, a closer comparison of the data and nature of the complex 
shows that the complexes retained to the greatest extent (IV, V, 
VI, Table VI) are complexes which contain k i n e t i c a l l y reactive 
chloride ligands, by virtue of the trans-effect of mutually 
opposed chloride groups
contains two pairs of mutuall
the highest tissue retention i n 6/14 comparisons. Conversely, the 
cationic complexes, I and II, which show the lowest tissue reten
tion (except as noted for I i n the brain) do not contain chloride 
ligands which are mutually opposed. Thus, the order of compound 
retention appears to be related to kinetic considerations. 

Kinetic vs Equilibrium Constants for Aquation. The order of 
compound retention i n the tissues more closely follows the trend 
i n rate constants, k j , rather than the thermodynamic equilibrium 
constants, K e q, for the f i r s t step of the aquation process. The 
aquation process i s l i k e l y to be an important f i r s t step i n the 
in vivo reactions of chloroammineplatinum(II) complexes and can 
be represented by the following equilibrium equation using ois-
[Pt(NH 3) 2Cl 2] as an example: 

c£s-[Pt(NH 3) 2Cl 2] + H 20 y c i s - [ P t ( N H 3 ) 2 C l ( H 2 0 ) ] + + C l " , 

where k^ and k 2 are f i r s t - o r d e r rate constants (sec""1) for the 
forward step (aquation) and reverse step (anation), respectively, 
and the equilibrium constant i s numerically equal to the ra t i o of 
kj and k 2 ( i . e . , K eq = k i / k 2 ) . The p a r a l l e l i n the general order 
of compound retention i n the tissues with trends i n ki and K eq 
values i s i l l u s t r a t e d i n Figure 8. Retention i n the kidney and 
blood are included as sp e c i f i c examples of tissue retention. The 
values of k j , K e (j, and the tissue d i s t r i b u t i o n data have been 
normalized r e l a t i v e to those for c£s-[Pt(NH 3) 2Cl 2]. Comparison of 
these data shows closer agreement between trends i n compound 
retention and rate constants than for equilibrium constants. If 
compound retention paralleled K e q values more closely than ^ 
values, substantially lower levels of retention i n the blood and 
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Figure 8. Comparison of the order of chloroammineplatinum(II) compound 
retention in all tissues with rate (kt) and equilibrium (Kcq) constants for aquation. 
Equilibrium and rate data (Ref. 16) are normalized relative to cis-[Pt(NH2)2Cl2]. 

kidney would have been anticipated for trans-[Pt(NH3)2Cl2l· 
These results indicate that kinetic factors, as might have been 
predicted a p r i o r i , play a dominant role i n the binding/retention 
and potential a c t i v i t y / t o x i c i t y of these complexes in vivo. 
Knowledge that kinetic factors appear to be important i n deter
mining the r e l a t i v e tissue concentrations of the chloroammines 
suggests the p o s s i b i l i t y that the r e l a t i v e tissue concentrations 
of similar substitution-inert complexes, p a r t i c u l a r l y second-
generation Pt(II) antitumor drugs, might be predictable, at least 
q u a l i t a t i v e l y , from basic kinetic data. 

The trend i n l i v e r retention (not i l l u s t r a t e d ) does not show 
the pronounced uptake for trans-[Pt(NH3)2Cl2l as i n the kidney. 
Thus, the chemical-blogical processes leading to tissue retention 
(and perhaps organ toxic i t y ) appear quite different for the l i v e r 
VS kidney. In this context, i t i s worthwhile to note that while 
uptake of c?£s-[Pt(NH3)2Cl2] i n the kidney can lead to nephrotox
i c i t y , reports of hepatotoxicity associated with e£s-[Pt(N^^C^l 
chemotherapy are rare. 
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Antitumor A c t i v i t y . The order of compound retention i n 
normal tissues does not p a r a l l e l trends i n the antitumor potential 
of these compounds. As i l l u s t r a t e d i n Figure 9 , complexes V and 
VI exhibit the highest tissue levels but e l i c i t v i r t u a l l y no 
antitumor a c t i v i t y , and complex IV, which shows only marginal 
antitumor a c t i v i t y , i s retained to a greater extent than cis-
[Pt(NH3)2Cl2l, the most potent antitumor Pt(II) complex. Although 
there i s no p a r a l l e l between normal tissue retention and antitumor 
a c t i v i t y for these complexes, the amount of Pt bound per DNA base 
nucleotide (Rb) in vivo might indeed provide a useful, i f not the 
ultimate, correlation. Preliminary Rb values (in vivo) determined 
for 1 9 5 7 7 ?Pt-labeled cis-and trans-[Pt(NH3)2Cl2] (24,25) appear to 
p a r a l l e l the antitumor b i o l o g i c a l a c t i v i t y of these complexes. 
Deoxyribonucleic acid isolated from l i v e r and tumor (Reuber H-35 
hepatoma) of ACI rats administered these complexes showed Rb 
values of (5.3 ± 2.0) χ 10" 5 for cis and (4 ± 3) χ 10" 6 for trans. 
Taking into account the
approximately 2—28 time
nucleotide. These data c l e a r l y indicate that cis binds more 
ef f e c t i v e l y than trans to DNA in vivo. It i s of particular 
interest to know whether the amount of Pt bound, and/or, as 
expected, the nature of the binding correlates with the antitumor 
a c t i v i t y of these complexes. 

Charged Pt(II) complexes, i n general, have not exhibited 
s i g n i f i c a n t antitumor a c t i v i t y (5) and, with the exception of cis-
and trans-(Pt(NH3)2012], the chloroammine complexes are charged 
species. The lack of antitumor a c t i v i t y for charged complexes has 
been attributed to biophysical factors such as transport and 
pharmacokinetic phenomena. This notion i s consistent with the 
r e l a t i v e l y low t o x i c i t y ( i . e . , high tolerance) observed for 
charged chloroammineplatinum(II) species and the r e l a t i v e l y low 
tissue retention found for the cationic species, but i s incon
sistent with the high tissue retention observed for the anionic 
species, [ P t C l ^ ] 2 " and [Pt(NH3)Cl 3] . Thus, the i n a c t i v i t y of the 
charged complexes cannot be explained by i n s u f f i c i e n t tissue 
uptake. Tissue uptake i s certainly a necessary, but not a s u f f i 
cient c r i t e r i o n of antitumor a c t i v i t y ; and other c r i t e r i a such as 
the i n t r i n s i c l a b i l i t y ( r e a c t i v i t y ) , capability and nature 
( s p e c i f i c i t y ) of binding to the target s i t e appear to be more 
c r i t i c a l than uptake per se i n e l i c i t i n g antitumor a c t i v i t y . 

It i s noteworthy that c?£s-[Pt(NH3)2Cl2] and K[Pt(NH 3)Cl 3], 
the two antitumor active complexes (% T/C < 50), are also the two 
most mutagenic species as determined by the Ames and CHO/HGPRT 
test systems (27) . The complexes are similar i n that (a) through 
aquation the [Pt(NH3)Cl3]~ ion can become a neutral molecule, 
c?£s-[Pt(NH3) (H 20)C1 2] °, and (b) both possess cr£s-reactive groups. 
Two important c r i t e r i a for antitumor a c t i v i t y to be exhibited are 
that complexes should be neutral and possess cis-reactlve groups. 

Toxicity. Acute t o x i c i t y and antitumor a c t i v i t y data for the 
chloroammineplatinum(II) complexes i s tabulated i n Table VIII. 
The order of increasing t o x i c i t y i s : 
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W I N D O W O F R E A C T I V I T Y 

TOO LABILE 

INDISCRIMINATE 

S C A V E N G E D BY A HOST OF 
BIOLOGICALLY IMPORTANT 
M O L E C U L E S 

TOXIC 

HIGH RETENTION-LONG T 1 / 2 

OPTIMUM 

REACTIVITY 

TOO INERT 

UNREACTIVE 

NOT BIND A T T A R G E T SITE 

NON-TOXIC 

LOW RETENTION-SHORT T 1 ; . 

TRANS C/S P t A 2 / 

k 1 (RE L) 3.9 1 0 

TOXICITY 
(mmol/kg

0.17 0.03 2.39 

T 1 / 2 ' d >7 1-7 0.13 

Figure 9. Illustration of the window of reactivity concept using data for cis- and 
trans-[Pt(NH3)2Cl2] and [Pt(NH3),,]Cl2 

20 

60 ρ *~ 

Η so 

[PtA4]CI2 [PtA3CI]CI [PtA2CI2] K[PtACI3] K2[PtCI4] 
CIS TRANS 

Figure 10. Trends in antitumor activity, relative acute toxicity, and order of 
compound retention in the tissues for chloroammineplatinum(H) compounds. Anti
tumor data ( ): the best response (lowest % T/C) on administering 9 daily 
optimal doses to Swiss mice bearing the Sarcoma 180 ( ) tumor. Response is 
measured in terms of the % T/C, the ratio of the average weight of the tumor for 
the treated group to that for the control group expressed as a %. Relative acute 
toxicity data (• · ·) are approximate LD1(!U) values (mmol/kg mouse body weight) 
normalized to the value for c'is-[Pt(NH:i)2Cl2]. Order of compound retention ( ) 

is the relative order of increasing total retention. See Tables VII and IX. 
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[ P t C l i J 2 - > [PtA2Cl2]° > [PtACl 3]~ > [PtA 3Cl] + > [PtA2Cl2]° » [ P t A i J 2 + 

trans ois 

[ A = NH3; normalized L D I 6 _ 3 Q data (relative to cis) are i n paren
theses.] The least toxic complex, [Pt(NH 3)i+] 2 +, i s 72 times less 
toxic than <?£s-[Pt(NH3) 2 C 1 2 ] , the most toxic complex. A compari
son of t o x i c i t y , antitumor a c t i v i t y , and order of compound reten
tion (Figure 10) indicates that the order of increasing t o x i c i t y 
(as mmol/kg mouse body weight) (7), (a) p a r a l l e l s the order of 
compound retention, except that the r e l a t i v e positions of cis-
and trans-[Pt(NH3)2Cl2] are interchanged and (b) roughly p a r a l l e l s 
trends i n antitumor a c t i v i t y , with the exception of the K 2PtCli + 

analog. It i s clear that cT£s-[Pt(NH 3) 2Cl 2] i s both the most 
potent antitumor agent (% T/C ^ 1) and the most toxic chloroammine 
complex ( L D 1 6 ^ 0.033 mmol/kg). The r e l a t i v e l y higher t o x i c i t y 
but lower tissue retention for cis negates any notion that the 
antitumor potency or whole-anima
the amount of Pt taken u
t o x i c i t y , as well as antitumor a c t i v i t y , probably depends on the 
chemical nature and/or b i o l o g i c a l expression of c r i t i c a l target 
lesion(s) rather than to a general heavy metal burden per se. 

The approximately four-fold greater r e a c t i v i t y of trans 
compared to e£s-[Pt(NH 3) 2C1 2] (a factor which i s comparable to the 
r a t i o of their molar t o x i c i t i e s ) could indeed be a mediating 
factor i n the lower t o x i c i t y and, to a certain extent, to the 
extreme difference i n antitumor response. 

As regards the kidney, i t would be interesting to determine 
i f kidney t o x i c i t y for these complexes i s proportional to the 
amount of Pt retained [irrespective of the nature of the chloro-
ammineplatinum(II) complex used] or whether the structure-activity 
c r i t e r i a for kidney t o x i c i t y p a r a l l e l those for antitumor a c t i v i t y 
(5). Using uptake at 24 h post-injection as a measure of the 
r e l a t i v e kidney t o x i c i t y , the order of decreasing t o x i c i t y would 
be: (A = NH3) 
[ P t A i J 2 + « [PtA 3Cl] + < [PtA2Cl2]° < [PtACl 3]~ ^ [PtCl^] 2" < [PtA2Cl2]° 

(72) (8) (5), trans (3) (3) (1), cis 

This order suggests that the anionic complexes would be more toxic 
to the kidney than the cationic complexes and that trans-
[Pt(NH 3) 2Cl 2] would be more toxic than c£s-[Pt(NH 3) 2Cl 2]. The 
trans/cis order of kidney retention (toxicity) i s exactly the 
reverse of that found for whole animal t o x i c i t y . It would be 
interesting to see i f kidney t o x i c i t y , as measured by BUN (blood 
urea nitrogen) and creatinine clearance tests, would indeed 
p a r a l l e l this predicted order based on gross organ uptake. 

Window of Reactivity ( L a b i l i t y ) . The relationship between 
tissue d i s t r i b u t i o n and k i n e t i c r e a c t i v i t y of the chloroammine-
platinum(II) complexes gives credence to the "Concept of the 
Window of Reactivity. 1 1 Although i d e a l l y applied to isostructural 
complexes of the same net charge, this concept i s of s u f f i c i e n t 
generality to be applicable to this series of complexes. Accord-

In Inorganic Chemistry in Biology and Medicine; Martell, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



11. H O E S C H E L E E T A L . Chloroammineplatinum(II) Complexes 205 

ing to this concept (5), complexes which are chemically too inert 
w i l l be too unreactive and w i l l either not reach the target s i t e 
or w i l l not react with the target s i t e at a s u f f i c i e n t rate or to 
a s u f f i c i e n t extent to e l i c i t the c r i t i c a l b i o l o g i c a l response. 
Such inert compounds are anticipated to exhibit a short T i / 2 ( B ) , 
have r e l a t i v e l y low retention i n the body as well as be r e l a t i v e l y 
non-toxic. On the other extreme, complexes which are chemically 
too reactive w i l l be indiscriminate i n their binding and w i l l be 
scavenged by a host of b i o l o g i c a l l y important molecules. These 
complexes are expected to be less active b i o l o g i c a l l y , exhibit a 
r e l a t i v e l y long T 1 / 2 ( B ) > have a high tissue retention, and be 
r e l a t i v e l y toxic. Between the extremes of too inert and too 
reactive l i e s a region of optimal r e a c t i v i t y ( l a b i l i t y ) within 
which one might expect to find complexes of optimal b i o l o g i c a l 
a c t i v i t y . The data for trans-[Pt(NH3)2Cl2] compared to 
[ P t ( N H 3 ) i j C l 2 (Figure 9) i l l u s t r a t  that thi t  b
v a l i d l y applied to the chloroammineplatinum(II
these two complexes l i y y 
for this series of complexes and are v i r t u a l l y devoid of antitumor 
a c t i v i t y . 

Summary and Conclusions 

Ρt-195m-labeled chloroammineplatinum(II) complexes have been 
synthesized on a microscale and used to study the d i s t r i b u t i o n of 
these complexes i n normal rats. Qualitative correlations of the 
d i s t r i b u t i o n data, p r i n c i p a l l y at 24 h post-injection, with 
available physico-chemical, b i o l o g i c a l , and structure-antitumor 
a c t i v i t y data were carried out to gain insight into the nature, 
fate, and potential u t i l i t y of these and related agents i n 
b i o l o g i c a l systems. Highlights of the results are as follows. 

(1) Tissue d i s t r i b u t i o n patterns are well-defined and r e f l e c t the 
unique chemistry of these substitution-inert complexes. 

( 2 ) The order of tissue retention at 24 h post-injection was: 
Kidney > l i v e r > lung > genitals > spleen > bladder 
> adrenals > colon > heart > pancreas > small intestine 
> skin > stomach > brain. 

(3) Although the antitumor drug, e£s-[Pt(NH 3) 2Cl 2], shows r e l a 
t i v e l y high uptake i n the rat genitals and i s c l i n i c a l l y 
e f f e c t i v e against tumors of genitourinary o r i g i n , gross 
tissue uptake i n normal rat tissues does not necessarily 
predict chemotherapeutic effectiveness for this drug. 

( 4 ) The tetraammine species, [ P t ( N H 3 ) i J 2 + , a di p o s i t i v e cation, 
exhibits the highest brain uptake which suggests the possible 
u t i l i t y of multi-charged cationic species/metal ions as brain 
imaging agents. 

(5) Kidney retention (toxicity) of Pt for cis-[Pt(NH3)2Cl2] 
i s unaltered on varying basic pharmacological parameters 
such as dose and concentration of the administered cis-
[ P t ( N H 3 ) 2 C l 2 ] . 

In Inorganic Chemistry in Biology and Medicine; Martell, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



206 I N O R G A N I C C H E M I S T R Y I N B I O L O G Y A N D M E D I C I N E 

(6) The order of increasing compound retention r e f l e c t s the 
kinetic influence of the trans-effect and suggests that 
k i n e t i c factors, to a f i r s t approximation, play a dominant 
ro l e i n tissue uptake/binding and the potential a c t i v i t y / 
t o x i c i t y of these complexes in vivo. The data suggest fur
ther that chemical kinetic data (at least for aquation) might 
be useful i n predicting the r e l a t i v e (gross) tissue concen
trations of similar complexes, p a r t i c u l a r l y for potential 
second-generation antitumor Pt(II) drugs. 

(7) Membrane transport, as modeled by p a r t i t i o n c o e f f i c i e n t data, 
and tissue uptake do not appear to be l i m i t i n g factors i n the 
sequence of event(s) responsible for antitumor a c t i v i t y . 

(8) Antitumor a c t i v i t y does not p a r a l l e l the order of compound 
retention but does approximately p a r a l l e l trends i n t o x i c i t y 
(LD 1 5 _3o data). The number of Pt atoms bound/DNA base 
nucleotide (Rb values) appears to p a r a l l e l the antitumor 
a c t i v i t y of cis vs

(9) The high tissue uptak
species indicates that uptake per se i s necessary but not a 
s u f f i c i e n t c r i t e r i o n of a c t i v i t y and that other factors such 
as the i n t r i n s i c r e a c t i v i t y and the nature of binding to the 
target s i t e are more c r i t i c a l i n e l i c i t i n g antitumor a c t i v i t y . 

(10) Comparative data for trans-[Pt(NH 3) 2C1 2] and [ P t ( N H 3 ) i j C l 2 

validate the "Concept of the Window of Reactivity." 

Abstract 

Pt-195m-labeled chloroammineplatinum(II) complexes have been 
synthesized on a microscale and used to study the distribution of 
these complexes in normal Fischer 344 rats. Correlations of the 
distribution data with physico-chemical, biological, and structure
-antitumor activity data are being carried out in order to gain 
insight into the nature, fate, and potential u t i l i ty of these and 
related agents in biological systems. Results 24 h post-injection 
indicate that compound retention generally increases in the order: 
(A=NH3; c=cis; t=trans) 

[PtA 4 ] 2 + < [PtA 3Cl] + < c-[PtA2Cl2] < [PtACl3]- < [PtCl4] 2 - < t-[PtA 2Cl 2] 

In general, this order parallels trends in kinetic constants more 
closely than equilibrium constants for aquation, charge on the 
complex, number of labile coordination sites (Pt-Cl bonds), bio
logical half-times, and, to a limited extent, partition coeffi
cients. Compound retention does not parallel trends in antitumor 
activity. The concept of the window of reactivity (lability) 
appears to be validated by comparative data for t-[PtA 2 Cl 2 ] and 
[PtA4]2+. Tissue distribution (% dose/g tissue) is independent 
of both dose and concentration of c-[PtA2Cl2]. General details 
of the microscale syntheses are presented. (Research sponsored 
by the Office of Health and Environmental Research, U.S. Depart
ment of Energy, under contract W-7405-eng-26 with the Union 
Carbide Corporation.) 
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12 
Structural Studies of the Hydrolysis Products of 
Platinum Anticancer Drugs, and Their 
Complexes with DNA Bases 
COLIN JAMES L Y N E LOCK 

Institute for Materials Research, McMaster University, Hamilton, Ontario L8S 4M1, Canada 

The action of the dru
related drugs against cancer
a mechanism (Figure 1), whereby the drug is introduced into the 
bloodstream, is transported to the tumor cell, where i t under
goes hydrolysis because of the low chloride concentration, and 
the hydrolysed species then reacts with the pyrimidine or purine 
bases on the DNA chain, in some way interfering with replication, 
possibly because of cross-linkage (l-3). The hydrolysis step 
was invoked because of kinetic studies in the early 1960's (4-7) 
which suggested that in dilute aqueous media displacement re
actions of platinum(II) always go through a hydrolysis step. 

The interaction of platinum with DNA has been clearly estab
lished both in vitro (8-11) and in vivo (12-14), and most 
modelling studies indicate that, although platinum can interact 
with the phosphate group (15), the prime interaction is with the 
purine and pyrimidine bases. Ultra-violet-visible spectroscopy 
(16,17) nuclear magnetic resonance (18,19) and x-ray photo
electron spectroscopy (20) studies have been interpreted to 
suggest that sites of attack could be 

guanosine - N7, NI, N7-06 chelate 
adenosine - N7, Nl , N1-6NH2 N7-6NH2 chelate 
cytidine - N3, 02, 4NH2 

thymidine - only very slow reaction 
At the start of this work, x-ray diffraction studies had 

established that the only platinum coordination sites which 
existed in isolable compounds prepared by reaction of chloro-
platinum complexes, including PtCJl2(NH3)2, with purine and pyri
midine bases were N7 for guanosine (21), N1 and N7 for adeno
sine (22,23), N3 for cytidine (24) and no reaction with thymi
dine. 

Since "aquo-complexes" of platinum(II), prepared by treat
ing the chloro-complexes with aqueous silver nitrate solution, 
did interact with both thymine and uracil to give the platinum-
pyrimidine blues (25), i t was evident that the interaction of 
the chloro-complexes with DNA bases could be different from that 

0-8412-05 88-4/80/47-140-209$05.00/0 
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Figure 2. The structure of the [(NH3)2Pt(OH)2Pt(NH3)2]2+ cation (hydrogen atoms 
not shown in this, or any of the structures given below) 
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of the proposed intermediates formed i n the c e l l . 
A f a i r l y comprehensive study has been undertaken of the so-

called "aquo-species" formed by the s i l v e r n i t r a t e reaction and 
we now know that the system i s very complex. A number of hy-
droxo-bridged species have been i s o l a t e d from solution including 
dimeric (26,27) (Figure 2) and trimeric (28,29) cations. The 
trimeric cations, which can exist i n two forms crystallographi-
c a l l y , roughly of C2(28) (Figures 3,4) and C^ v(29) (Figure 5) 
symmetry, must interconvert rapidly i n solution, since only one 
l ^ 5 P t n.m.r. signal i s obtained (30). In addition to the species 
known, at least one other species, probably with a single hydrox
ide bridge, has been isolated, but not characterized by x-ray 
crystallography. Surprisingly, no species involving coordinated 
water or terminal hydroxide groups could be isolated as s o l i d s . 
Attempts to break the hydroxide bridges by protonation at low 
pH led to the i s o l a t i o n of cis-dinitratodiammineplatinum(II) (31) 
(Figure 6). At the suggestio
platinum(II) complexes
have only one replaceable coordination s i t e and could not form 
oligomeric species involving double hydroxide bridges. So far, 
we have been unable to i s o l a t e either an aquo- or hydroxo-
species, the material obtained from r e c r y s t a l l i z a t i o n i n neutral 
water being nitratodiethylenetriamineplatinum(II) n i t r a t e (32) 
(Figure 7). 

We are faced, therefore, with the puzzling problem of why i t 
i s not possible to isolate any aquo-species and why a l l hydroxo-
species are polymerized through hydroxide bridges. It i s 
accepted that aquo-species exist i n solution; Raman spectroscopy 
(Figure 8) shows that the coordinated ni t r a t e groups are re
placed immediately on solution in water (32), and n.m.r. studies 
have shown that these aquo-species are more slowly converted 
into the polymerised dimer and trimer hydroxo-bridged species(30). 

A plausible explanation for this i s based on I. D. Brown's 
acid-base model (33), which i s based on a valence model of Brown 
and Shannon (34), which i n turn i s an extension of Pauling's 
valence concepts (35). B r i e f l y , one can use bond order-bond 
length relationships to give an order to any chemical bond. 
Brown and Shannon's model adjusted these relationships so that 
the bond valence (equivalent to bond order) around an atom was 
always integral (e.g. 2 for oxygen, 1 for hydrogen). In p a r t i 
cular, they considered that a l l neighbouring atoms interacted 
with the atom under consideration and had to be used i n calcu
l a t i n g the valence. Thus i n addition to the normal bonding 
interactions, one has to consider weak interactions such as van 
der Waals interactions. This was c l e a r l y reasonable and the 
model was p a r t i c u l a r l y successful i n explaining hydrogen 
bonding (36,37) . 

Brown (33) extended the bond valence concept to individual 
ions and ligands and defined the residual bond valence as a 
measure of the acid or base strength depending on whether the 
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Figure 4. The same cation viewed down 
the C2 axis 
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Figure 7. The nitrato(diethylenetriamine)platinum(II) cation 
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Figure 8. The Raman spectra of: a, solid nitrato(diethylenetriamine)platinum(II) 
dinitrate; b, an aqueous solution of the same salt. The disappearance of the bands 
marked x, characteristic of coordinated nitrate ion, show the coordinated nitrate 

ion is removed in solution. 
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group i s an electron acceptor or donor. Consider the free 
ni t r a t e ion. The nitrogen atom i s formally N(V), thus the t o t a l 
bond valence about nitrogen must add up to f i v e . Since the ion 
is symmetrical, the nitrogen-oxygen bond order (equal to the bond 
valence) i s 1.67. Further since the valence at oxygen must add 
to two, the residual valence i s 0.33. Thus we have 

- 0 ; 3 3 _ O - ± S Z - N 

, ^ r, 0-33 1-67̂ 0 

1-67^0 

Since the nit r a t e ion i
defines the base strength of the ni t r a t e ion oxygen atoms as 
0.33. Similar consideration of water shows a base strength of 
0.30 and an acid strength at each proton of 0.15. 

In the c r y s t a l , these residual bond valences w i l l be s a t i s f i e d 
by interactions with other ions or molecules. I f the strength 
of Pt-N and Pt-0 bonds i s considered to be equal the bond order 
in each bond i n square planar Pt(II) i s 2/4 = 0.5. Thus for the 
P t ( d i e n ) 2 + moiety the residual bond valence (and thus the acid 
strength) i s 0.5. Now because a bond can have only one bond 
order, we arrive at one of Brown's important postulates, namely 
that, to form a bond, the acid and base strengths of the re
acting species must match exactly. Clearly the base strengths 
of n i t r a t e and water do not match the acid strength of Pt(di e n ) 2 + . 
Nevertheless, i t i s possible for them to do so by some rearrange
ment. Thus i f the residual valence at one oxygen atom of the 
nit r a t e group i s raised to 0.5, the 0-N bond order must drop to 
1.5 and the tot a l bond order of the remaining N-0 bonds must 
increase by 0.17 units. Thus we might have 
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175, 
- O S Q - o 1 5 0 n: 

0 - Q:2-5- -

l - 7 5 \ 0 _0-25 

Brown's equation for N-0 bonds gives bond lengths of 1.29, 1.25 
and 1.23& for bond orders of 1.50, 1.67 and 1.83 respectively. 
We can examine this experimentally and have done so for the 
nitrate groups i n cis-Pt(NH 3) 2(N0 ) 2 (31) and [Pt(dien)N0 3]N0 3(32> 
The errors are large but th  value  clos  t  Brown'
predictions 

N03A 

Pt-0 1.99(1) 
01-N 1.30(2) 
N-02 1.22(2) 
N-03 1.24(2) 

Pt—01 

03 
Ν — 0 2 

N03B 

2.03(1) 
1.28(2) 
1.19(2) 
1.22(2) 

Coord, nitr a t e Non-coord N0„ 

2.02(1) 
1.34(1) 
1.25(1) 
1.22(2) 

1.24(1) 
1.25(2) 
1.25(2) 

We can do a similar thing to water giving 

The net result i s an increase i n the acid strength of the 
protons; i n other words water needs to form either more or sub
s t a n t i a l l y stronger hydrogen bonds to become coordinated to 
Pt(II ) . Apparently, nit r a t e i n the crystal i s not s u f f i c i e n t l y 
good as a hydrogen bond acceptor and thus i n competition, the 
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n i t r a t e ion i s coordinated i n preference to water. In aqueous 
solution, where water i t s e l f acts as an excellent hydrogen bond 
acceptor, water now coordinates i n preference to n i t r a t e . 

The hydroxide ion provides a very different case. It i s a 
very strong base 

1.05 Λ 0.95 „ 0.05 
U η 

and i t i s not possible i n any simple manner to reduce the 
residual valence to 0.5. Attempts to do so lead to 

0.5 1.5 H -0.5 

and the negative bond valenc
Formation of strong donor hydrogen bonds to oxygen might 
s t a b i l i z e the hydroxide ion with a residual valence at oxygen 
of 0.5, but an alternative i s 

\ χ 0 · 5 3 
^ Q94 006 

/ ° H 

/ - ΐ ) ·53 
y 

The d i v i s i o n into two residual valences of 0.53 almost exactly 
matches the residual valence of 0.5 for Pt(II) and thus i t i s 
hardly surprising the hydroxide ion forms bridges between two 
platinum(II) ions so readily. 

Thus we can understand that, while aquo-complexes of 
platinum(II) exist i n solution, i t w i l l be d i f f i c u l t to i s o l a t e 
them as solids unless a strong hydrogen-bonding species i s used 
as a counter-ion. Further, monomeric hydroxo-species formed by 
the loss of a proton from the aquo-species w i l l be thermodyna-
mically unstable and w i l l tend to oligomerize to hydroxo-
bridged species. 

We must now consider how the various "aquo species" in t e r 
act with the DNA bases. So far, we have examined interactions 
of thymine, u r a c i l and cytosine i n d e t a i l and to a lesser 
extent with guanine. Reaction products from the aqueous 
solution produced by s i l v e r n i t r a t e treatment of the chloride-
complexes are complex mixtures, which i s hardly surprising 
based on the known complexity of the aqueous solution. It i s 
possible to prepare monomeric (NH^)^ Ptfbase)^* species similar 
to those obtained from the direct reaction of cis-PtC^^(NH^)^ 
and the bases; we assume they come from monomeric aquo-complexes. 
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Dimeric platinum complexes are obtained by the reaction of 
pure [(NH ) 2Pt(OH) 2Pt(NH ) ]( N 0 3 ) 2 with 1-methyl blocked thymine 
(38),uracil\39) and cytokine(40)(Figures 9-11). A l l involve 
platinum coordination at the N3 position with a second platinum 
attached to 04 or the deprotonated 4-NH2 group of the anions. 
Since for platinum(II) we suggest there i s no Pt-Pt bond i n the 
base complex, the formation of such a complex depends on the 
attacking species containing two platinum atoms. At the same 
time as these species are formed, one always obtains platinum-
pyrimidine blues. The structural features of each of the 
dimeric-yellow species mentioned above i s the head-to-tail 
arrangement of the pyrimidine ligands. We have commented 
before (38) that a head-to-head arrangement of the ligands allows 
further polymerization to form a four-membered chain, which on 
one electron oxidation w i l l give a species analogous to Lippard's 
(41) α-pyridone blue. Lippert (42J has now isolated the head-
to -head dimeric u r a c i l
readily converts to a platinum-uraci

The deprotonation of the 4-NH2 group on cytosine i s inte r 
esting and unusual. The pK of this group (12.8) suggests the 
proton should only be removed i n very basic conditions. The 
preparation of the compound at pH 7 suggests the pK i s markedly 
shifted. We suggest this i s caused by the i n i t i a l coordination 
of a platinum-atom at N3. The n.m.r. s h i f t of signals from 
protons on amine groups has been related to the proton pKs (43,44) 
and we have shown that a marked down-field s h i f t occurs i n the 
n.m.r. spectrum for the 4-NH2 group on platinum coordination (40) 
(Figure 12), consistent with a large pK change. One further 
interesting compound from this work contains a dimeric platinum 
cation with deprotonated cytosine, of almost the same structure 
as the platinum(II) cation but containing Pt(IIS) (Figure 13). 
The oxidation c l e a r l y removes an electron from a Pt-Pt a n t i -
bonding o r b i t a l since the Pt-Pt distance i s shortened by about 
0.4Â . In addition, two N-bonded n i t r i t e groups are added i n 
the terminal positions. 

Thus we see that the interactions of the hydroxide bridged 
dimer with DNA bases are markedly different from those of c i s -
PtC& 2(NHg) 2 with the same bases. 

This may be important since we know that while cis-Pt(NH„) 2 

C&2 i s an effective anti-tumor agent, trans-Pt(NEQ^C£^ i s not. 
Further, while there i s a marked difference i n cross-linking of 
DNA by cis and trans-Pt(NH^) Ci i n vivo systems, the cis being 
more effective by a ra t i o of 10:1, i n v i t r o experiments show 
nearly equivalent behaviour of ci s and trans compounds (45). It 
seems l i k e l y that the difference i s caused by the Pt(NH 3) 2C& 2 

compounds being the reactive species i n v i t r o whereas metabolites 
are active i n vivo. The only c l e a r l y established difference i n 
the chemistry of the cis and trans compounds which i s structure 
dependent i s the formation from cis-Pt(NH„) o f t h e c> r c l i c 

hydroxo-bridge oligomers, which cannot be formed by trans-
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Figure 12. Portions of the Ν MR spectra of (upper) 1-methylcytosine in DM SO 
and (lower) 1-methylcytosine and K2PtCl,t in DMSO 
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PtCil^ (NH7) 2 * T i i e hydroxo-bridged dimer cation acts i n a d i f f e r 
ent way towards pyrimidine bases compared to monomers (and may do 
so to purine bases) coordinating at positions involved i n hydro
gen bonding, and thus i n chain cross-linking, rather than the 
preferred external N7 positions of the purine bases preferred by 
monomeric platinum compounds. 

Unfortunately, these models are d i f f i c u l t to test i n vivo 
and the pK studies l i s t e d above led to further work which sug
gests yet another model for how coordination of platinum(II) at 
N7 of guanosine may affect the r e p l i c a t i o n process. Studies 
have suggested that the platinum(II) complexes attach prefer
e n t i a l l y to G-C base (46) pairs, and probably to G (47). We 
have made a study of 9-ethylguanine and 1-methylcytosine attached 
to the ( N H 3 ) 2 P t 2 + moiety. We have examined st r u c t u r a l l y three 
compounds c r y s t a l l i z e d at different pH fs (48). A l l three have 
the same basic molecular structure with platinum attached to N7 
of 9-ethylguanine and N
of the bases at roughly
square plane. There are interesting differences i n intermolecular 
hydrogen bonding depending on the pH of c r y s t a l l i z a t i o n . At low 
pH, one obtained crystals of [pL-MeC) (9-EtG)Pt(NH ) Λ (CAO.)2 and 
at high pH crystals of [(1-MeC)(9-EtG-H)Pt(NH ) 2 ] , where 
9-EtG-H indicates a 9-ethylguanine molecule deprotonated at Nl. 
No p e c u l i a r i t i e s i n hydrogen bonding are observed. The bonds 
involve p r i n c i p a l l y interactions of the bases and ammonia with 
the anion. However, coordination of platinum has shifted the 
pK of the Nl proton from 9.2 to 7.8 (49), and as a result, at 
pH7 there are s i g n i f i c a n t quantities of both of the above 
cations present. The crystals obtained at pH7 are [(NH~) 2Pt 
(1-MeC) (9-EtG) ] [(NH3) Pt(l-MeC) (9-EtG-H) ] ( C ^ ) . These are 
interesting i n that tne two cations are hydrogen-bonded together 
as shown i n Figure 14 giving a G-G pair. 

In l i g h t of recent theories that cancer c e l l s are deficient 
i n some DNA damage repair mechanisms, and that the reason they 
can be attacked p r e f e r e n t i a l l y by chemotherapy, i s because one 
causes further DNA damage which cannot be repaired, there has 
been an increased interest i n methods of inducing base mis-
pairing. As can be seen i n Figure 14, the G-G mispairing could 
replace a G-C pair; the s t e r i c differences are not great. The 
important point i s that this mispairing was induced by coordi
nation of platinum at N7 of 1-ethylguanine, outside the normal 
hydrogen bonding region. Clearly, we have not yet run out of 
models for effects of platinum complexes on DNA r e p l i c a t i o n which 
must be tested i n vivo before we s h a l l have a clear under
standing of the action of platinum anti-cancer drugs. 
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Figure 14. A comparison of the G-C pair found in DNA with the G - G pair 
found in the hydrogen bonded dication [(NH3)2Pt( 1-methylcytosine) (1-ethylgua-

nine)]2+[( NH3)2Pt( 1 -methylcytosine )[l-ethylguaninateY 
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The Genetic Toxicology of Substitutionally Inert 
Transition Metal Complexes 

G. WARREN, S. J. ROGERS, and Ε. H. ABBOTT 

Department of Chemistry, Montana State University, Bozeman, MT 59717 

In recent years it
have important genetic effect
serious biological consequences for humans. For example, epide
miological studies have shown that chromium (1), arsenic (2, 3, 4), 
nickel (5, 6), and possibly cadmium (7) are carcinogenic in man. 
Platinum(II) compounds have also been shown to be carcinogenic in 
laboratory animals (8). Interestingly, these platinum(II) com
pounds can, on the other hand, be potent anti-tumor drugs (9). 
This property has been linked to their reaction with DNA, but the 
exact mechanism is yet unclear (10). 

Recently, bacterial systems have been developed to provide 
rapid, efficient screening for genetically active compounds. A 
good correlation has been observed between mutagenicity of organic 
compounds in one such assay, the Ames Salmonella his- reversion 
test, and carcinogenicity in mammals (11). Metal ions, including 
As(III), Be(II), Cr(VI), Cu(II), Fe(II--><--III), Mn(II--><--III), Mo(VI), 
Pt(II), Se(VI) (12), Rh(I), Ru(II) (13), and Te(IV) have been 
shown to cause mutations in one of several bacteria l systems (12, 
13, 16). Correlation between mutagenicity and carcinogenicity of 
metals in the Ames test has not been as good as for organic com
pounds. Most metal sa l ts are bacteriocidal and l e tha l i t y often 
interferes with demonstration of mutagenesis. Metals such as 
n i c k e l , cadmium, lead, titanium and z inc , thought to be carc ino
genic, are negative with the Ames test . Those such as Cu, Mo, Se, 
Te, Rh, and Ru that are posit ive in some mutagenesis assays are 
not known carcinogens (12). DNA repair assays are more successful 
in detecting most known metal carcinogens (13), but there are 
s t i l l many more elements genet ica l ly active in th is test that are 
not known to be carcinogenic. 

After an extensive survey of metal sa l ts for mutagenic a c t i 
v i ty and DNA-damaging a b i l i t y , a systematic invest igat ion of the 
genetic toxicology of some substitutional ly inert metal complexes 
was begun in th is laboratory. Such complexes were chosen because 
they largely retain the i r structures over the time necessary to 
observe genetic effects in microbial systems, and one such complex, 
Pt ( I I ) , had been shown to be a consistent ly potent mutagen in the 
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Ames Salmonella assay (^4, Ή5). With these compounds i t i s pos
s ib l e to avoid the complications of multiple equ i l i b r i a which 
occur in the study of metal s a l t s . 

Procedures 

Two basic types of assays were used. Letha l i ty studies com
pared the lethal ef fect of compounds on wild type bacteria {Es
cherichia coli) K-12 with the l e t h a l i t y on several mutant strains 
constructed with known DNA repair de f ic ienc ies . Compounds which 
are more toxic to such a repair de f ic ient mutant than to the wild 
type are considered to be genet ica l ly tox ic . Table I l i s t s the 
bacter ia l stra ins used, together with the i r genotypes. 

TABLE I 

REPAIR DEFICIENT BACTERI

Bacteria Strain Genotype Phenotype 

AB 1157 Wild Type Repair Pro f ic ient 

AB 1899 Ion" Filaments 

AB 1886 uvr A6 Excision Minus 

PAM 100 lex C Recombinationless 

RH 1 rec A56, uvr A6 Recombinationless and 
Excision Minus 

GW 801 rec A56 Recombinationless 

PAM 5717 lex A2 Recombinationless 

AA 34 rec A56, lex A2 (Recombi nationl ess) 

Ρ 3478 pol Al Polymerase 1 Minus 

A second type of test i s the Ames test (VI). This test u t i l i z e s 
a series of spec ia l ly constructed Salmonella bacter ia l stra ins 
which are unable to produce the natural amino acid h i s t id ine be
cause of known mutations in the h i s t id ine biosynthetic genes. 
The bacteria are exposed to a potential mutagen on a medium with
out h i s t i d ine , and the number of bacterial colonies able to grow 
is scored. These colonies ar ise from a ce l l which has undergone 
a spec i f i c back mutation which results in the bacteria being proto 
trophic for h i s t i d ine . Table II l i s t s the Salmonella stra ins ut 
i l i z e d in th i s phase of the work. 
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TABLE II 

HIS" BACTERIA USED IN REVERSION (AMES TEST) STUDIES 

Plasmid 
Bacteria Defect (pKmlOl) 

TA 92* Base pair substituted + 

TA 98 + Frame sh i f ted , uvr" , r f a " + 

TA 100* Base pair substituted, uvr" ', r f a " + 

TA 1535* Base pair subst ituted, uvr" ', r f a " ---
TA 1537** Frame sh i f ted , uvr" , r f a " — 
TA 1538 + Frame sh i f ted , uvr" , r f a " — 

*A11 carry the same mutation (jv[s G46) 

+Both carry hrs D3052 frameshift 

* *Carr ies his, C3076 frameshift 

The coordination compounds used in th is work were synthesized 
by published procedures. 

Results 

Rhodium Complexes. Table III presents the results of our i n 
vestigations on rhodium complexes. Preliminary results indicated 
that mutagenic a c t i v i t y was optimized in d iha l ides . Since the d i -
chlorobisf l ,10-phenanthroline) complex and i t s b ipyr idyl analog 
have the cis geometry, we studied the cis and trans isomers of 
the dichlorobis(ethylenediamine)rhodium(III) cat ion. Here the cis 
isomer is an active mutagen, while the trans isomer is inact ive . 
This i s reminiscent of the anti-tumor a c t i v i t y of the d ich lorod ia -
mineplatinum(II) isomers, wherein the cis isomer i s quite ac t i ve , 
while the trans isomer is inact ive (9). Interest ing ly , many of 
the t r i halo complexes were not act ive . For those that are active, 
r e l a t i v e l y rapid ligand exchange preva i l s . It i s not c lear what 
is the dominant species present at the time of mutation. The com
mon denominator for a c t i v i t y therefore appears to be that the com
plex should be a cat ion ic cis substituted complex. 

Chromium Complexes. Table IV contains the results on chrom
ium compounds. Like rhodium, a cis dihalo structure seems to con
fer mutagenic properties on the complex. Unlike the rhodium com
plexes, no a c t i v i t y i s observed in the cis dihalopolyamine com
plexes. Several other complexes are act ive too, but these undergo 
su f f i c i en t l y rapid ligand exchange that we are unsure as to the 
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TABLE III 
GENETIC TOXICITY TESTING OF RHODIUM(III) COMPLEXES 

Abbreviations: Pyr=Pyridine, Phen=l,10 Phenanthroline, En=Ethyl-
ene-diamine, Pn=l,2 Propanediamine, 0x=0xalate, Tr ien=Tr iethyl -

enetetramine, Bipy=Bipyridine, 3Pic=Picoline 

COMPOUND REPAIR STRAINS* REVERSION STRAINS** 

[Rh ( Py r 3 ) C l 3 ] Not Active 

[Rh (Phen) 3 ]C1 3 Not Active 

[Rh ( E n ) 3 ] C l 3 Not Active 

trans-[Rh (En ) 2 Cl 2 ] C l Not Active 

[Rh (NH 3 ) 5C1]C1 2 Not Active 

[Rh (Pyr ) 3 (SCN) 3] Not Active 

[Rh ( E n ) 3 ] C l 3 R

[K3Rh (0x) 3 ] Not Active 
c i s - [Rh (En, )C l , ]C l RH 1 (16) TA 92(0.04), TA 98(0.033), 

c & TA 100(0.067) 

[Rh (NH 3) 4C1 2 ]C1 RH 1 (16) TA 92(0.02), TA 100(0.079) 

[Rh ( P y r h B r j B r RH 1 (512), 1886 TA 92(1.10), TA 98(114), 
H c (16), 1889 (4), TA 100(9.6) 

AA 34 (8), 801 
(32) 

[Rh (Pyr ) .C l , ]C l RH 1 (256), TA 92(0.02), TA 98(9.8), 
* c 1886 (8) TA 100(2.0) 

[Rh (Tr ien )C l 9 ]C l RH 1 (64), TA 92(0.02), TA 98(0.072), 
c 1899 (2) TA 100(0.01) 

[Rh (CH,CN),CU] RH 1 (64), AA 34 TA 92(0.36), TA 98(0.112), 
ό ό ύ (4), 801 (4) ΤΑ 100(0.126) 

[Rh (Bipy )„Cl ? ]C l RH 1 (16) TA 92(0.01), TA 98(.025), 
c TA 100(0.097) 

[Rh ( P h e n h C l J C l RH 1 (64) TA 92(0.08), TA 98(0.82), 
c TA 100(0.30) 

Rh C1,(H~0), RH 1 (8) TA 92(0.06), TA 98(0.162), 
J c 0 TA 100(0.240) 

[Rh ( 3 P i c h C l ? ] C l RH 1 (128), TA 92(0.59), TA 98(125), 
1886 (16), 1899 TA 100 toxic 
(16), 801 (2) 

*numbers in parentheses refer to the fo ld increase in inh i b i t i on 
in microt i te r repair in comparison with wild type AB1157. 
**number in parentheses refers to his+ revertants per nanomole of 
compound in the plates. Calculated on a l inear portion of the 
dose response curve for each compound. 
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TABLE IV 

MUTAGENESIS TESTING OF CHROMIUM COMPOUNDS 

Abbreviations: 0x=0xalate, En=Ethylenediamine, Pyr=Pyridine, 
Bipy=Bipyridine, Phen=l,10 Phenanthroline 

COMPOUND REPAIR STRAINS* REVERSION STRAINS** 

K 3 [Cr (0x) 3 ] 

[Cr(En) 3 ]Cl 

[Cr (NH 3 ) 4 H 2 OCl ]Cl 2 

[Cr 0x(NH 3 ) 4 ]Cl 

[C r (NH 3 ) 5 H 2 ) ]C l 3 

c i s - [C r (NH 3 ) 4 C l 2 ] C l 

[Cr(En) 2 C1 2 ]Cl 

c i s - [C r ( Py r ) 4 F 2 ] B r 

K 3 [Cr(CN) 6 ] 

[Cr(Bipy) 20x]I 

[Cr (B ipy ) 2 Cl 2 ]C l 

[Cr(Phen) 2Cl 2 ]C1 

[Cr (Urea ) 6 ]C l 3 

[Cr (NH 3 ) 5 C1]Cl 2 

[Cr (NH 3 ) 5 H 2 0]C l 2 

RH 1 (512) 
1899 (128) 
AA 34 (8), 
5717 (4) 

RH 1 (512) 
1899 (64), 
AA 34 (64) 
5717 (2) 

RH 1 (256) 
1899 (32), 
AA 34 (32) 

RH 1 (16), 

Not Active 

Not Active 

Not Active 

Not Active 

Not Active 

Not Active 

Not Active 

Not Active 

, 1886 (8), 
, Ρ 100 (4), 
801 (2), 

, 1886 (16), 
Ρ 100 (2), 

, 801 (8), 

, 1886 (16), 
Ρ 100 (2), 

AA 34 (8) 

TA 92(0.89), TA 98 
(1.2) 

TA 92(0.56), TA 98 
(0.48), TA 100(1.11) 

TA 92(0.49), TA 100 
(2.8) , TA 98(0.06) 

TA 98(0.03), TA 100 
(0.3) 

RH 1 (4), 1899 (2), 
Ρ 100 (2) 

RH 1 (4), 1899 (2) 

*numbers in parentheses refer to the fo ld increase in i nh i b i t i on 
in microti ter repair in comparison with wild type AB1157. 
**number in parentheses refers to his+ revertants per nanomole of 
compound in the plates . Calculated on a l inear portion of the 
dose response curve for each compound. 
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dominant structure of the complex when i t reaches the genetic mat
e r i a l . 

Other Metals. Complexes of Pt ( I I ) , Pt(IV), Ni ( I I ) , and Co
balt (Tnynîâvë~Tëen surveyed. Results appear in Table V. In the 
cases of Pt and Co compounds, examples of d i f f e rent ia l l e t h a l i t y 
are observed. In the case of the two nickel compounds, no a c t i 
v i ty is observed despite the fact that both are r e l a t i v e l y inert 
to ligand subst i tut ion. In the case of the cobalt(III ) complexes, 
the absolute configuration of the complex affected the d i f f e ren 
t i a l l e t h a l i t y , with the ( - )tr is (ethylenediamine)cobalt ( III ) cat 
ions considerably less active than the (+) complex. 

Discussion 

The results presented above suggest several points which mer
i t further discussion. It has been recognized for some time that 
chromium workers suffer
pting to ident i fy the active form of chromium, various groups have 
searched for mutagenic effects of chromium species. Chromate and 
dichromate have been found to be mutagenic, but i t has been recog
nized that these high oxidation states are shor t - l i ved in the c e l 
l u l a r medium. A more plausible candidate for the mutagenic ef
fects of chromium would be chromium(III); however, up to now the 
chromium(III) complexes that had been tested have been inact ive 
(16). Therefore, i t has been suggested that the carcinogenic 
agent may not be the metal, but rather an oxidation product formed 
when chromate is reduced in the c e l l . Our work c l ea r ly demonstra
tes the mutagenicity of chromium(III) compounds. The structures 
which are active are analogous to complexes which can be formed 
upon the reduction of the chromate ion in the c e l l u l a r medium. 
Thus, chromium(III) complexes are potent ia l ly hazardous. They 
should be ser iously considered as the active carcinogens in chro
mate exposure, and due care should be exercised by persons work
ing with chromium(III) i t s e l f . 

It i s interest ing and important to inquire into the mechan
isms by which these subst i tut iona l ly inert complexes cause muta
genesis. F i r s t of a l l , a s t r i k i n g range of a c t i v i t i e s are obser
ved, depending on the nature of the l igands. This indicates that 
the b i o l og i ca l l y active species are the s tart ing complexes or 
species c lose ly related to them. The fact that d i f ferent a c t i v i t y 
i s observed for the two di f ferent opt ica l isomers of the t r i s ( e thy -
lenediamine)cobalt(III) cations i s further evidence for t h i s . 

A considerable number of genet ica l ly toxic compounds have 
been examined by both reversion and l e t h a l i t y studies. Since the 
mechanism by which DNA is damaged i s well understood for a number 
of organic compounds, i t i s interest ing to compare our results to 
those for mutagens of known mechanisms. A summary by Green i s 
pa r t i cu l a r l y useful for th i s purpose (16). Our repair assay re 
sults for the rhodium compounds bear a strong resemblance to those 
obtained with cross l ink ing agents l i k e mitomycin C. In l e t h a l i t y 
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TABLE V 

GENETIC TOXICITY TESTING OF MISCELLANEOUS METAL IONS 

COMPOUND REPAIR STRAINS* REVERSION STRAINS** 

C d + 2 (CdAc 2) RH 1 (4), 1886 (4) 

H g + 2 (HgBr,) 2494 (2), RH 1 (8), 
c 1886 (4) 

Mn + 2 (MnCl 2) 801 (2) 

Mo + 5 (Polymolybdate) AA 34 (2) 

N i + 2 (N iC l 2 ) Ρ 100 (2) 

S b + 3 (SbCl 3 ) RH 1 (2) 

A s + 5 (NaAs02) R

Z n + 2 (ZnCl ? ) RH 1 (2), AA 34 (2) 

[Co (NH 3 ) 6 ]C l 3 

[Co (Pn) 3 ]C l 3 

+[Co(En) 3 ] I 3 

- [Co (En ) 3 ] I 3 

d - c i s -
[Co(En) 2 (N0 2 ) 2 ]Br 

1 -c i s -
[Co(En) 2 (N0 2 ) 2 ]Br 

[ P t (En ) 3 ] C l 4 

c i s - [ P t (NH 3 ) 2 C l 2 ] 

t r ans - [P t (NH 3 ) 2 Cl 2 ] 

RH 1 (16), Ρ 100 (8), 
1886 (2), 1899 (4) 

Not Active 

RH 1 (8), 1886 (2) 

RH 1 (16), 1886 (4) 

RH 1 (2) 

RH 1 (2) 

RH 1 (16), 1886 (4), 
Ρ 100 (4) 

RH 1 (16), 1886 (2), 
1899 (2) 

RH 1 (2) 

TA 92(29), TA 98 
(0.61), TA 100(47) 

TA 92(st ) , TA 100 
(st ) *** 

* f o ld increase in minimal inh ib i tory concentration in m ic ro t i -
ter repair assay. 
**number in parentheses refers to his+ revertants per nanomole 

of compound in the plates . Calculated on a l inear portion of the 
dose response curve for each compound. 
***spot t e s t . 
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studies, we f ind s en s i t i v i t y in 1886, a uvr" s t r a i n . Greater sen
s i t i v i t y i s observed for the double mutant Rhl , which is r ec " , 
uvr". In the reversion studies TA 92 is affected much more than 
TA 100. The TA 100 st ra in is uvr" and uvr excision is the f i r s t 
step in cross l ink repair . Evidently , the absence of uvr in TA 100 
prevents the i n i t i a t i o n of repair which could revert TA 100, a l 
though the repair mechanism of pKm 101, the ampicel l in plasmid of 
both TA 92 and TA 100 is required for expression of mutation in 
uvr" s t ra ins . On the basis of the results at hand, we propose 
that the a c t i v i t y of the rhodium compounds i s due to interstrand 
cross l inks in the DNA caused by rhodium bridging of the strands. 
The chromium compounds appear to have a di f ferent pattern of a c t i 
v i t y in the l e t h a l i t y studies and may be acting by a di f ferent me
chanism. It is also interest ing to note that a l l the complexes 
cause reversion only in the plasmid containing strains TA 92, 
TA 100, and TA 98 consistent with the Pt(II) r esu l t s . The com
plexes are extremely letha
and TA 1538 which do no

Table V shows that some a c t i v i t y i s observed for metal sa l ts 
in l e t h a l i t y studies. These metal ions are not as active as the 
inert complexes in the l e t h a l i t y assay, and none of these ions has 
been found to be active in reversion studies. Perhaps the d i f f e r 
ence i s that the metal ions rapidly come to equil ibrium in the 
ce l l and form k ine t i c a l l y l ab i l e and non-toxic complexes with DNA. 
As strand separation occurs, the l a b i l e ions that are on the DNA 
can be rapidly displaced and thus are not able to interfere with 
r ep l i c a t i on . On the other hand, the inert ions undergo subst i tu 
t ion at rates which are slow compared to ce l l d i v i s i on . When they 
undergo ligand substitutions and become attached to DNA, they re 
main fixed to the DNA long enough to cause errors during r e p l i c a 
t i on . 

We should note the fact that in the bacter ia l systems, the 
subst i tut iona l ly inert complexes which are mutagenic and active in 
the repair assay a l l have effects s imi lar to those of the platinum 
complexes known to be anti-tumor drugs. Since repair effects are 
c lose ly correlated with a c t i v i t y of the platinum compounds {]]), 
then the anti-tumor a c t i v i t y could be related to the subst i tut ion 
al inertness of our complexes. We have noted that many of the 
complexes we have studied are far less bacteriocidal than the p l a 
tinum compounds , and yet comparable in repair a c t i v i t y . This 
suggests that further study of s u b s t i t u t i o n a l ^ inert metal com
plexes may y i e l d anti-tumor drugs which are as ef fect ive as the 
platinum compounds, and yet lack the i r undesirable toxic side ef
fects . 

F i n a l l y , i t should be pointed out that our work substantiates 
the health hazard of subst i tut iona l ly inert metal ions. Environ
mental po l lut ion by these ions i s potent ia l ly a serious problem. 
It should be considered as these metals are widely used in the 
ca ta l y t i c converters of automobiles, and because more extensive 
combustion of coal w i l l introduce more such metal ions into the 
environment. 
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Conclusions 

1. Certain complexes of a variety of s u b s t i t u t i o n a l ^ inert 
metal ions are highly mutagenic, depending on the structure and 
the charge of the complex. Mutagenicity appears to be more c lose
ly related to the rate of l igand subst i tut ion than to the nature 
of the metal. 

2. The mutagenicity of chromium(III) complexes suggests that 
they could be responsible for the high incidence of lung cancer 
noted for chromium workers. 

3. The complexes of s u b s t i t u t i o n a l ^ inert metal ions should 
be care fu l ly investigated for t h e i r anti-tumor a c t i v i t y because 
they may present superior al ternat ives to the toxic platinum(II) 
compounds. 

4. Environmental po l lut ion by subs t i tu t iona l ly inert metal 
ions is a matter of concern and may resul t in serious health pro
blems. 

Abstract 

A variety of compounds of rhodium(III), chromium(III), cobalt 
(III), and platinum(IV) have been tested for their genetic toxi
cology using lethality assays on selected repair deficient Esch
erichia coli bacterial strains, and by reverse mutation assays in 
Salmonella. The nature of the ligands, charge of the complex, 
and stereochemistry of the complex profoundly affect the mutagen
icity of these compounds. For rhodium(III), unicationic complexes 
with adjacent leaving groups are most active. The pattern of dif
ferential lethality indicates that i t involves interstrand DNA 
crosslinking. A different pattern of activity is demonstrated for 
chromium(III). The strong mutagenic effects of chromium(III) com
pounds suggest that this valence state may be responsible for the 
carcinogenic activity of chromium. The general activity of sub
stitutionally inert metal ions suggests that this class of com
pounds should be systematically examined for anti tumor activity. 
It is apparent that the toxic effects of heavy metals as environ
mental pollutants can be influenced by the oxidation state of the 
metal and the available (ambient) ligands, and thus rather compli
cate the prediction of toxicological patterns. 
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The Iron Bleomycins 

JAMES C. DABROWIAK, FREDERICK T. GREENAWAY, and 
FRANK S. SANTILLO 
Department of Chemistry, Syracuse University, Syracuse, NY 13210 

STANLEY T. CROOKE and JOHN M. ESSERY 
Bristol Laboratories, Thompson Road, Syracuse, NY 13206 

The bleomycins (BLM
glycopeptides which sho
ployed bleomycin, marketed under the trade name Blenoxane, is a 
mixture of eleven antitumor-active bleomycins. The drug is widely 
used for the treatment of squamous cell carcinomas, lymphomas and 
testicular carcinomas (2). 

Current evidence suggests that the antibiotic functions by a 
unique mechanism of action. It has long been known that bleomycin 
is capable of causing single and double strand breaks in DNA (1), 
and it is now believed that DNA breakage by bleomycin occurs via a 
metal-mediated redox mechanism involving iron. Horwitz and co
-workers (3,4,5) were the first to show that Fe(II)BLM is an air 
sensitive compound and that it readily oxidizes in the atmosphere 
to Fe(III)BLM. They postulated that this oxidation process oc
curs in the tumor cell while the iron-bleomycin is bound to DNA, 
and that DNA damage is the result of radical production in the 
vicinity of the biopolymer by iron-bleomycin. 

Recent results (6-9) have shown bleomycin to be a f u n c t i o n a l . 
One part of the drug i s capable of binding to DNA (the b i th iazo le 
moiety) while a second region ( involving the amino-pyrimidine-
imidazole region and possibly the carbamoyl group) is capable of 
binding metal ions. Although the l i ga t ing properties of a number 
of t rans i t ion metal ions, espec ia l ly Cu(II) and Zn(II ) , towards 
bleomycin have been studied (9), the physical and chemical pro
perties of the b i o l og i ca l l y important iron bleomycins are only now 
being investigated. This report discloses our l a tes t findings on 
the iron bleomycins. 

Experimental 

Bleomycin A 2 HC£ 1, the most abundant component of Blenoxane, 
was used as obtained from Br i s to l Laboratories. The synthesis and 
character izat ion of the new bleomycin analogues 2-4 w i l l be re 
ported elsewhere (10.). The structures of 1-4 are shown in F i g 
ure 1. 
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The preparation and handling of Fe(II)BLM was done in an i n 
ert atmosphere box. Unless otherwise noted, complexes were pre
pared by the addition of stoichiometric amounts of e i ther 
Fe(II)(C£0u) 2*6H 20 or FeClI I ) (C£0 4}3*6H 2 0 to the drug, followed 
by the adjustment of the pH to a spec i f i c value. The pHm (the 
pH meter reading without correction for the deuterium isotope ef 
fect) of the Fe(II)-druq complex in D 20 was adjusted to 6.5 
pr ior to obtaining the i 3 C nmr spectrum. For nmr purposes, the 
Fe(III)BLM complex was prepared by ox id iz ing the divalent com
pound with molecular oxygen. The pHm of the oxygenated solution 
was adjusted to 6.5 pr ior to obtaining the spectrum. 

The var iat ion in the amounts of the high and low spin forms 
of Fe(III)BLM as a function of pH was determined using esr . 
Since the linewidth of the low spin esr signal was independent of 
pH, the peak height of the signal was used as a measure of the 
amount of low spin Fe(III)BLM present. Although the linewidth of 
the high spin species varie
in the presence of buffers, the peak height of the signal was 
taken as rough measure of the amount of high spin Fe(III)BLM pre
sent in the mixture. The esr as well as the nmr and absorption 
data were co l lected in the e a r l i e r described manner (11,12,13). 

The Fe(II) complexes of the new bleomycin der ivat ives , 2-4, 
were prepared in the presence of the atmosphere by the addition of 
Fe(II)(CilOu) 2 to a 10' 3M solut ion of the bleomycin. The pH was 
adjusted by addition of small amounts of 1M HC& or 1M NaOH to the 
solut ion containing the complex. No oxidation to FeUHI} occur
red. 

The dc polarographic studies were carr ied out in buffered and 
in unbuffered aqueous so lut ions . Potentials were referenced 
against a Ag/AgC£ saturated NaC£ electrode. The electrochemical 
assignments and the apparatus used to co l l e c t the polarographic 
data have been previously described (14,15). 

The Iron Binding S i te of Bleomycin 

The location of the iron binding s i t e on bleomycin is c r i t i 
cal to understanding the role that iron plays in the DNA-de-
grading process. The 1 3 C nmr spectra shown in Figure 2 and the 
structure shown in Figure 3 c l ea r ly show that the pyrimidine-
imidazole-sugar regions of both Fe(II)BLM and Fe(III)BLM are i n 
volved in metal binding. 1 3 C nmr resonances attr ibuted to carbon 
atoms in that area of the drug are e i ther missing from or are 
broadened in the spectra of the iron complexes. Only the narrow 
unshifted resonances were assigned. The following carbon atoms 
of Fe(II)BLM were observed as narrow resonance l ines (Figure 2b): 
C, 41-49 and C, 51-55. Broadened and unassigned resonances for 
Fe(II)BLM occurred at 23.2, 57.5, 93.0, 168.5 and 192.5 ppm. A 
number of broad, overlapping resonances also occurred in the 
sugar region of the nmr spectrum (60-75 ppm). 

Fe(III)BLM exhibited narrow resonance l ines for carbon atoms 
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Figure 3. The structure of BLM-A2 showing which 13C NMR resonance lines are 
missing from the spectra (A) of Fe(II)BLM-A2 and Fe(III)BLM-A2 
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C, 41-49 and C, 51-55 (Figure 2c). Broad unassignable reson
ances were observed at 64 and 71 ppm but the sugar region was 
simpler than was observed for Fe(II)BLM. In addi t ion , broad and 
apparently shi f ted resonances were found at 14, 34, and 101 ppm. 
The 1 3 C nmr spectrum of Fe(III)BLM also contained a number of 
weak but narrow resonances at 14.2, 15.2, 33.9, 34.2 and 188.5 
ppm. These resonances have not been previously observed in the 
spectrum of the drug or any of i t s metal!oderivatives and they 
may be due to bleomycin fragments which occur upon oxidation of 
Fe(II)BLM (16). 

Thus, the 1 3 C nmr results of Fe(II)BLM and Fe(.III)BLM are 
s imi lar to those e a r l i e r obtained for Cu(II) and Zn(.II)BLM. A l 
though the b i th iazo le i s an important group for DNA binding (17-
19) , the 1 3 C nmr data for the iron complexes graphical ly show 
that the nitrogen-sul fur heterocycle of BLM is not involved in 
iron binding. Its resonance l ines are narrow and unshifted and 
are not affected by the

Speci f ic bleomycin donor atoms of Fe(.II) and Fe(III) have 
been i den t i f i ed . Potentiometric t i t r a t i o n studies by us (6J and 
by Sugiura et al_. (20) have shown that the primary amine function 
and the imidazole moiety are bound to Fe(_II) in Fe(II)BLM. 
Sugiura et a K (20) have also pointed out that the secondary amine 
function i s bound to Fe(II ) . The assignment of the fourth and 
f ina l proton loss accompanying the binding Fe(II) to the ant ib io 
t i c has been attr ibuted to the removal of an amide proton. 

UV v i s i b l e absorption and electrochemical studies have 
ident i f i ed an additional l i g a t ing group of both Fe(II)BLM and 
Fe(III)BLM. Polarographic measurements show that the reduction at 
-1.22V, assigned to the two electron i r r eve rs ib l e reduction of the 
4-amino pyrimidine moiety of the ant i b i o t i c (J_5) i s sensit ive to 
iron binding. Figure 4 shows that this wave is absent from the dc 
polarogram of the Fe(II , III ) -drug complexes. The binding of the 
4-amino pyrimidine moiety to Fe(11) and Fe(III) dramatically 
sh i f t s the reduction potential of the heterocycle out of the po
larographic window of observation. S imi lar effects have observed 
for other metal 1 obieomycins and metallotallysomycins (15). 

Further evidence that the pyrimidine is bound in the iron de
r ivat ives can be seen in the difference spectra shown in Figure 5. 
Both of the complexes exhibited a pyrimidine π-π* e lect ronic 
t rans i t ion which was shi fted from i t s or ig ina l posit ion in bleomy
c i n . This band occurs at -230 nm in the free drugs and sh i f t s to 
-250 nm in the i r metal 1oderivatives. In addi t ion , the iron com
plexes exhibit a second strong envelope at -300 nm. Since trans
i t ions due to two chromophores present in the a n t i b i o t i c s , the 
η->π* of the pyrimidine and the π-π* of the b i th iazo le moiety, 
overlap at 290 nm, the or ig in of the band at -300 nm in the d i f 
ference spectra of the metal 1oderivatives i s d i f f i c u l t to deter-
mi ne. 

Fe(II)BLM exhibits two weak absorptions at 475 nm (εΜ 360) 
and 375 nm (εΜ -600). The positions and intens i t i e s of these two 
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Figure 5. Difference spectra: ( ; Fe(II)BLM vs. BLM; ( ; Fe(III)BLM 
vs. BLM 
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absorptions are in good agreement with those e a r l i e r reported by 
Sausvi l le et al_. Q ) . Although the bands appear to be of d-d 
or i g in the assignment of the trans i t ions must await the deter
mination of the ground state . Fe(III)BLM has two strong (εΜ 
1,000-2,000) but poorly defined absorptions at 341 and 365 nm. 
The o r i g in of these bands is unknown. The difference spectra of 
Fe(III)-BLM produced by a i r oxidation of Fe(II)BLM and the com
plex formed by combining Fe(III ) (C&0 4)3 and the an t i b i o t i c at 
pH, 7.0 were i d en t i c a l . 

The spectroscopic evidence taken together with the t i t r a t i o n 
results for Fe(II)BLM d e f i n i t i v e l y establ ish the amino-pyrimidine-
imidazole-sugar region of bleomycin as important for binding 
Fe(II) and Fe(III ) . The detai led geometry and stereochemistry 
of the iron binding s i t e remains to be e lucidated. 

The Spin State of the Complexes 

The spin state of the divalent complex, Fe(II)BLM, has not 
yet been determined. However, the fact that the 1 3 C nmr spectrum 
of the Fe(II) an t i b i o t i c complex has many carbon resonance l ines 
missing and others that are broadened (Figure 2b), shows that 
Fe(II)BLM is paramagnetic. Diamagnetic complexes such as Zn(II) -
BLM y i e l d shi fted but narrow 1 3 C nmr l ines (Jl_). Thus, the only 
spin states possible for Fe(II)BLM are S = 1 and S = 2. Mag
ne t i c , and Mossbauer measurements are under way to resolve this 
issue. 

The spin state of the Fe(III) complex was eas i ly determined 
by esr . Preparing Fe(III)BLM by combining molar equivalents of 
Fe ( I I I ) ( C£0 4)3 and the an t i b i o t i c in water in the absence of a 
buffer y ie lded at least two esr -act ive forms of Fe(III ) . One 
form, with a g value of 4.3 has been assigned to a high spin 
(S = 5/2) Fe(III) ion in a completely rhombic crysta l f i e l d 
(6,7,20). Since the peak at g, 4.3 occasional ly shows some s p l i t 
t i ng , pa r t i cu l a r l y in the presence of buffers, the signal may be 
due to the presence of more than one form of high spin Fe(III ) . 
The fact that Fe(III ) (Ci l0 4 ) 3 dissolved in water at pH, 7.0 gives 
only a very weak signal at g, 4.3 while the signal observed in 
Fe(III)-drug solutions i s strong suggests that the high spin 
signal i s due to Fe(III) which i s in some manner bound to the 
drug. The esr signals having g values of 2.412, 2.182 and 1.898 
emanate from a low spin (S = 1/2) Fe(III) ion in a rhombic c ry 
stal f i e l d (21). No other esr active species were observed be
tween pH 3.0 and 10.5. As has been previously reported (6,7) , 
producing Fe(III)BLM by a i r oxidation of Fe(II)BLM y ie lds a 
transient low spin Fe(III) species having g values of 2.254, 
2.171 and 1.939. The esr signatures of that species and those of 
the previously mentioned compounds are shown in Figure 6. 
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S t a b i l i t i e s of the Iron Complexes 

Esr studies have shown that the re l a t ive amounts of low and 
high spin Fe(III) are dependent on pH, and on the presence of buf
fer ions. The pH dependency of the spin states of Fe(III)BLM i s 
shown in Figure 7. Within the pH range 7-9 the low spin form of 
Fe(III) dominates and the amounts of the two spin forms of Fe(III) 
are r e l a t i v e l y insens i t ive to pH. At pH values outside this range, 
increasing amounts of high spin Fe(III) form, at the expense of 
the low spin species, unt i l at pH -3 and -11 high spin Fe(II) pre
dominates. These processes are revers ib le but at low pH the rate 
of conversion of the low spin species to the high spin species 
upon lowering the pH is much greater than the reverse process. 
These results suggest that Fe(III)BLM i s a low spin complex and 
that i t exists in equi l ibr ium with high spin forms which predom
inate at high and low pH. Electrochemistry shows that at least 
one metal l i g a t ing group
in the pH range 4-9. 

The low spin-high spin equi l ibr ium i s also affected by the 
presence of buffers. At pH, 7.0 and 8.0 in either a phosphate or 
a borate buffer the high spin esr signal of the metal complexes 
dominates. A pH study using phosphate buffers has shown that the 
loss of the low spin signal and the increase in the high spin 
signal for Fe(III)BLM can be correlated with the presence of the 
buffer species H 2 P0 4 ~. It i s possible that this buffer species i s 
binding to the metal ion thereby reducing the crysta l f i e l d and 
y ie ld ing a high spin Fe(III) complex. At pH values >10, where 
H 2 P0 4 " i s in low concentration and HP0Û2 predominates, the esr 
spectra of Fe(III)BLM are nearly ident ica l to those obtained in 
water at pH, 10.0. Similar counter ion effects were observed for 
borate buffers. 

The v i s i b l e absorption spectra of both Fe(II)BLM and 
Fe(III)BLM were found to be insens i t ive to pH within the pH range 
pH 4-9. However, outside of this range the drug appeared to de-
metal late as is evidenced by the loss of the absorption spectrum 
of the metal 1oderivative. The absorption spectra of both Fe(II) 
and Fe(III) complexes were affected by the presence of buffer 
ions. In general, the spectra taken in t r i s buffer so lut ions , as 
opposed to those obtained in phosphate and borate media, most 
c lose ly approximate spectra obtained in unbuffered so lut ions . 

Since DNA degrading by BLM has been shown to be sensit ive to 
the nature and concentration of the buffer ions which are present 
in so lut ion (5J, we examined the effects of various buffers of 
the esr spectra and the electrochemical properties of the Fe(III) 
complexes. Electrochemistry allows a c lear view of how one of the 
metal l i ga t ing s i tes of BLM, the 4-amino pyrimidine moiety, be
haves in the presence of buffer ions. If Fe(III)BLM is synthesiz
ed from the free drug and F e ( I I I ) ( C £ 0 u ) 3 in the absence of buffers, 
electrochemistry shows that the 4-amino pyrimidine remains bound 
to the metal ion within the pH range 4-9 where esr shows that low 
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F/gwre 6. 77ié? spectrum of Fe(IU)BLM taken immediately after oxidation 
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Figure 7. The relative amounts of (A) high and (%) low spin Fe(III)BLM as a 
function of pH as determined by ESR 
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spin Fe(III) predominates. In a pH 7 or 8 phosphate buffer (0.1Ml 
electrochemistry shows that the pyrimidine moiety i s not bound to 
the metal ion . Esr confirms that these solutions contain only 
high spin (S = 5/2) Fe(III ) . Synthesizing Fe(III)BLM by anaero-
b i c a l l y combining Fe(II)(C£0 4)2 and the drug in a pH 7 or 8 phos
phate buffer, followed by a i r oxidation of the resu l t ing Fe(II ) -
drug complex y ie lds a low spin Fe(III)BLM complex which contains 
a bound pyrimidine function. If the oxidized solutions are a l 
lowed to stand at room temperature for a few hours, esr and v i s 
ib le absorption spectra show that a red i s t r ibut ion of the spin 
states occurs; high spin Fe(III) again forms at the expense of 
low spin Fe(III ) . Electrochemistry, however, shows that the 
pyrimidine i s s t i l l bound to the metal i on . Thus, our results 
show that Fe(III)BLM i s high spin when the pyrimidine moiety i s 
not bound to the metal, but that some high spin forms also ex i s t 
where the pyrimidine i s bound to the cat ion . These observations, 
when viewed in the l i gh
periments with the ant i b i o t i c have been carr ied out in buffered 
media, underscore the importance of care fu l ly defining the metal 
l i g a t ing properties of the drug. It i s interest ing to note that 
the highest DNA degrading a c t i v i t y achieved by iron bleomycin i s 
in a phosphate bu f f e r - a medium which apparently s i gn i f i c an t l y 
a l ters the primary coordination sphere of the metal ion (5J. 

The Bleomycin Derivatives 

In an e f for t to more c l ea r l y understand the mechanism by 
which bleomycin degrades DNA, three new bleomycin analogues were 
synthesized, 2-4. A l l three analogues were formed by the con
densation of the primary amine function of BLM-A2 with e i ther 
benzoyl chloride (2) or a sulfonyl chloride (3,4) using Schotten-
Baumann conditions (10.). The compounds were pur i f i ed v ia chroma
tographic means were characterized using lH and 1 3 C nmr and po
tent! ome t r i e t i t r a t i o n methods. Pa r t i cu la r ly noteworthy in the 
t i t r a t i o n curves of the derivatives i s the absence of in f l ec t ions 
at pH values of 2.9 and 7.4. For BLM-A 2, in f l ec t ions at these pH 
values correspond to the loss of a proton from the protonated, 
but hydrogen bonded, secondary amine function (Eq. 1) and a loss 
of a proton from the protonated primary amine function respect ive
ly (Eq. 2). 

- N H 2
+ ^ - N H + H + p K , 2 . 9 (1) 

a 
- N H 3

+ > -NH 2 + H + pK a , 7.4 (2) 
α 

In contrast to BLM-A 2, neither of the new derivatives f a c i l i 
tated the oxidation of Fe(II) to Fe(III) i n the atmosphere Q0). 
Esr studies of aqueous solutions containing equimolar amounts 
Fe(II ) (C£0 u) 2 and the analogues, 2-4 at pH, 7.0 showed the lack of 
formation of Fe(III ) . S imi lar observations have been reported for 
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dep BLM (22). However, more importantly, incubation of closed 
c i r c u l a r PM2 DNA with any of the analogues, 2-4 in the presence 
of Fe(II) sa l ts and reducing agents did not lead to DNA breakage. 
Identical reaction conditions for BLM-A 2 , on the other hand, lead 
to DNA breakage. These recent observations substant ia l ly 
strengthen the proposed metal-mediated mechanism of action of the 
a n t i b i o t i c and underscore in importance of the primary amine 
function of bleomycin in the DNA degrading process. 

Conclusions 

Spectroscopic evidence shows that for the Fe(11,111) com
plexes of BLM the metal ions are bound to the pyrimidine-imidazole-
sugar region of the drug leaving the b i th iazo le moiety free to 
bind to DNA. The paramagnetic Fe(II) complex can be oxidized to 
to a low spin (S = 1/2) Fe(III) complex which is rapid ly and i r
revers ib ly transformed t
low spin species is in a
with high spin (S = 5/2) Fe(III ) . Electrochemical studies show 
that the binding of the 4-amino pyrimidine moiety of bleomycin 
to Fe(III) is sens i t ive to both pH and the presence of cer ta in 
buffer species. UV v i s i b l e absorption spectra show s imi lar e q u i l 
i b r i a for the Fe(II) complexes. Because in v i t r o DNA-cleavage 
occurs in a wide range of buffer solutions i t appears that the 
displacement of some of the metal l i ga t ing atoms does not i n 
h i b i t the action of the iron-drug complex. F i n a l l y , studies with 
three new bleomycin analogues have sharply defined the importance 
of the primary amine function of bleomycin in the drugs a b i l i t y 
to degrade DNA by a metal mediated mechanism. 

Abstract 

Using electrochemistry, uv-visible absorption, esr, and 
13C nmr spectroscopy, and with the help of three new bleomycin 
analogues, the Fe(II) and Fe(III) binding sites of the anti
tumor antibiotic bleomycin have been located. The drug appears 
to uti l ize the amine-pyrimidine-imidazole region for iron 
binding. The physical properties of the metal complexes and how 
those properties relate to the proposed mechanism of action of 
the anticancer agent is also discussed. 
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Iron Chelation in the Treatment of Cooley's 
Anemia 

W. FRENCH ANDERSON 

Laboratory of Molecular Hematology, National Heart, Lung, and Blood Institute, 
National Institutes of Health, Bethesda, MD 20205 

I will discuss iro  chelatio  i  th  treatment f th  huma
genetic disease beta-thalassemia
anemia. Cooley's anemia, y
described the disease in detail in 1925 (1), is a lethal heredi
tary anemia in which the infants cannot make their own blood (2). 
They must be transfused every three to four weeks starting at six 
months of age for the rest of their lives. Failure to transfuse 
results in death from profound anemia. According to the World 
Health Organization, the group of diseases called the thalas
semias, of which Cooley's anemia is the most severe, is the 
largest health problem in the world for single locus genetic 
diseases. 

The major problems these patients have, however, are caused 
not directly from their disease, but from the treatment. Every 
unit of transfused blood contains several hundred milligrams of 
iron. The body is not equipped to excrete such large amounts of 
iron and so it is deposited in the heart, liver, endocrine glands 
and other organs producing severe medical problems ultimately 
leading to death in early teenage. Iron chelation therapy was 
attempted by a few physicians back in the late 1960's, but in 
general such therapy was considered useless or even harmful (3). 
A major effort has been made over the past 5 years, however, to 
find means whereby the presently available iron chelator, 
Desferal , could be effectively administered to remove large quan
tities of iron from iron-overloaded patients. This effort has 
proven successful, and Desferal is now used world-wide for iron 
chelation therapy (4). Life expectancy and quality of life of 
treated patients now appear greatly improved. 

From the beginning it was realized, however, that DesferalR 

is not. an ideal drug (3). It can only be given by injection and 
these can sometimes be very painful, it becomes effective only 
when the body's iron load is already ten-times normal, and it is 
very expensive to produce. In 1973, under the sponsorship of the 
National Institute of Arthritis, Metabolism and Digestive Dis
eases, a new program was instituted designed to develop new iron 
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chelators for c l i n i c a l use (5). Several of the chemists here to
day have been a part of that very successful program. Over 100 
compounds have been tested and several are either i n or being pre
pared for human c l i n i c a l t r i a l s (6). 

I am very pleased to have been asked to summarize this f i e l d 
for you prior to the major papers to follow. I w i l l review the 
disease Cooley's anemia, outline the medical problems and compli
cations, and then w i l l give you a brie f summary of the concepts 
behind iron chelator development. 

Description of Cooley's Anemia 
Plates 1A and B* are photographs of a patient with Cooley's 

anemia. At f i r s t glance, he appears perfectly normal, but there 
are several characteristics of his disease that are apparent. 
These patients cannot make useful blood because of their genetic 
block, but their bone marrow
become markedly overactive
s l y enlarged because of the greatly expanded bone marrow inside 
them. The upper jaw enlarges, disproportionately, producing 
prominent front teeth, a large space between the nose and upper 
l i p , and high prominent cheeks. The forehead swells or "bosses" 
out. Because of the large amount of t o t a l body metabolism going 
into i n e f f e c t i v e blood production, body growth i s abnormal and 
greatly delayed. The arms and legs are spindly and the abdomen 
i s large and protuberant because of a greatly enlarged l i v e r . 
The spleen becomes so large early i n l i f e that i t f i l l s the whole 
abdomen and has to be removed. 

The x-ray shown i n Figure 1A demonstrates the large amount 
of bone marrow i n the s k u l l . A normal s k u l l shows a single thin 
l i n e of bony tissue. As can be seen here, there i s a consider
able quantity of fuzz, and that fuzz represents the enormously 
enlarged bone marrow. This characteristic i s called "hair-on-
end" because the x-ray looks l i k e hair standing up out of the 
s k u l l . Figure IB shows an x-ray of the hand. The insides of the 
bones are dark on the x-ray, resulting from the hyperactive bone 
marrow which has hollowed out the normally s o l i d bones. This i s 
true of a l l the long bones: the fingers, arms, and legs. At 
times the bones become so thin that they fracture easily. 

A blood smear of normal blood showing healthy red corpuscles 
i n Plate 2A*. In contrast, Plate 2B* shows the blood smear of a 
patient with Cooley's anemia. Note how pale the blood c e l l s are; 
they are of a l l different sizes and shapes, with many of them 
grossly abnormal i n shape. A scanning electron microscope p i c 
ture of these c e l l s i s shown i n Figure 2. Most of these c e l l s 
have, not surprisingly, a very short h a l f - l i f e . 

A photograph of Dr. Max Perutz's two angstrom-per-centi-
meter x-ray d i f f r a c t i o n model of hemoglobin i s shown i n Plate 3*. 
Hemoglobin, the blood pigment that carries oxygen and makes the 
blood red, i s composed of four chains, two alpha globin chains 

* Color plates are located in the Appendix. 
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Figure 1. X-rays of the skull and hand of a patient with Cooley's anemia 

Figure 2. Scanning electron microscope photographs of red blood cells in Cooley's 
anemia (12) 
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(in black) and two beta globin chains (in white). The red disc 
represents heme which contains one molecule of iron. In Cooley's 
anemia, the bone marrow c e l l s cannot make the beta (or white) 
chains. 

Chromatograms of the globin chains synthesized by the im
mature red blood c e l l s of patients are shown i n Figure 3 (7). The 
chains are separated on carboxymethyl-cellulose using a urea-phos
phate buffer. The top panel shows a chromatograph of normal 
human alpha and beta globin chains. There i s a roughly equal a-
mount of alpha globin (on the right) and beta globin (on the 
l e f t ) . In contrast, the middle panel shows the globin chains of 
a patient with homozygous beta thalassemia ( i . e . , Cooley's 
anemia). There i s a normal amount of alpha globin but a grossly 
decreased amount of beta globin and a s l i g h t compensatory i n 
crease i n gamma (or fe t a l ) globin. The small number of beta and 
gamma globin chains complex with alpha globin chains to produce 
a limited number of hemoglobi
chromic red blood c e l l
extra uncomplexed alpha globin chains, which are insoluble, pre
c i p i t a t e within the c e l l , cause membrane damage, and as a result 
the c e l l s break down. The abnormality here i s the i n a b i l i t y of 
the small number of non-alpha globin chains to complex with a l l 
the alpha globin chains. The iron i n these broken down RBCs i s 
released and i s deposited i n body organs. The bottom panel shows 
the globin chains from a newborn infant. The baby has f e t a l 
blood normally and i s only beginning to switch to adult hemo
globin. Here, however, the number of beta plus gamma globin 
chains exactly equals the number of alpha globin chains so that 
no globin chain imbalance exists. 

This i n a b i l i t y to make the beta globin chains i n Cooley's 
anemia, which consequently means an i n a b i l i t y to make hemoglobin, 
together with the pre c i p i t a t i o n of uncomplexed alpha globin chains 
causing a l l the red c e l l s made to be lysed, accounts for the signs 
and symptoms seen i n the disease Cooley's anemia. 

Medical Complications from Iron Overload 
The only treatment for this disease i s blood transfusion, 

but with every unit of blood, as we said before, several hundred 
mg of iron are deposited i n the body and this deposition of iron 
results i n severe symptoms and ultimately i n death. The body i s 
normally equipped to handle about one mg of iron a day i n the 
diet. What happens to the organs of patients with this massive 
deposition of excess iron? 

Plate 4* i s a photograph of the heart from a patient who 
died from transfusional hemosiderosis - i . e . , iron overload from 
transfusions; i t shows large quantities of iron. Note the dark 
brown or rust coloration; that i s iron. One cannot s l i c e an 
organ with this much iron - one has to saw i t . It i s hard to 
imagine how a heart l i k e this could have kept functioning for as 

* Color plates are located in the Appendix. 
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long as i t did. This patient was 23 years old when he died. 
A section of cardiac muscle from the heart shown i n Plate 

4 * i s shown i n Plate 5 * . The iron deposition i n each c e l l i s 
shown by the blue stain. As can be seen, every c e l l has large 
quantities of iron. 

Plate 6 * shows a photograph of the l i v e r from the same pa
t i e n t . The iron deposits can be seen as brown patches a l l over 
the surface. This l i v e r i s very heavy and, obviously, functioned 
very poorly. 

An iron stained section of the p i t u i t a r y gland i s shown in 
Plate 7*. It i s no wonder that these patients grow slowly and 
have delayed and abnormal sexual development. 

A bar graph which summarizes the amount of iron i n each of 
the body tissues i n this patient i s shown in Figure 4 . Most 
tissues had large amounts of hemosiderin and f e r r i t i n and many 
organs are grossly loaded  Most l tissue  hav  detect
able hemosiderin or f e r r i t i n

Now, what can be done  Obviously,
be a treatment which would allow the bone marrow to make normal 
amounts of alpha and beta globin chains, thereby correcting the 
abnormality. U n t i l this becomes possible, however, the next a l 
ternative i s to improve techniques for removing excess iron from 
the body tissues or even to chelate and excrete excess iron be
fore i t i s ever deposited i n the body. 

Development of New Iron Chelators 
Let me now spend a few minutes summarizing the general f i e l d 

of iron chelator development. The best organic chemists for pro
ducing effective iron chelators are the microbes (8). They have 
been doing i t for millions of years, and have developed extremely 
effec t i v e molecules for chelating iron. Dr. Neilands, the expert 
on b a c t e r i a l iron chelators, w i l l be the next speaker. 

Microbes u t i l i z e primarily two types of chemical groups for 
chelation: hydroxamic acids [-N(OH)-CO] (Figure 5 ) and catechols 
which are two adjacent OH groups on a phenyl ring (Figure 6 ) . 

The simplest iron chelator i n existence appears to be hada-
c i d i n (Figure 5 ) . This l i t t l e molecule has one hydroxamic acid 
group and, therefore, has two bonds available to chelate iron. 
It i s not p a r t i c u l a r l y e ffective since i t can only form two bonds, 
while iron u t i l i z e s six. At the other extreme i s ferrachrome, an 
absolutely beautiful molecule, which i s l i k e a Venus Fly Trap 
with three hydroxamic acid groups - one i n the back of each of 
three arms. Once iron goes i n , i t i s held i n place very t i g h t l y 
by s i x bonds. Ferrachrome i s one of the most effe c t i v e iron 
chelators i n nature. 

But neither ferrachrome, which i s too complex, nor hada-
c i d i n , which i s too simple, are effective i n chelating iron from 
the tissues of animals. The type of molecule that one wants i s 
one which i s f a i r l y simple and which has three hydroxamic acids 

* Color plates are located in the Appendix. 
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Figure 3. Globin chain synthesis in the 
immature blood cells of an adult with no 
globin abnormality (top), a patient with 
Cooley's anemia (middle), and a newborn 
with no globin abnormality (bottom); for 

experimental details see Ref. 7 
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Figure 4. Iron content of body organs from the same patient 
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Figure 5. Microbial iron chelators containing hydroxamic acids 
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i n positions so that six stable bonds can be formed to chelate 
iron. Such a molecule i s desferrioxamine or D e s f e r a l R : three 
hydroxamic acids are separated by several carbons to provide ade
quate spacing for the iron binding groups along with several ad
d i t i o n a l oxygens and nitrogens to make the molecule more water 
soluble. This iron chelator i s effective i n man. 

A chelator does not have to have three hydroxamic acids to 
be eff e c t i v e , however: rhodotorulic acid only has two. Drs. An
thony Cerami, Robert Grady and their colleagues at Rockefeller 
University have shown that this molecule can remove iron reason
ably e f f e c t i v e l y i n iron-overloaded animals (9). There are many 
other types of molecules which possess hydroxamic acid residues, 
but these examples serve to i l l u s t r a t e the basic pr i n c i p l e s . 

The second group of compounds, which are the catechols, are 
represented by enterobactin, which has three catechol groups (and, 
therefore, six bonds) (Figure 6 )  This iron chelator  which 
w i l l be discussed i n d e t a i
and appears to have th
ured, i s isolated from E. c o l i and i s composed of three i d e n t i c a l 
subunits of 2,3-dihydroxybenzoic acid attached to a serine. If 
the serine i s removed, the simple molecule, 2,3-dihydroxybenzoic 
acid, i s obtained. The Rockefeller group have shown that 2,3-
dihydroxybenzoic acid i s a moderately effective oral iron che
lator (10). 

Can we gain s u f f i c i e n t knowledge from the microbes i n order 
to synthesize chemically even more effective iron chelators? The 
answer i s yes. EDTA (ethylenediaminetetraacetic acid) i s a 
molecule probably everyone here has used for chelating heavy 
metal ions. If one adds to i t another nitrogen group and another 
acetic acid, we obtain DTPA (diethylenetriaminepentaacetic acid). 
DTPA and Desferal are the two molecules that have been used 
c l i n i c a l l y i n man. Desferal has an iron binding constant of 
1 0 3 0* 6. DTPA has a constant of 10 2 7. Both are very strong. 
Transferrin the iron carrying protein i n the blood, has, of 
course, a very high iron binding constant: 10 3 6. 

By substituting two phenyl groups for acetic acids i n EDTA, 
Dr. Arthur Martell of Texas A & M University has synthesized one 
of the strongest synthetic iron chelators ever made: BHBEDA (Ν,Ν 1-
Bis((2-hydroxybenzyl))ethylenediamine-N,N f-diacetic acid) (11). 
Its iron binding constant i s 10^°! And yet i t i s not a particu
l a r l y e ffective iron chelator i n animal studies. 

There are many reasons why a molecule can be very effective 
i n v i t r o ( i . e . , have a high iron binding constant) while being 
i n e f f e c t i v e i n vivo. F i r s t , the effective iron binding capacity 
under physiologic conditions i s very different from the iron 
binding capacity under optimal i n v i t r o conditions due to a num
ber of factors including concentrations of the metal, the chela
tor and other ions, p a r t i c u l a r l y [H+*], [OH"], and [Ca"*"1"]. 
Second, the iron binding constant i s an equilibrium value, not a 
kin e t i c one. Third, b i o a v a i l a b i l i t y and b i o s t a b i l i t y are major 
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factors. Many compounds are rapidly broken down i n the blood 
stream or are very quickly cleared by the l i v e r or kidneys. Oral 
administration adds another series of problems - the acid pH of 
the stomach, absorption barriers i n the intestine, etc. Thus, a 
compound's iron binding constant i s only a rough guide for i n d i 
cating potential effectiveness. 

An isomer of BHBEDA, EDBHPA (ethylenediamine-N,N f-bis((2-hy-
droxyphenylacetic acid)), although 10 6 lower i n iron binding ca
pacity i n v i t r o ( 1 0 3 4 ) , appears to be a very effective iron che
lator i n animals (6). This molecule, and modifications of i t , 
w i l l be mentioned by Dr. P i t t shortly. It might be the hoped-for 
"magic b u l l e t " which could e f f e c t i v e l y and simply remove the iron 
overload from patients receiving multiple blood transfusions. 

Thus, using a knowledge of ba c t e r i a l iron chelators and ap
plying modern organic chemistry techniques, i t does appear pos
s i b l e to synthesize molecule
iron from animal tissue
f e r a l . 
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The insolubility o
(K = [Fe 3 +][OH -] 3 =
cial mechanisms in aerobic and facultative anaerobic microbial 
species for the assimilation of this critically important metal 
ion. Two pathways have been defined, namely, low affinity and 
high affinity. The former, still poorly understood, is compara
tively inefficient and non-specific. The high affinity system, 
aspects of which will be the subject of this paper, is itself 
comprised of two parts: relatively low molecular weight (500-
1500 daltons), virtually ferric ion specific ligands termed 
siderophores, and the matching, membrane-associated receptor com
plex which recognizes and transports the siderophore in its iron 
laden form. Recent reviews regarding the operation and bio
medical significance of the high affinity system, in a l l its 
variant forms among the bacteria and fungi, are available (1,2,3). 

Siderophores as chemical entities can generally be classed 
as either hydroxamates or catechols. Ferrichrome and enterobactin 
are prototypical members of the two classes, respectively. The 
tri- c a t e c h o l siderophore, enterobactin, i s of special interest 
since i t has been demonstrated repeatedly that i t can supply iron 
to bacteria i n the presence of certain f e r r i c tri-hydroxamate 
type siderophores (K f = lO^ 0) not u t i l i z e d by the organisms (k) . 
In 1975 Tait i s o l a t e d a putative siderophore from cultures of 
Micrococcus (now Paracoccus) denitrificans derepressed for iron 
and proposed for i t s structure the compound shown i n Figure 1 
(R=H), which he c a l l e d "Compound I I I " . Recently (6_) we obtained 
agrobactin from the phytopathogen Agrobacterium tumefaciens and 
characterized i t as an analogue of Compound III containing three 
residues of 2,3-dihydroxybenzoic acid and the oxazoline form of 
the centrally attached residue of L-threonine (Figure 2, R=0H). 
The protonated oxazoline was shown to open slowly i n aqueous 
media to afford agrobactin A (Figure 1, R=0H). These findings 
inspired a reinvestigation of "Compound I I I " and l e d to the di s 
covery (j[5_8) of the oxazoline ring i n the siderophore from 
P. d e n i t r i f i c a n s , now renamed parabactin (Figure 2, R=H). By 
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Figure 1. Parabactin R = H; agrobactin A, R = OH 
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analogy with the agrobactin-agrobactin A p a i r , the open form for
mula previously assigned to "Compound I I I " has now been designated 
parabactin A (Figure 1, R=H). 

The t e r t i a r y Ν atom of the oxazoline ring i n parabactin and 
agrobactin provides a binding s i t e for the six-coordinate f e r r i c 
ion. Inspection of molecular models of agrobactin suggests two 
possible modes of f e r r i c ion- complexation to the 2,3-dihydroxy-
phenyloxazoline ring system, v i z . , v i a the catechol groups or, 
alter n a t i v e l y , through the t e r t i a r y Ν and the orthohydroxyphenyl 
function. The data reported herein indicate that i n the case of 
both siderophores binding i s to the oxazoline nitrogen and that 
the conformation and configuration of the f e r r i c complexes may be 
as depicted i n Figure 3. 

I. Structure and Properties 

A. Preparation o
for the i s o l a t i o n of agrobacti  (6)  agrobacti  (6_)  parabacti
(J}), enterobactin (^_), rhodotorulic acid (10), ferrichrome ( l l ) 
and ferrichrome A (12). Parabactin A was obtained by a synthetic 
procedure, to be reported separately. The catechol type sidero
phores were checked for purity by thi n layer chromatography on 
s i l i c a gel i n k:l chloroform:methanol and by measurement of the 
absorption intensity of the band i n the near u l t r a v i o l e t . 
Although both parabactin and agrobactin can form hydrochlorides 
(pKa1 = 2.3), the siderophores were obtained by extraction into 
ethyl acetate at neutral pH and were hence i n the unprotonated 
form. 

B. Ligand Deprotonation Curves and Proton Stoichiometry. 

a. Direct T i t r a t i o n with F e r r i c Chloride. In agrobac
t i n the binding of f e r r i c ion i n the tr i - c a t e c h o l mode would be 
expected to release s i x protons. Alternatively, chelation to two 
catechols plus the £-hydroxyphenyloxazoline group would generate 
only f i v e protons per mole. Exactly 2 ymoles of siderophore were 
weighed on a Cahn G-2 electrebalance and dissolved i n 1-2 ml of 
ethanol i n a 10 ml beaker. After the addition of 0.1 ml of meth
anol containing 2 ymoles of f e r r i c chloride the solution was d i 
luted with water to ca. 5 ml and standard 0.100 Ν NaOH introduced 
with the recording t i t r a t i o n apparatus (13). The complexes, 
which were i n i t i a l l y blue, became purple and then wine i n color 
as the t i t r a t i o n progressed into neutral pH. From the data 
shown i n Figure k9 i t i s apparent that between h and 5 protons per 
mole were released at neutral pH. Also s t r i k i n g was the fact that 
the deprotonation curves for agrobactin and parabactin remained 
superimposable at a l l except very alkaline values of pH. 
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Figure 4. Titration of agrobactin and parabactin in the presence of an equimolar 
quantity of ferric chloride. The siderophores differed significantly only at very high 
pH, where ( ) agrobactin displayed a new buffer zone not present in ( ) 

parabactin. 
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b. Ligand Exchange. The well-known tendency of f e r r i e 
catecholates to undergo in t e r n a l oxidation-reduction at lower 
values of pH (lJi>l£)> concern for the s t a b i l i t y of the oxazoline 
moieties , and the opportunity to diminish the proton discrepancy 
between tr i - c a t e c h o l ys_ bi-catechol-plus-oxazoline binding i n 
agrobactin from 1 i n 6 down to 1 i n 3 prompted us to supply iron 
to the siderophores v i a a ligand exchange reaction of the type: 

Agrobactin + f e r r i c rhodotorulate = f e r r i c agrobactin + 

2 or 3 H + + rhodotorulic acid. 

Rhodotorulic acid, a hydroxamate type siderophore, binds 2 / 3 mole 
f e r r i c ion to give an uncharged, orange colored chelate which i s 
f u l l y formed at neutral pH ( 1 0 ) . 

Titrations were performed  abov t that  ymole f 
f e r r i c chloride and 3 ymole
neutralized p r i o r to introductio  ymole  typ
siderophore dissolved i n ethanol. The equivalents of standard 
a l k a l i required to neutralize the solution were then noted. 

Upon introduction of 2 ymoles of agrobactin the color of the 
neutral f e r r i c hydroxamate solution changed from orange to blue 
and the pH f e l l to 3 . 6 . Exactly 3 . 9 8 ymoles of a l k a l i were re
quired to raise the pH to the end point of pH 6 . 5 to 7 , corres
ponding to 2 moles H + per Fe3 +. In the case of parabactin, the pH 
went to just less than k.O upon addition of the catechol and the 
color of the solution was brown, thus indicating the presence of 
some f e r r i c hydroxamate. Restoration of the pH to 6 . 5 to 7 5 which 
again appeared to be an end point, required 1 . 7 H + per Fe3 +. For 
agrobactin A, the pH f e l l to k.k and the solution, although wine 
colored, upon back t i t r a t i o n was s t i l l buffering strongly i n the 
pH range 7 - 8 . 

From these data we conclude that agrobactin and parabactin 
form similar coordination compounds with f e r r i c ion i n which one of 
the atoms linked to the ir o n i n the central bidentate portion of 
the complex i s the t e r t i a r y Ν of the oxazoline ring. At neutral 
pH agrobactin A, i n contrast to the tr i - c a t e c h o l enterobactin 
( l 6 ) , appeared to be not f u l l y coordinated to the f e r r i c ion. 

Similar experiments were performed by ligand exchange with 
the 1 : 1 f e r r i c complex of n i t r i l o t r i a c e t a t e . The t o t a l proton 
yields per iron to the neutral pH zone were ^ . 7 and k.6 for agro
bactin and parabactin, respectively. Thus introduction of the 
iron ( I I I ) , either d i r e c t l y or by ligand exchange, gave complexes 
which for both agrobactin and parabactin should result i n divalent 
anions at neutral pH. 

C. Net E l e c t r i c a l Charge. The iron complexes of agrobactin, 
agrobactin A, parabactin and enterobactin were prepared by neu
t r a l i z a t i o n of the ligands i n the presence of f e r r i c chloride and 
the i r electrophoretic mobilities compared with that of ferrichrome 
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A on paper at pH 6 . 6 i n 0 . 1 μ phosphate buffer. The results are 
recorded i n Table I. 

Table I 

Electrophoretic Mobility of Siderophore Iron ( i l l ) Complexes 

Complex m 
Net Negative 

Charge 
Relative 
Mobility 
pH 6 . 6 

Fe (III) agrobactin 6 8 7 2 0 . 8 5 

Fe (III) agrobactin A 10k 2 - 3 1 . 0 3 

Fe (III) parabactin 6 7 2 0 . 8 7 

Fe (III) enterobactin 7 1 9 

Ferrichrome A 1 0 5 2 3 1 . 0 0 

While the mobility of substances on paper i n an e l e c t r i c 
f i e l d i s known to be influenced by a number of factors, charge 
and mass are certainly the two most s i g n i f i c a n t parameters a f f e c t 
ing the rate of migration. The data i n Table I i l l u s t r a t e that 
f e r r i c agrobactin and f e r r i c parabactin are mononuclear and move 
at comparable rates; the s l i g h t l y enhanced rate of f e r r i c parabac
t i n would be expected i n view of i t s lower molecular weight, pro
vided both complexes bore 2 negative charges. I f f e r r i c entero
bactin were reduced from a net charge of 3 " to 2 " , i t s anticipated 
mobility r e l a t i v e to ferrichrome A would be - 0 . 8 . The somewhat 
greater rates shown for f e r r i c agrobactin and f e r r i c parabactin, 
0 . 8 5 and 0 . 8 7 , respectively, are i n inverse proportion to t h e i r 
lower molecular weights. Fe r r i c agrobactin A could be speculated 
to carry between 2 and 3 charges/mole at this pH. A l l of the 
f e r r i c catechols l i s t e d i n Table I were wine colored at pH 6 . 5 · 
In contrast, an iron complex of parabactin A was purple at both 
pH 6 . 5 and 7.U, and i t displayed an unusually low mobility, thus 
indicating i t to be incompletely formed and/or multi-nuclear. 

In sum, the electrophoresis experiments support the concept 
of iron ( i l l ) binding to the oxazoline Ν i n both agrobactin and 
parabactin to give, i n each case, mononuclear di-anionic com
plexes . 

D. Electronic Absorption Spectra. The absorption spectra 
of the complexes formed by exchange from f e r r i c n i t r i l o t r i a c e t a t e 
were determined i n 0 . 1 M phosphate, pH 7.h9 with a Beckman Model 
25 recording spectrophotometer over the range i i 0 0 - 7 0 0 nm. Agro
bactin and parabactin gave wine colored iron complexes with a 
broad adsorption band centered at about 5 0 0 nm. At pH l.h9 the 
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approximate aga* for agrobactin was U.l at 5 0 5 nm; for parabactin 
the tentative figure was 3 . 3 at 5 1 2 nm. Tait reported a value 
at pH 7.U of 3 . 5 at 515 nm for his "Compound I I I " , which we be
l i e v e to have the structure shown i n Figure 2 , R=H. The absorp
t i o n maximum for f e r r i c parabactin A was s h i f t e d substantially to 
the red and lay at 5 3 5 nm. 

Since the spectra of f e r r i c agrobactin and f e r r i c parabactin 
do show minor differences, a number of experiments were t r i e d i n 
which an attempt was made to mimic these differences v i a examina
tio n of the 1 : 3 f e r r i c complexes of model s a l i c y l and 2 , 3-dihy-
droxyphenyloxazolines and the 1 : 1 : 1 f e r r i c complexes of the model 
oxazolines with T a i t f s "Compound I I " , N 1,N°-bis-(2,3-dihydroxyben-
zamido)spermidine. 

Fer r i c t r i s - s a l i c y l o x a z o l i n e precipitated upon i t s formation 
by the addition of three equivalents of a l k a l i . The neutral com
plex was dissolved i n ethanol to give an orange colored solution 
with a ^ = U .5 at the maximum
2,3-dihydroxyphenyloxazolin
2 . 8 at pH 7 · 5 ; at pH 1 0 , where the complex was f u l l y formed, the 
â iM was k.6 and the maximum had shifted to U95 nm. These data, 
and those obtained by admixture of the oxazolines with T a i t 1 s 
Compound I I , were not p a r t i c u l a r l y illuminating as regards the 
mode of iron complexation i n the natural products. Examination of 
the complexes i n the u l t r a v i o l e t might have proved i n s t r u c t i v e , 
but t h i s aspect was not pursued. 

E. Circular Dichroism. The siderophores studied herein con
t a i n one bidentate ligand mounted on an o p t i c a l l y active sub
stituent, namely, L-threonine or i t s oxazoline. Thus the particu
l a r type of coordination isomer considered by Corey and B a i l a r 
( 1 7 ) could result i n a chelate chromophore which i s capable of 
rotation of plane polarized l i g h t . 

The c i r c u l a r dichroism spectra of the f e r r i c derivatives of 
the two siderophores, t h e i r "A" analogues, and enterobactin were 
determined i n a suitably equipped Cary Model 6 0 spectropolari-
meter. The data are recorded i n Figure 5 · I t i s apparent that 
the curve for f e r r i c agrobactin A resembles that of enterobactin, 
which i s known to y i e l d a A,cis complex with f e r r i c ion ( l 8 ) . In 
contrast, the curves for f e r r i c agrobactin and f e r r i c parabactin 
suggest c l e a r l y that i n this case the configuration around the 
iron i s predominantly a left-handed propeller, i . e . , A,cis_, as i n 
ferrichrome (l£). Steric constraints rule out the possible pres
ence of geometrical isomers of the trans variety. 

F. Formation Constant. 

a. E q u i l i b r a t i o n with Ferrichrome. The data i n Figure 
6 i l l u s t r a t e the a b i l i t y of agrobactin to remove iron from f e r r i 
chrome under the s p e c i f i c experimental conditions employed. Simi
l a r results were obtained with parabactin, enterobactin and a syn-
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Figure 5. Circular dichroism spectra of approximately 0.2mM solutions of A, 
ferric enterobactin; B, ferric agrobactin; C, blank; D, ferric agrobactin A; and E, 

ferric parabactin in 0.1 M phosphate pH 7.4 

0.4| 1 1 1 1 Γ 
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Figure 6. Equilibration of 0.1 mM ferrichrome and 0.1 mM agrobactin in 50% 
ethanol-50% WmU NaHEPES buffer pH 7.2 at 25°C 
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thetic analog of enterobactin, c i s . 1 , 5 , 9-tris(2,3-dihydroxybenza-
mido)cyclododecane (20). I t i s apparent that a l l of these cate
chol compounds are thermodynamically capable of capturing iro n 
from ferrichrome, which i s reported to have K f = 10 2 9·1 ( 2 l ) . 
Since i n each case the iron was completely transferred, we e s t i 
mate that the Kf for the tri-catechols must be at least several 
orders of magnitude greater than those reported for the t r i -
hydroxamate type siderophore ligands. 

b. Equ i l i b r a t i o n with Ferric Enterobactin. Having 
established that the catechol type siderophores based on spermi
dine are superior iron ( i l l ) complexing agents ( i n comparison 
with ferrichrome) we next sought to contrast them with enterobac
t i n . The r e l a t i v e avidity of agrobactin, parabactin and entero
bactin for iron ( i l l ) was estimated by observation of the progress 
of the following reactions from l e f t to right: 

F e r r i c enterobacti

+ enterobactin 

Fe r r i c enterobactin + parabactin + H + = f e r r i c parabactin 

+ enterobactin 

Fe r r i c agrobactin + enterobactin = f e r r i c enterobactin + 

agrobactin + H + 

Ferric parabactin + enterobactin = f e r r i c enterobactin + 
+ 

parabactin + Η 

A t i t r a t i o n v i a l was charged with 0 . 5 ml ethanol, 2 ymoles of 
catechol type siderophore i n 0.2 ml ethanol, 2 ymoles of FeCl~ i n 
0.1 ml methanol and 0 . 5 ml of water. The pH was brought to aDout 
7 with standard 0.1 Ν NaOH and 0.2 ml containing 2 ymoles of com
peting catechol type siderophore was then added. I f necessary, the 
pH was readjusted to ~ 7 · 

Upon adding either agrobactin or parabactin to neutral solu
tions of f e r r i c enterobactin there was l i t t l e change i n pH. How
ever, mixing of enterobactin with either f e r r i c agrobactin or f e r 
r i c parabactin caused the pH to f a l l to less than 6 and ca. 1 to 
2 ymoles of a l k a l i were required to neutralize the solutions. 

The neutral solutions were allowed to stand at room tempera
ture for 1 hr and then subjected to paper electrophoresis for 30 
minutes at pH 6.6. A l l four mixtures separated into about equal 
amounts of the two f e r r i c complexes ; a similar pattern was observ
ed after incubation for 2h hours at room temperature. We conclude 
from these results that ligand exchange was rapid and that a l l 
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three siderophores have about equal a f f i n i t y for iron. Buffering 
by the _o-hydroxyl aromatic functions, which may have pK a

f values 
<8 ( _ l 6 ), probably precluded a pH r i s e upon transfer of iron from 
f e r r i c enterobactin to the spermidine containing siderophores. 

The surprisingly large a f f i n i t y of the spermidine sidero
phores for iron was confirmed by re-examination of the e q u i l i b r i a 
between enterobactin, agrobactin and f e r r i c ion on a more quanti
tative basis. 

Stock 1 0 mM solutions of enterobactin and agrobactin i n 
ethanol were prepared by dissolving, respectively, 3 . 7 3 6 mg i n 
Ο . 5 6 ml and 3 . ^ 2 1 mg i n 0 . 5 ^ ml. The f e r r i c chloride was d i s 
solved i n methanol to give a 2 0 mM solution. A t i t r a t i o n v i a l was 
loaded with 0 . 5 ml ethanol, 0 . 2 ml ( 2 ymoles) catechol solution, 
0 . 1 ml ( 2 ymoles) f e r r i c chloride solution and 0 . 5 ml water. The 
pH was raised to ca. 7 by addition of 0 . 1 Ν NaOH, at which point 
exactly 0 . 2 ml ( 2 ymoles) of solution of competing catechol was 
added and, when the l a t t e
~ 7 . The neutral solution
room temperature to assure e q u i l i b r a t i o n , although the l a t t e r 
appeared to be achieved immediately. 

Exactly 0 . 5 ml of each of the two solutions was applied to 
individual 2 0 cm wide sheets of Whatman No. 1 paper and the sepa
ration performed i n phosphate buffer pH 6 . 8 for 30 min. @ 3 0 ma 
and 2.5KV. Colored bands occurred at 9 and 13 cm from the o r i g i n , 
representing f e r r i c agrobactin and f e r r i c enterobactin, respec
t i v e l y . The zones were eluted into 5 ml of pH 6 . 8 phosphate and 
the spectra recorded from 6 0 0 to kOO nm. 

Starting with the iron i n f e r r i c enterobactin, the r a t i o of 
the maximum absorbancies of the f e r r i c enterobactin and f e r r i c 
agrobactin solutions prepared as above was 0 . 3 2 9 / 0 . 2 1 6 or 1 . 5 2 , 
which would represent [ f e r r i c enterobactin]/[ferric agrobactin], 
assuming equal extinctions at the maxima. Taking an arbitrary 
value of 5 · 0 as the maximum millimolar extinction for both com
pounds, the y i e l d of complexed iron would be ca. 80%. In a cor
responding experiment starting with the iron i n f e r r i c agrobactin, 
the r a t i o of absorbancies for f e r r i c enterobactin and f e r r i c 
agrobactin was 0 . 2 7 7 / 0 . 1 9 2 or l.UU. 

In an experiment i n which equimolar amounts of enterobactin, 
agrobactin and f e r r i c chloride were mixed and analyzed after 
t i t r a t i o n to pH levels of 6 , 7 and 8 the absorbancy ratios found, 
respectively, were 2 . 2 6 , I . 3 6 and 1 . 5 5 , a l l i n favor of enterobac
t i n , after electrophoretic separation at the same pH and elution 
of the bands into equivalent volumes of pH 6 . 8 phosphate buffer. 

In view of the several assumptions, such as the lack of a 
precise number for the extinction of f e r r i c agrobactin, an 
exactly quantitative value cannot be placed on the a f f i n i t y of 
agrobactin for f e r r i c ion. However i t i s clear that the binding 
strength i s comparable to that of enterobactin, which at pH 7·*+ 
i s reported (lQ) to have a formation constant 1 0 -larger than 
ferrichrome, a cyclohexapeptide trihydroxamate siderophore with a 
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well established log K f of 29 .1 ( 2 1 ) . Apart from the difference 
i n charge, the two wine colored complexes are spectrally d i s t i n c t . 
F e r r i c enterobactin, which has a salmon hue, has a maximum at 
U95 nm; f e r r i c agrobactin has a more purple shade and the peak i s 
at 505 nm. 

II . B i o l o g i c a l A c t i v i t i e s 

Agrobactin has already been shown to serve as a siderophore 
i n A. tumefaciens, i n which organism i t has the capacity to reverse 
i n h i b i t i o n of growth invoked by the presence of ethylenediamine-
di-(o.-hydroxyphenylacetic acid)(EDDA). While Tait (_5) referred to 
his "Compound I I I " as a "siderochrome", the previous name for 
siderophore, he did not demonstrate that the substance possessed 
this a c t i v i t y i n P. de n i t r i f i c a n s . 

Table II affords the evidence that parabactin and agrobactin
but not the i r open-for
tion of P. denitrifican
t i o n of these data i s that the synthetic chelator, l i k e d e f e r r i -
ferrichrome A, forms a non-transport able or otherwise unavailable 
anionic complex with f e r r i c ion which e f f e c t i v e l y denies iron to 
the c e l l i n the absence of a strongly competitive ligand which i s , 
i n f a c t , u t i l i z e d (22). Table II also records the a c t i v i t y of 
these compounds with Escherichia c o l i R W 1 9 3 , an organism defective 
i n the synthesis of enterobactin. Thus i t would appear that the 
A,cis complexes are active i n E. c o l i while those with an enantio-
morphic configuration around the i r o n , A,cis, are u t i l i z e d by P, 
den i t r i f i c a n s . 

Growth Response of Paracoccus denitrificans and Fschp-H nhî a. noli 
K-12 RW193 to Spermidine-Containing Siderophores 

Table II 

Siderophore E. c o l i RWIQ^" 

Agrobactin 
Agrobactin A 

+ 
+ 

Parabactin + 
Parabactin A + 

%iigand tested by application of 0.1 and 0.5 nanomoles on nutrient 
agar plates containing a 1/7-5 x 10^ d i l u t i o n of minimal broth 
culture and 0.1 mg ethylenediandne-di-(£-hydroxyphenylacetic acid) 
per ml (22). 

"^Iron (III) complexes tested by application of 2.5» 25 and 250 
picomoles i n the assay system previously described (_6). 
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I I I . Discussion 

Our evidence suggests that both parabactin and agrobactin 
form analogous complexes with ir o n ( i l l ) , as i l l u s t r a t e d i n 
Figure 3. 

Although we have characterized the siderophore of P. d e n i t r i 
ficans as parabactin (Figure 2, R=H) and not parabactin A (Figure 
1, R=H), there i s some question as to which form was isolated 
from the same organism by Tait (_5_). The r e l a t i v e s t a b i l i t y of 
the oxazoline to acid hydrolysis, the spectral s h i f t s observed by 
Tait i n acidic media and not found i n our parabactin A (0), and 
the properties he ascribes to the iron complex can only be recon
c i l e d with the structure i n Figure 2, R=H. Although crude prepa
rations of f e r r i c enterobactin contain a number of colored species, 
the reddish form i s the tris-catecholate; bluish t i n t s are asso
ciated with oxidized/polymerized or otherwise coordinated forms 
of iron (23). Parabacti
with f e r r i c ion which f a i l
alkaline pH. 

The proton count upon iron complexation at neutral pH appears 
to be five/mole for both parabactin and agrobactin. The s l i g h t 
s h o r t f a l l noted i n Figure h could be attributed to various factors 
such as f a i l u r e to achieve equilibrium, to destruction of the 
ligand, or to the presence of undetected impurities i n the sidero
phores. Nonetheless i t i s apparent that at b i o l o g i c a l pH the 
oxazoline Ν atom i n both f e r r i c agrobactin and f e r r i c parabactin 
i s bonded to the iron. In a 2,3-dihydroxyphenyloxazoline the 
three possible binding sit e s are s t e r i c a l l y constrained from simul
taneous attachment to a central metal ion. Hence agrobactin can 
only be hexadentate._ 

In agrobactin 0 & Ν vs 0" & 0" coordination leads to a vast
l y more compact structure, greater s t a b i l i t y of the iron (II) 
species, charge d e r e a l i z a t i o n , reduced o v e r a l l charge, the A con
figuration and, f i n a l l y , an end to competition with H + for the 
very weakly acidic m-hydroxyl group. This mode of binding iron 
must be fundamental i n the siderophore series since i t occurs i n 
agrobactin, parabactin and mycobactin; i n the l a t t e r instance i t 
has been confirmed by crystallography (2h). F e r r i c ion, as a 
"hard" acid, normally prefers coordination to oxygen rather than to 
the "softer" base, nitrogen. However, i n addition to the s t e r i c 
and other reasons just c i t e d , binding to Ν i n agrobactin places 
the metal ion i n a six-membered ring containing two double bonds, 
an environment known to favor i t s s t a b i l i t y . It has been shown 
(25) that mycobactin, with a single o-hydroxyphenyloxazoline 
group flanked by two hydroxamic acid functions, i s able to remove 
iron from the tri-hydroxamate type siderophore ferrioxamine Β 
(K f = 1030.6) β 

Possible roles for the m-hydroxyl i n agrobactin are a c i d i f i 
cation of the neighboring o-hydroxyl group and enhanced water 
s o l u b i l i t y of the ligand. A 0.1 mM solution of agrobactin can be 
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achieved i n an aqueous solution containing 20% methanol; parabac
t i n i s substantially less soluble. 

The deprotonation curve for agrobactin with Ga ( i l l ) i s es
s e n t i a l l y similar to that shown for Fe ( i l l ) i n Figure U. The 
spermidine containing siderophores undoubtedly bind Tb ( i l l ) , an 
ion which we observed to perturb the absorption band of enterobac
t i n i n the near u l t r a v i o l e t . Parabactin may form complexes with 
molybdate since the presence of molybdenum i n the low iron medium 
imparts a bright orange color to the culture f l u i d of P. d e n i t r i 
ficans , an organism known to possess the molybdenum containing 
nitrate reductase. Thus i n this species parabactin may play a 
dual role i n scavenging both i r o n and molybdenum. This idea has 
already been advanced for Bacillus thuringiensis ( 2 6 ) . 

Ferrichrome i s a convenient siderophore against which to mea
sure the r e l a t i v e capacity of catechol type ligands to complex 
iron ( i l l ) . It i s available as a c r y s t a l l i n e s o l i d of high purity
the s t a b i l i t y constant ( l O
of the charge transfer
the f e r r i c tris-catecholates. We found that enterobactin and the 
synthetic carbocyclic analogue derived from 1 , 5 9 9 tri-amino-cyclo-
dodecane ( 2 0 ) were able to remove iron from ferrichrome completely 
and at almost i d e n t i c a l rates (t]_/2 = 6 hrs i n 1 0 mM HEPES pH 7 . 2 , 
1 0 $ methanol). Under comparable conditions an enterobactin ana
logue based on tri-aminomethyl benzene, 1 , 3 , 5 - t r i s (N,Nf ,N t f - 2 , 3 -
dihydroxybenzamido methyl)benzene (2J), was unable completely to 
abstract ferrichrome iron and appeared to equilibrate about 5 0 - 5 0 
with ferrichrome A (Kf = 1 0 ^ 9 · 6 ) 5 although the reaction was faster. 
The deprotonation curve for enterobactin d i f f e r s somewhat from 
that shown for agrobactin and parabactin i n Figure h i n that i t 
i s s h i f t e d to more acidic pH values throughout i t s entire course 
and results i n displacement of exactly s i x H + at physiological pH 
( l 6 ) . Hence the c y c l i c twelve-membered enterobactin backbone 
seems exquisitely designed to f o l d around the iron ( i l l ) ion, a 
process which has been observed to involve a major conformational 
change of the c y c l i c t r i e s t e r ( 2 8 ) . Our results demonstrating 
almost equivalent d i s t r i b u t i o n of iron among the three catechol 
type siderophores indicates that a similar comment applies to the 
s p e c i f i c l i n e a r array of atoms i n the spermidine peptide moiety 
of agrobactin and parabactin. Tait (5.) had already concluded that 
the s t a b i l i t y of the P. denitrificans siderophore F e 3 + complex i s 
"much higher" than that of Fe^ + ,EDTA. The absence of ester bonds 
obviously enhances the resistance of the spermidine siderophores 
to hydrolytic cleavage. 

The data given i n Table II suggest opposite c h i r a l i t y 
requirements for the siderophore transport systems i n the two Gram 
negative organisms P. denitrificans and E. c o l i . This has not 
been demonstrated previously among the catechol type siderophores 
although i t has been reported ( 2 £ ) that the racemic f e r r i c - c i s -
l , 5 5 9-tris ( 2 , 3-dihydroxybenzaiitido)cyclododecane displays about 
half of the a c t i v i t y of f e r r i c enterobactin i n competing for the 
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s o l u b i l i z e d outer membrane receptor of E. c o l i . This "would l o c a l 
ize one s i t e of op t i c a l s p e c i f i c i t y to the surface receptor. We 
have i n i t i a t e d a systematic study of the cross r e a c t i v i t i e s of the 
three catechol type siderophores i n the organisms producing them. 
Recently Winkelmann ( 3 0 ) produced convincing evidence that A,cis 
ferrichrome i s the preferred isomer i n Neurospora erassa. 

The structure given i n Figure 3 represents our concept, based 
on the available evidence and the examination of CPK models, for 
the constitution of the iron ( i l l ) complexes of agrobactin and 
parabactin. Possible H bonds have been indicated but not yet 
demonstrated. The problem requires further investigation by 
additional techniques, such as X-ray d i f f r a c t i o n and high resolu
tion NMR; experiments to this end are i n progress. The solution 
structures of agrobactin and parabactin, and those of t h e i r metal 
complexes, are of interest from the point of view of microbial 
iron assimilation. Moreover  parabacti  ( 3 1) d agrobacti  (A
Jacobs, personal communication
ration of mammalian c e l  p otentially  drug
i n chelation therapy. 

Abstract 

Agrobactin and parabactin form analogous complexes with iron 
(III) in which the metal ion is bound in apparent Λ,cis configu
ration to the distal catechols and to the central o-hydroxyphenyl-
oxazoline function. The open chain derivatives, agrobactin A and 
parabactin A, appear to yie ld chelates of the opposite chiral i ty , 
a conclusion supported by growth tests with Paracoccus denitr i f i 
cans and Escherichia coli. The affinities of the tri-catechol 
siderophores agrobactin, parabactin and enterobactin for iron (III) 
are closely comparable in magnitude and exceed by several powers 
of ten the formation constant of the cyclohexapeptide trihydroxa-
mate ferrichrome (log Kf = 29.1). 
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Iron is an essentia
common with other elements
This arises in part because of the tendency of iron(III) to 
separate in tissues as very insoluble hydroxide and phosphate 
salts at the physiological pH and higher unless bound to trans
ferrin, the iron transport protein, or to ferritin, the iron 
storage protein. Iron absorption via the diet is physiologically 
controlled, but the body has no regulatory mechanisms for elim
inating a toxic excess introduced by accidental overdose or by 
multiple transfusions. 

Cooley's anemia and its treatment provide an example of the 
difficulties of correcting deficient iron metabolism (3 ,4). 
Cooley's anemia is a genetic disease originating from errant bio
synthesis of the β-chain of hemoglobin which can only be treated 
by an interminable transfusion regimen. The increased iron input 
(20-25 mg/day) exceeds the capacity of transferrin and ferritin, 
resulting in separation of insoluble iron in critical tissues, 
e.g. the heart, liver, pancreas. In pri n c i p l e , this ultimately 
f a t a l condition can be treated by administration of an iron che
lat i n g agent which promotes remobilization and excretion of the 
deposited iron. In practice, neither desferrioxamine Β (DFB), 
the most commonly used iron chelator, nor any other agent c l i n i c 
a l l y evaluated to date has been able to do more than retard the 
condition (5). 

It has been stated (5) that the ideal iron chelating agent 
should be inexpensive and o r a l l y active. It should have a high 
and selective a b i l i t y to bind iron(III) rapidly under physiolog
i c a l conditions, r e l a t i v e to f e r r i t i n and transferrin, while not 
interfering with hemoglobin, myoglobin, the cytochromes, and 
normal iron biochemistry. It should be free of both acute and 
chronic side effects, and resistant to metabolic changes which 
impair i t s a b i l i t y to bind iron. These requirements may be 
achieved with some degree of p r e d i c t a b i l i t y and are now discussed 
together with the results of animal screens of potential iron(III) 
chelators which have been reported by different laboratories (6-9). 
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Coordination of Ferric Iron 

The basic requirement of an iron chelating drug i s that i t 
have a high and selective a f f i n i t y to bind iron avidly under 
physiological conditions. The t r i p o s i t i v e Fe(III) ion i s a hard 
acid and consequently i s bound most strongly by hard bases, the 
most effective of which are oxyanions, such as hydroxide, phen-
oxide, carboxylate, hydroxamate and phosphonate ( 1 0 ) . The coord
ination number i s usually six, although some seven-coordinate 
complexes are known. The most favorable geometry i s an octa
hedral arrangement of donor atoms, permitting the maximum possible 
distance between their formal or p a r t i a l negative charges. Charge 
neutralization i s an important factor, and i s optimum when the 
t o t a l charge of the six donor atoms i s - 3 , as for the bidentate 
hydroxamate and tropolonate ligands. Steric effects can be im
portant and, i n the case of the EDTA complex of Fe(III)  prevent 
the formation of the optima
donor atoms; here bindin
oxyanion and formation of a seven coordinate species i s preferred 
( 1 1 ) . 

S t a b i l i t y Constants as a Measure of A f f i n i t y for Iron 

The a f f i n i t y of a ligand for iron(III) may be defined quanti
t a t i v e l y in terms of the thermodynamic constants of the e q u i l i b r i a 
involved between the aquo metal ion and the deprotonated ligand L: 

FeL + L s f = ^ FeL 2 FeL 2 + L FeL^ 

The formation or s t a b i l i t y constants K n for this series of equi
l i b r i a are defined by equation ( 1 ) . 

[FeL] [FeL 9] [FeLJ 
Κ = Κ _ z Κ =

 n ( 1 ) 

1 [Fe] [L] 2 [FeL][L] n [ F e L ^ H L ] 

These i n turn may be expressed as the s t a b i l i t y products, 3., 
where 

h = K l Η = K 1 K 2 Κ = K 1 K 2 K n ( 2 ) 

and 
t F e L J 3 = S 

1 1 [ F e ] [ L ] n 

( 3 ) 

S t a b i l i t y constants are generally applicable to experimental 
conditions which are most favorable for chelate formation, i . e . , 
in the absence of competing ions and at the optimum pH. It has 
been estimated ( 1 2 ) that under these conditions the s t a b i l i t y pro-
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duct (3 of transferrin, the body's iron transport protein, i s 
approximately 10 3 6. This indicates a very high order of s t a b i l 
i t y . Classes of synthetic chelating agents which have a compar
able or greater a f f i n i t y for iron(III) under optimum i n v i t r o 
conditions are shown i n Figure 1. 

The efficacy of a chelating drug i n vivo i s usually reduced 
substantially by competing ions present i n the b i o l o g i c a l milieu 
(13). Calcium ions (10~"3 Μ ) , hydrogen ions (10~ 7 Μ ) , and hydrox
ide ions ( H T 7 M) are the most serious interferences which com
pete with either the drug for iron(III) (OH"), or with the 
iron(III) for the chelating drug (Ca 2 +, H +). For example, the 
greater the ba s i c i t y of the chelator, the greater i t s a f f i n i t y 
for i r o n ( I I I ) , but this effect i s paralleled by a higher a f f i n i t y 
for protons. When the pK of the chelator i s substantially 
greater than the physiological pH, proton competition w i l l 
greatly decrease the concentration of the basic form of chelator, 
thus reducing the meta

Computer simulatio
f l u i d s has been reported with the object of chelation therapy. 
In one paper (14) the di s t r i b u t i o n of Ca 2 + , Mg 2 +, Fe 2. , Cu 2 , 
Zn 2 +, and P b 2 + amongst 5000 complexes formed with 40 ligands was 
computed. However, i n considering ligand design i t i s often more 
helpful to estimate interferences by use of an interference term 
α (13,15,16). For example, i n the case of proton interference, 

represents the fraction of ligand i n i t s completely deproton
ated form. If T L i s the t o t a l concentration of the uncomplexed 
drug i n the medium, then equation (4) may be derived. 

[L m-] = T L a L (4) 

where 

a L - (1+ [ H +
] E ; + [ Η + ] 2 β « + [ H V ^ ) " 1 

and 3 i s the appropriate s t a b i l i t y product of LH. formation, 
i . e . , 1 [ H i L ] / [ l T ^ ] i [ L ] . 1 

The corresponding expressions for calcium ion and hydroxide 
ion interference are equations (5) and (6), respectively, and the 
effective binding constant, K e f f , of the iron(III)-drug complex 
i s defined by equation (7) 

CaL 
(5) 

a F e = (1 + [OHief + [ O H ] 2
6 f + [ O H l X J V 1 (6) 

log K e f f = log 6 F e L - n l o g ( a ^ L + a" 1) - log ( a ^ ) (7) 
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3 - I s o p r o p y l t r o p o l o n e , HL 

.. Log β Log Κ Τ,-0.001 Τ,-1.00 Che l a t e η ° n ° ef f L L 

A c e t o h y d r o x a m i c a c i d , HL C H ^ c j NH 

\ 
^ CH 2C00H 

Ν CH.COOH 

CH2COOH 

E t h y l e n e d i a m i n e t e t r a a c e t i c HOOCCH. 

N — C H . C H - — Ν 

FeL 1 25.0 8.10 -3.81 -3.81 

D l e t h y l e n e t r i a m l n e p e n t a - HOOCCH. CH.COOH CH.COOH FeL 1 28.0 10.96 -0.95 -0.95 
\ 2 I 2 / 2 

^ N C H 2 C H 2 N C H 2 C H 2 N ^ 

Figure 1. Iron(III) affinities of chelating agents in terms of standard and effective 
stability constants 
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Log β Log Κ ,. Τ -0.001 Τ -1.00 

Trlethylenetetraminehexa-
a c e t l c a c i d , H^L 

HOOCCH. /CH,C00H\ CH.COOH FeL 1 26.8 10.61 -1.30 -1.30 CCH. /CH-COOHv ( 
\ 2 [I 2 ] / NCH,CH,1-NCH,CH,4N 

J. \ h\ 

N,N'-Bls(o-hydroxybenzyl) 
ethylenediamlne-N,Ν *-
d l a c e t l c a c i d , H.L 

HOOCCH, _ u CH.COOH FeL~ 1 39.7 20.78 8.87 8.87' 
\2

 y
cn2ch / 2 

Ν X Ν 
CH, 

Ethylenebls-N,Ν'-(2-o-
hydroxypheny1)glycln< 
H.L 

CO 
\ 

Log β Log Κ Τ -0.001 Τ -1.00 

r 

Chelate η 

FeL 3" 1 52 25 13 13 

( Ψ"^> \ 
OH H ° ^ C 0 _ N / / 

CO / C ( 
\ NH 

Desferrioxamine B, H.L 

0 OH 
II I 

0 OH 
I 

0 OH 
II I 

CH,—C—N— (CH 2) 5NHC0(CH 2) 2~C—N— (CH,) ̂ NHCO(CH,) , — C — N — (CH,) ̂NH. 

FeL 1 30.6 16.34 4.44 4.44 

Standard data used in these calculations are : log s[e0H - 11.09; log β**0" - 21.96; -log K s p Fe(0H> 3 -

log 6 f e 0 H - 24.4; - log Κ - 13.795; pH - 7.40. 
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Equation (6) only takes into consideration the formation of s o l 
uble mononuclear hydroxy complexes of iron. Since ap e has a fixed 
value of 1 0 9 · 3 at pH 7.4, and i s independent of other ligands, the 
re l a t i v e e f f i c a c i e s of different chelating drugs may be compared 
by taking only calcium and hydrogen ion interferences into ac
count. 

Transferrin i s believed (17) to bind iron(III) with three 
phenolate (tyrosine) residues and, being weakly ac i d i c , proton 
interference i s responsible for the si g n i f i c a n t difference between 
3 (10 3 6) and K e f f ( 1 0 1 6 ) . The phenolate group i s also present i n 
seven of the fourteen structures i n Figure 1, which i s testimony 
to the pa r t i c u l a r l y strong and selective a f f i n i t y of this group 
for i r o n ( I I I ) . Proton interference increases with the number of 
phenolate groups and i n the case of the t r i s complex of 2,3-di-
hydroxynaphthalene-6-sulfonic acid, proton interference reduces 
33 by a factor of 10 2 5. 

Hydroxamic acids ar
ently, proton interferenc
one reason why DFB, a hexadentate hydroxamic acid (Figure 2), has 
been of some u t i l i t y i n the treatment of iron overlaod. DFB i s 
competitive with tr a n s f e r r i n for iron(III) on the basis of their 
K e f f values and model i n v i t r o studies, and the main drawbacks of 
DFB appear to be poor absorption when administered o r a l l y plus a 
susceptability to rapid metabolism and degradation i n plasma (18). 

Tropolones ought to be a most promising class of compounds 
for study. The pK a of the pseudo-phenolic group i s about 7 and, 
consequently, there i s v i r t u a l l y no proton interference. Calcium 
ion interference i s minor and i n the case of 3-isopropyltropolone 
the value of log K e f f at pH 7.4 i s 21.9 compared with a log 33 
value of 32. This value of log K e f f i s the highest of the group 
of bidentate chelators i n Figure 1, and 10 6 times greater than the 
K e f f of transferrin. A plasma concentration of 5 χ ΙΟ" 5 M (6 
yg/ml) i s calculated to be s u f f i c i e n t to sequester 10% of trans-
ferrin-bound iron, i n spite of the fact that this tropolone i s 
only bidentate. The major disadvantages of tropolones are 
expense, synthetic i n a c c e s s i b i l i t y , some CNS t o x i c i t y , and d i f f i c 
ulty i n creating hexadentate forms. 

Reliable equilibrium constants are not available for any 
phosphonic acids i n the form of bidentate chelating agents, but 
comparison of the data for hexadentate agents shown i n Table I 
demonstrates that the phosphonate group has a higher a f f i n i t y for 
iron(III) than the carboxylate group. 

F e r r i c Ion Hydrolysis and Fer r i c Hydroxide S o l u b i l i z a t i o n 

The most serious interference to Fe(III) binding and excre
tion i s hydrolysis to produce aquo complexes and, i n the most 
extreme case, to form a precipitate of f e r r i c hydroxide. The 
f i r s t stage i n the condition of iron overload i n vivo occurs when 
the plasma iron l e v e l exceeds that of f e r r i t i n and transferrin. 
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TABLE I 
Chelating Tendencies of N,Nf-bis(o-hydroxybenzyl-Ν,Ν1-ethylene-

diaminedi(methylenephosphonic) acid (HBEDPO) 

0 
H O ^ I I 

PCH0 

N — C H 2 C H 2 — Ν 

>H HO 

0 
I U 0 H 

CH0P 
/ 2 ^ 0 H 

.n+ 

Cu 
Ni 
Co 
Ca 
Mg 
Fe 

2+ 
2+ 
2+ 
2+ 
2+ 
3+ 

EDTA 
18.70 
18.52 
16.26 
10.61 
8.83 

25.0 

HBED 
21.38 
19.31 
19.89 
9.29 

10.51 

HBEDPO 
24.00 
17.91 
18.02 
8.36 
7.95 

39.68 >40 

At this point, excess iron i n the plasma i s bound only weakly as 
non-specific protein complexes. As the iron concentration 
increases, the iron begins to separate i n the form of insoluble 
phosphate or hydroxide complexes. An iron chelating drug must be 
capable of remobilizing this form of iron. 

Assuming the worst case, where iron i s separated as the less 
soluble (a) form of Fe(OH)^, the iron concentration i s given by 
equation (8) (19,20). 

3+ -42 
v ι η-41 Γ τ Γ 3+ i r -,3 [Fe J ]10 
K s p = 10 = [Fe ][0H ] = I (8) 

LH J 
i. e . , [Fe J ] = 10[H ] 

One may then determine the effective s o l u b i l i z i n g constant 
K S o l o f t h e chelating agent, which i s the r a t i o of bound soluble 
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iron (FeL n) to the uncoordinated ligand i n solution, T L - Combin
ing equations (4), (5), (8), and (9) and neglecting interference 
by other metal ions one may derive equation (10). 

Sol 

FeL [Fe 3 +] 

[FeL ] 6FeL 1 0 [ H + ] 3 T T
( n _ 1 ) 

η n L 

(9) 

(10) 
. -1 _,_ - l . n 
( a L + a C a } 

i.e., log K S o l = log e p e L + 1 - 3 pH-n log ( a " 1 + a"*) 
η 

+ (η - l ) l o g Τ 

A value of log Κ$0± equa
s i g n i f i c a n t a b i l i t y to dissolve Fe(0H)3, the tendency increasing 
rapidly as the value of log Kg 0^ increases i n magnitude. As an 
example, EDTA has a log 3 F e L value of 25 and at pH 7.4 i n the 
presence of 10~ 3 M calcium ion the interference term OIL ̂ s 10" 1 2· 
The calculated value of log i s -5.1 and f e r r i c hydroxide i s 
not expected to dissolve i n this system. The values of log K g 0 i 
of the bidentate chelating agents shown i n Figure 1 indicate 
s a l i c y l i c acid and related compounds w i l l not dissolve Fe(0H)3 
while hydroxamic acids w i l l be marginally effective. The natural 
sexadentate hydroxamic acid, desferrioxamine B, however, i s pre
dicted to be f a i r l y e f f e c t i v e . Sexadentate ligands containing 
two phenolic groups, EHPG and HBED, are seen to be highly effec
tive i n s o l u b i l i z i n g f e r r i c hydroxide, and the sexadentate t r i s -
catecholate ligand enterobactin i s without doubt the most 
effective ligand l i s t e d in this paper. 

The a b i l i t y to bind and s o l u b i l i z e iron(III) i n alkaline 
medium i s not entirely predictable on the basis of the above con
siderations. For example, the three hydroxyethyl analogs of NTA 
in Figure 3 show an a b i l i t y to sequester iron(III) i n alkaline 
solution i n the order TEA > DHG > HIMDA. As the number of hydroxy
ethyl groups increases, the resistance of the Fe(III) complex to 
disporportionation v i a f e r r i c hydroxide precipitation extends i n 
creasingly into the alkaline region. In the case of the highest 
member of the series, triethanolamine, soluble, colorless Fe(III) 
chelates are formed at pH 14 and above, and even in so l i d a l k a l i 
hydroxides. It has been demonstrated (21) that above pH 13, 
increasing [0H~] increases the effectiveness of triethanolamine 
in formation of stable complexes having the general formula 
Fe a(0H)b(H_ nL) c3a-b-nc, whereby b and the ratio a/c becomes much 
greater than unity at very high pH. While members of this series 
of compounds become more effective for F e 3 + as the pH increases, 
they become increasingly less effective at low pH, so that mix-
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NH CO 
\ / 
(CH 2 ) 5 ( £ H , ) 9 

0" Ο 
0C-(CH 2 )gC-0 Fe 3 *"0-N-(CH 2 ) 5 -NH 

(CH 2 ) 5 

N H , 

C H , 
Figure 2. Iron(III) complex of desferri-

oxamine Β 

HIMDA 

H O C H 2 C H 2 — Ν 

^ C H 2 C 0 0 H 

V CH2C00H 

DHG 

H O O C C H 2 — Ν 

^ C H 2 C H 2 O H 

^ C H g C H g O H 

HEDTA 

HOCH?CH? ChLCOOH Η / 2 

. N - C H . C r L - N 
/ 2 2 X 

HOOCCH2 CH2COOH 

TEA 

H 0 C H 2 C H 2 - N 

^ C H 2 C H 2 O H 

I 
^ C H g C H g O H 

Figure 3. Hydroxy ethyl derivatives of NT A and EDTA 
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tures of these ligands have been employed i n industry to achieve 
effectiveness of Fe(III) complexing over a broad pH range. Fre
quently i n d u s t r i a l sequestering agent preparations are composed 
of mixtures of these ligands with EDTA. 

The replacement of one acetate function of EDTA by a hydroxy-
ethyl group, to give HEDTA, also results i n the formation of a 
compound which extends the useful Fe(III)-sequestering range of 
EDTA to higher pH (the EDTA-Fe(III) chelate system decomposes to 
precipitate Fe(0H)3 around pH 8, depending on conditions and the 
concentration of excess EDTA). Since similar variation of the 
NTA structure provides f t F e ( I I I ) - s p e c i f i c " complexing agents 
through dissociation of the hydroxy group to negative alkoxide 
donors, i t was f i r s t thought that HEDTA functions i n a similar 
way, by the formation of chelates such as FeH-iL" (where H3L 
represents HEDTA). While such i s certainly the case for Th^4", 
which forms a unique polynuclear complex with HEDTA (22), evidence 
has been presented to sho
intact i n Fe(III) complexes
produce hydroxo complexes and the corresponding μ-οχο dimer (23). 
This conclusion i s further supported by the c r y s t a l structure of 
Fe(III)-HEDTA μ-οχο dimer (11). If one accepts structures for 
aqueous solution similar toThose found in the s o l i d state i n 
which the hydroxyethyl group i s not coordinated, one i s s t i l l l e f t 
with the problem of explaining the experimental fact that HEDTA-
Fe(III) complexes are more stable than those of EDTA with respect 
to Fe(0H)3 precipitation, even though the s t a b i l i t y constant of 
the normal chelate (FeL" for EDTA and FeL for HEDTA) i s much 
greater i n magnitude for EDTA. Under these circumstances, and i n 
view of the x-ray data, the only reasonable explanation l i e s i n 
the greater s t a b i l i t i e s of the hydrolytic forms of the i r o n ( I I I ) -
HEDTA chelate, for which equilibrium data are available (10), and 
which are i l l u s t r a t e d schematically i n Figure 4. Apparently the 
species FeLOH" and FeL(OH)\~ are r e l a t i v e l y resistant to dispro-
portionation to f e r r i c hydroxide, and the hydroxyethyl group must 
somehow be involved (e.g., through solvation) i n the achievement 
of this effect. 

Limitations of the Use of S t a b i l i t y Constants 

While values of 3, K e f f, and K S o l provide a quantitative 
assessment of the a b i l i t y of a chelator to bind iron, i t must be 
recognized that they are equilibrium constants and provide no 
information about the rate at which e q u i l i b r i a are established. 
This has been cl e a r l y shown by i n v i t r o measurements of the rates 
of removal of iron(III) from transferrin by EDTA, c i t r a t e , and 
NTA (24). The percent iron transferred at equilibrium was found 
to follow the order EDTA > c i t r a t e * NTA, which i s the order pre
dicted from the K e f f values of the chelates; however, equilibrium 
was established more rapidly with c i t r a t e and NTA (1 hr) than 
with EDTA (>12 hr under the s p e c i f i c experimental conditions). 
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Obviously, the advantage of using a drug with a high K e f f value 
w i l l be largely negated i f the time required to establish e q u i l i 
brium i s substantially greater than the in vivo li f e t i m e of the 
drug. This may be one reason why DFB i s not a more effective iron 
chelating drug, for i t i s rapidly metabolized (18) by plasma 
enzymes yet i s unable to remove iron from transferrin at a s i g n i 
f icant rate i n v i t r o or jLn vivo. Recently, i t has been shown that 
DFB w i l l remove iron rapidly (hrs) from transferrin i n the pres
ence of a th i r d , less effective ligand such as NTA, c i t r a t e , ATP, 
and 2,3-diphosphoglycerate (25,26,27). This confirms the kinetic 
nature of the problem, and suggests that an optimum iron chelating 
drug should incorporate some molecular feature which promotes 
exchange. Unfortunately, there i s not a good understanding of 
what this functional group should be. A possible explanation for 
this effect i s catalysis or transfer of the metal ion from one 
sexadentate ligand to another through the formation of mixed l i g 
and intermediate ternar
for analogous reaction

Equilibrium constants are possibly even less r e l i a b l e when 
predicting the a b i l i t y of chelators to mobilize ferritin-bound 
iron for i t has been found that the percent iron removed i n a 
given time for c r y s t a l l i n e and non-crystalline f e r r i t i n by the 
above three chelators i s NTA >> EDTA > c i t r a t e (29). This order 
shows no relationship to the calculated 3, Keff» a n c* K S o l values 
of the chelating agents and some other factor, e.g., the s t e r i c 
a c c e s s i b i l i t y of the f e r r i t i n core (30) and associated ki n e t i c 
factors must be involved. Redox mechanisms by which iron i s 
mobilized from f e r r i t i n stores have been proposed and i t has been 
shown that 2,2'-bipyridyl can mobilize several hundred iron atoms 
from f e r r i t i n i n the absence of any other reducing agent with con
comitant formation of 2,2 f-bipyridyl-N-oxide (31). Thus, one of 
the mechanisms for mobilizing iron involves reduction of Fe(III) 
to Fe(II). 

The importance of kine t i c effects and s p e c i f i c biochemical 
mechanisms of iron transport do not negate the use of s t a b i l i t y 
constants as guides to the design of new iron chelating drugs, 
but they do indicate the need to consider the bulk of the che
la t i n g agent and i t s possible effect on the kinetics of iron 
mobilization. It i s quite conceivable that i n some cases the ad
vantages of a compact bidentate drug may offset the advantages of 
the chelate effect associated with the use of a hexadentate drug, 
or that the efficacy of a hexadentate drug may be enhanced by 
co-administration of a smaller, k i n e t i c a l l y more l a b i l e iron 
chelator. 

The Chelate Effect 

Six coordinate iron(III) may be bound by either one molecule 
of a hexadentate drug, two molecules of a tridentate drug, three 
molecules of a bidentate drug, six molecules of a monodentate 
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drug, or some combination thereof. The choice becomes important 
because of the extra s t a b i l i t y associated with the chelate effect, 
which favors the use of compact multidentate ligands. The chelate 
effect arises because of (a) favorable s t a b i l i t y constants associ
ated with the formation of compact multidentate structures, and 
(b) a concentration factor, which becomes dominant at the concen
trations l i k e l y to be encountered in vivo. 

The former can be i l l u s t r a t e d by considering the equilibrium 
between the iron(III) chelates of DFB, a hexadentate ligand 
(Figure 2), and i t s bidentate analog, acetohydroxamic acid: 

DFB + 

-NH 

=CMe 

Fe(DFB) + 3MeC0NH0H (12) 

[Fe(DFB)] K[DFB] (13) 
[Fe(MeCONHO)3] [MeCONHOH]^ 

From s t a b i l i t y constant measurements, log Κ = 2.3 mol2-£, 2 (32,33). 
The equilibrium therefore favors the hexadentate chelate for a l l 
but extreme ligand concentrations. 

The second component of the chelate effect, the concentration 
factor, can be i l l u s t r a t e d by considering the a b i l i t y of a drug 
(D) to sequester transferrin-bound iron: 

TF-Fe + nD =̂ 

[TF-Fe] 
i.e. 

[D n-Fe] 

TF + D -Fe η 
TF 

K e f f t T F l 
TrD r ̂ , η K e f f [ D ] 

(14) 

(15) 

For a bidentate drug n= 3, while for a hexadentate drug n= 1. 
Given a plasma concentration of 4 χ ΙΟ""5 M for the transferrin-
iron complex, and assuming that the same plasma concentration of 
the drug can be attained, one may calculate the s t a b i l i t y constant 
of the drug (K§ f f) which i s required i f 50% of the tra n s f e r r i n -
bound iron i s to be sequestered by the drug. If the drug i s hexa
dentate, this i s achieved when K^ff = K|ff. However, i f the drugs 
are tridentate or bidentate, their s t a b i l i t y constants must be 10 4 

and 10 8 times that of K^f f, respectively. 
The same property i s i l l u s t r a t e d by the data i n Table II 

which compares the degrees of dissociation of tetracoordinate com
plexes with 0, 2, and 3 chelate rings. A chelate effect of 10 2 

per chelate ring i s assumed as the basis for the arbitrary s t a b i l 
i t y constants l i s t e d . The superior properties of the metal 
chelate i n dilute solution are dramatically i l l u s t r a t e d by a 
simple calculation of the degrees of dissociaton i n 1.0 molar and 
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TABLE II 
Degrees of Dissociation of Complexes 

and Chelates i n Dilute Solution 
-3 

1.0 M Complexes 1.0x10 M Complexes 
No. of % % 
chelate Formation Disso- Disso-
rings Constants Value Free [M] ciatio n Free [M] ci a t i o n 

18 -5 -3 -4 10 1 χ 10 1 χ 10 1 χ 10 10 
[M][A] 4 

[MB~] _2 Ο O _Q Λ 
10 3 x 1 0 3 x 1 0 5 x 1 0 5 x 1 0 

[Μ][Β] 2 

Ι Ο
[M][L] 

1.0 χ 10 J molar solutions. 
It has been pointed out by Adamson (34) and others (35,36) 

that the entropy-related chelate effect, as manifested i n the 
s t a b i l i t y constants, disappears when unit mole frac t i o n replaces 
unit molality as the standard state of solutes i n aqueous sys
tems. On this basis the s t a b i l i t y constants assumed for the 
model compounds in Table II (20) would have to be equivalent i n 
magnitude regardless of the number of chelate rings formed. On 
the other hand the re l a t i v e degrees of dissociation of the model 
compounds i n Table II remain an experimental fact, with the 
larger concentration unit giving smaller numerical concentrations 
for the solutions i l l u s t r a t e d , thus compensating for the disap
pearance of the chelate eff e c t i n the numerical values of the 
s t a b i l i t y constants. 

Some other factors which must be taken into account i n 
designing ligands with maximum s t a b i l i t y and s e l e c t i v i t y are 
summarized i n Table III (20) and a s p e c i f i c example of the ad
verse effect of increasing ring size on ΔΗ and AS i s shown i n 
Table IV (37). Mutual coulombic repulsions between donor groups 
in the metal chelate are important, and the extent to which 
these repulsions are p a r t i a l l y overcome i n the free chelating 
ligand r e l a t i v e to analogous unidentate ligands i s a manifesta
tion of the enthalpy-based chelate effect. This property, which 
greatly increases s t a b i l i t y constants, i s developed to an even 
higher degree i n macrocyclic and cryptate ligands that hold the 
donor groups at geometric positions r e l a t i v e l y close to the 
positions that they would assume in the chelate. Thus s t a b i l i t y 
and s p e c i f i c i t y would be increased in a l l types of multidentate 
ligands by synthesizing structures i n which the freedom of the 
donor groups to move away from each other i s decreased as much as 
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TABLE III 
Factors Influencing Solution S t a b i l i t i e s of Complexes 
Enthalpy Effects Entropy Effects 

Variation of bond strength with 
electronegativities of metal 
ions and ligand donor atoms 
Ligand f i e l d effects 
Enthalpy effects related to the 
conformation of the uncoordin
ated ligand 
Steric and e l e c t r o s t a t i c re
pulsions between ligand donor 
groups i n the complex 
Other coulombic forces involve
in chelate ring formatio

Number of chelate rings 
Size of the chelate ring 
Arrangement of chelate rings 
Changes of solvation on complex 
formation 
Entropy variations in uncoord
inated ligands 
Effects resulting from d i f f e r 
ences i n configurâtional entro

TABLE IV 
Variation of Thermodynamic Constants as a Function 

of Chelate Ring Size 

Ca 2 +(aq) + (""OOCCHJ 0N- (CH„) -N(CH oC00") o = [Ca chelate] Ζ Ζ ζ η Ζ ζ 
Κ -ΔΗ°(kcal/mole) AS°(cal/degree 

= 2 10.7 6.55 26.6 

3 7.28 1.74 27.4 

4 5.66 0.9 29.7 

5 5.2 - -

8 4.6 _ -

possible. One of the obvious ways to achieve this objective i s to 
synthesize organic ligands having r i g i d molecular frameworks, as 
may be achieved by use of unsaturated linkages and aromatic rings 
in the bridging groups of the ligands. Increase i n r i g i d i t y of 
the ligand would also minimize or remove completely the unfavor
able entropy effects related to the decrease of vibrational and 
rotational freedom of ligand atoms that generally occurs i n metal 
ion coordination. 

It i s obvious that many of the factors l i s t e d i n Table III 
(e.g., number of rings, chelate ring shape) are not sensitive to 
properties of the metal ion and therefore w i l l not provide d i f f e r -
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ences in metal-ligand interaction. S e l e c t i v i t y i n metal complex 
formation, as measured by differences in s t a b i l i t y constants, re
quires the use of factors that are very sensitive to the nature of 
the metal ion. The most effective ways to achieve s e l e c t i v i t y in 
chelate formation with multidentate ligands i s to change the 
nature of the donor group in such a way as to change the degree 
of covalency of the metal ligand bonds formed. Thus the matching 
of the a and b character of the metal ion and ligand donor atoms 
would take advantage of differences i n electronegativity and 
p o l a r i z a b i l i t y of the metal ions under consideration. Those 
factors that are sensitive to only the size of the metal ion 
(e.g., size of the chelate rings) would probably be less effective 
in achieving s e l e c t i v i t y for open-structured ligands, but may be 
much more effective for macrocyclic anc cryptate ligands. For 
metal ions d i f f e r i n g i n ionic charge and/or coordination number 
there i s no d i f f i c u l t y i n achieving high degrees of s e l e c t i v i t y , 
even with r e l a t i v e l y simpl

Geometric Constraints of Chelate Design 

There are often geometric r e s t r i c t i o n s on the construction of 
compact, multidentate chelating agents which prevent the most 
e f f i c i e n t u t i l i z a t i o n of donor groups or atoms. Several authors 
(38,39) have discussed the geometric constraints and pointed out 
the unique a b i l i t y of the nitrogen atom (and the other Group V 
elements) to act as both a donor atom and as a linear or b i f u r 
cate l i n k between other coordinating groups, so permitting the 
construction of compact chelate structures. EDTA and i t s analogs 
are c l a s s i c examples of bifurcate chelators. Unfortunately, oxy
gen does not perform this dual function and DFB i s an example of 
an oxygen based chelator where creation of the optimal octahedral 
geometry of a hexadentate complex can only be achieved at the 
expense of introducting two essentially superfluous, eleven-
carbon chains (Figure 2). Therefore, i f one i s to u t i l i z e the 
strong a f f i n i t y of oxygen ligands for i r o n ( I I I ) , i t i s necessary 
either to incorporate nitrogen into the chelate system or to mimic 
DFB by using large and superfluous chain links. Three interesting 
examples of synthetic hexadentate chelators based on catechol and 
designed to mimic the natural microbial agent enterobactin are 
shown in Figure 5 (9^,40,^1,^2,^3) . 

B i o a v a i l a b i l i t y and B i o s t a b i l i t y 

The efficacy of an iron chelating drug which i s administered 
o r a l l y w i l l be dependent on the extent to which i t i s absorbed in 
the gastrointestinal tract. In man the gastrointestinal pH varies 
from ca. 2 in the stomach, to ca. 6.5 in the small intestine and 8 
in the colon, while the pH of blood plasma i s 7.4. Passage 
through the gastrointestinal epithelium i s , for most drugs, a 
passive diffusion process which i s more f a c i l e for the more l i p o -
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p h i l i c drug. Thus, a drug which i s f u l l y ionized in the pH range 
of the gastrointestinal tract w i l l not pass through the e p i t h e l i a l 
membrane unless some s p e c i f i c carrier i s available. A drug which 
is p a r t i a l l y ionized w i l l pass through this lipo-protein membrane 
in i t s unionized form and w i l l be partitioned between the plasma 
and the gastrointestinal tract to an extent which i s dependent on 
i t s pK a and the gastrointestinal pH (44,45). In the case of weak 
acids 

[Drue] 
[Drug]' = ( l + 1 0 7 - 4 - p K a ) ( l + 1 0 p H - p K a ) (16) 

GI 

For these reasons, absorption of an iron chelating drug w i l l be 
favored i f (a) the drug i s l i p o p h i l i c , and (b) the pK a of any 
acidic group(s) in the molecule i s >3 and the pK  of any basic 
group(s) in the molecul
ism i s available. 

The l i p o p h i l i c i t y of a drug i s r e l a t i v e l y e a s i l y manipulated 
synthetically, without interfering with the iron binding capacity, 
e-g«> by introduction of long chain a l k y l substituents. The pK a 

i s less easily manipulated because i t i s generally the acidic or 
basic group which i s involved in iron binding; modification of 
the pK a may then diminish iron binding capacity. For this reason 
i t i s probably desirable to protect strongly acidic and basic 
groups by temporary conversion to derivatives which regenerate 
the active functional group after the absorption process. For 
example, the use of an a l k y l ester of a strong acid w i l l elimin
ate ionization and increase l i p o p h i l i c i t y , and subsequent action 
of plasma esterases w i l l serve to regenerate the free acid. 
Various examples of this technique, know as "drug la t e n t i a t i o n " , 
have been documented by Harper (46) and more recently by Sinkula 
and Yalkowsky (47). Interestingly, Catsch (48) has suggested 
that the improved efficacy of certain EDTA-like chelating agents 
in promoting heavy metal excretion may be related to their a b i l 
i t y to form internal esters with enhanced b i o a v a i l a b i l i t y ; e.g., 

OOCCH„ CH.COO OOCCH„ CH„—C*^ 

HOOCCH2 CH2CH2OH HOOCCH2 CH 2—CH 2 

The oral efficacy of at least one iron chelating drug, EHPG (see 
Figure 1), i s markedly enhanced by temporarily blocking the 
carboxylic acid groups as the a l k y l ester. 

Following i t s absorption from the gastrointestinal tract, an 
iron chelating drug w i l l be transported to the l i v e r v i a the 
portal vein. Here the drug must survive "detoxification 1 1 by 
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microsomal oxidation, conjugation (in the biochemical sense), and 
excretion, prior to entering the peripheral circulatory system. 
For example, a number of potentially useful iron-chelating drugs 
are derivatives of phenols, carboxylic acids, and amines. Car-
boxylic acids, being a metabolic end product, are stable to 
microsomal oxidation but are subject to conjugation. Phenols are 
si m i l a r l y subject to conjugation and also to microsomal hydroxyla-
tion. Amines are subject to conjugation ( i f primary or secondary), 
and to oxidation and N-dealkylation. 

Conjugation may be blocked to some degree by the same proced
ure employed to enhance absorption, i . e . , administration of the 
iron chelating drug i n the form of a derivative which has t r a n s i t 
ory in vivo s t a b i l i t y and reverts to the free drug in the 
circulatory system (44). 

The loss of drug due to microsomal metabolism may also be 
reduced by molecular modification of the drug  However  i t i s 
more d i f f i c u l t to accomplis
dicting a. p r i o r i what th
drug w i l l be. If this can be determined experimentally, substi-
tuents can often be introduced (or removed) to block an undersir-
able metabolic process. The blockage of microsomal hydroyxlation 
of steroids at C-6 by introduction of a substituent at C-6, or at 
C-16 by introduction of a substituent at C-17, are cases i n point 
(49). Studies of the metabolism of three iron chelating drugs, 
EHPG, HBED and N-methyl-N-(2-hydroxybenzyl)glycine, are i n pro
gress and w i l l hopefully provide some information on what factors 
determine their r e l a t i v e efficacy in vivo, and how their efficacy 
may be improved (50). 

HOOC COOH HOOC 

HBED N-methyl-N-(2-hydroxybenzyl)-
glycine 

The requirement that the chelating agent and i t s iron(III) 
chelate not interfere with c e l l u l a r biochemistry must be consider
ed. Drugs which can pass through the gastrointestinal epithelium 
are also l i k e l y to penetrate other c e l l membranes. A drug which 
is suitable for oral administration may therefore have undesir-
abel side effects unless i t s l i p o p h i l i c character i s rapidly 
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reduced in vivo. This may be possible i f i t s l i p o p h i l i c i t y i s 
associated with an ester function which i s rapidly cleaved by 
plasma esterases, and i f the drug acquires ionic charge on bind
ing iron. 

In some cases i t i s possible to control the tissue d i s t r i b u 
tion of the chelating agent DFB has been derivatized as the long 
chain fatty acyl amide at the terminal amino group and this 
modification has been shown to enhance b i l i a r y excretion of the 
drug (51). The p r i n c i p a l of enterohepatic chelating agents has 
been proposed (52). Here the basic features which must be ex
ploited in the design of such agents are those which (1) make the 
chelating agent large and s u f f i c i e n t l y non-polar to prevent renal 
f i l t r a t i o n and/or (2) provide i t with a structure which permits 
i t to participate in the enterohepatic c i r c u l a t i o n of the b i l e 
acids and their derivatives. The c i r c u l a t i o n ceases when the 
chelator acquires charge and greater hydrophilicity on binding 
Fe(III), and reabsorptio
Advantages of this approac
l i k e l y to be o r a l l y active, avoidance of nephrotoxicity, and more 
effective l o c a l i z a t i o n in the l i v e r , an organ where iron overload 
can be acute. Cholylhydroxamic acid (53) may be an example of an 
iron chelating agent which functions by this mechanism. 

Some long chain a l k y l derivatives of chelating agents have 
been prepared with the idea of promoting l o c a l i z a t i o n i n the myo
cardium (54). This has obvious relevence to iron chelation 
therapy because of the f a t a l s u s c e p t i b i l i t y of the heart to iron 
overload. 

Liposomal encapsulation of the chelating agent prior to i n 
jection i s an alternative means of l o c a l i z i n g i t in the l i v e r and 
spleen, an approach which i s already being u t i l i z e d successfully 
for the administration of drugs to treat leichmaniasis (55). DTPA 
has been encapsulated with liposomes and in this form i s reported 
to be more effective than the non-encapsulated chelator i n 
removing plutonium in mice (56). 

The attachment of iron chelating ligands to polymers i s an 
alternative means of modifying b i o a v a i l a b i l i t y . DFB has been 
covalently bonded to poly(acrolein) and other synthetic polymers 
and shown to have some potential for use in extracorporeal detox
i f i c a t i o n of acute iron overloaded plasma (57). Poly(N-methacryl-
oyl-3-alanine hydroxamic acid), a polydentate polymer obtained by 
derivatization of poly(acrylic acid) with pendant hydroxamic acid 
groups, has shown si g n i f i c a n t iron chelation a c t i v i t y in vivo 
(58), a result which i s possibly related to the longer retention 
of polymeric species i n the circulatory system. 

F i n a l l y , i t should be mentioned that continuous infusion of 
DFB has proven far more effective than single injections for the 
same dose (59,60). This may be because DFB i s only able to remove 
iron from certain body pools, which are replenished r e l a t i v e l y 
slowly by iron from other body pools. Continuous infusion serves 
to maintain an eff e c t i v e plasma l e v e l of DFB, which would other-
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wise be reduced by the rapid metabolism of the drug. 

Evaluation of Iron Chelating Agents Using Animal Models of Iron 
Overload 

A si g n i f i c a n t amount of information on the r e l a t i v e e f f i c e n -
cies of iron chelating drugs in vivo has been collected recently 
using two animal models to simulate the condition of iron over
load (7,61,62,63). Both animal models u t i l i z e ip injections of 
heat damaged red c e l l s to achieve overload. In one screen rat i s 
the test animal (7,61), drug administration and transfusions are 
concurrent, and efficacy i s measured by the iron excreted i n the 
urine and feces. The second screen uses the mouse (62,63), drug 
administration i s i n i t i a t e d two days after transfusions are com
plete, and efficacy i s based on percent iron depleted from the 
l i v e r and spleen, plus urinary iron excretion. Both screens can 
be extended to include evaluatio

Published results (53,61,63,64
screens are shown in Tables V-VII, and DFB serves as a useful 
standard i n both screens. It i s apparent that there are some 
differences i n the results of the two screens; i n particular, 2,3-
dihydroxybenzoic acid and rhodotorulic acid are active i n the rat 
screen but not i n the mouse screen. This discrepancy possibly 
arises because of the difference in the transfusion-drug adminis
tration sequence in the two screens, for i t i s known that iron 
becomes progressively less accessible to chelation as the time 
between transfusion and drug administration increases. 

Most of the compounds l i s t e d in Tables V-VII are known or can 
be expected to have a high and selective a f f i n i t y for i r o n ( I I I ) , 
with 3 and K e j f values of at least 1 0 2 8 and 10 2 0, respectively. 
Despite t h i s , many of the compounds tested are only weakly active 
while others show r e l a t i v e a c t i v i t i e s not predicted by their sta
b i l i t y constants. Of the compounds shown in Figure 1, 3-isopropyl-
tropolone, 1,8-dihydroxynaphthalene and acetohydroxamic acid are 
essentially inactive, while 2,3-dihydroxynaphthalene-6-sulfonic 
acid and 8-hydroxyquinoline are active in both screens. EHPG (β = 
10 3 3' 9, Keff = 1 0 1 6 · 3 ) i s more effective than HBED (3 = 1 0 3 9 · 7 , 
K e f f = 10 2 0' 8) which i s the reverse order of their iron(III) sta
b i l i t y constants. These i r r e g u l a r i t i e s must be attributed to the 
importance of factors already referred to, such as b i o a v a i l a b i l i t y , 
b i o s t a b i l i t y , and the kinetics of iron chelation. The increase i n 
the oral efficacy of EHPG on conversion to the dimethyl ester (63) 
has already been noted. The loss of a c t i v i t y on sulfonation of 
8-hydroxyquinoline and 1,8-dihydroxynaphthalene i s another i l l u s 
t ration of the importance of the ionic form of the chelator. 

Hydroxamic acids representative of a l l of the major structural 
families of microbial iron chelates (65) have been evaluated. 
With the possible exception of rhodotorulic acid (vide supra) and 
tr i a c e t y l f u s a r i n i n e C, none show a c t i v i t y approaching that of DFB. 
Several bidentate hydroxamic acids increase iron levels in the 
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TABLE VII 
Compounds Which Failed to Show Significant 

A c t i v i t y in Transfused Mouse Screen 

Hydroxamic Acids 

Ferrichrome A (defer r i )
potassium s a l t 

Hadacidin 
Acetohydroxamic acid 
DL-Tyrosine hydroxamic acid 
Isobutyrohydroxamic acid 
Glutamohydroxamic Acid 

Glycine acid 
DL-Serine hydroxamic acid 
DL-Trypophan hydroxamic acid 
Phenylacetohydroxamic acid 
DL-Threonine hydroxamic acid 

Phenols 
Ν,Ν-Bis(2-hydroxybenzyl)propylamine 
N-(2-hydroxybenzyl)glycine) 
1,8-Dihydroxynaphthalene-3,7-disulfonic acid, sodium s a l t 
Ν,Ν,Ν1,Νf-Tetrakis(2-hydroxybenzyl)ethylenediamine 
Ν,Ν,Ν1-Tris(2-hydroxybenzyl)ethylenediamine-N1-acetic acid, 

dihydrochloride 
Miscellaneous 

Tropolone 
1 1-0xo-2 T-formylethylbenzene-1 1-thiosemicarbazone-2 1-oxime 
2 1-0xopropanal-2'-thiosemicarbazone-1 1-oxime 
4-Chloro-l ?-oxo-2 1-formylethylbenzene-1 1-thiosemicarbazone-2'-

oxime 
Di(thiophene-2-carboxyldehydo)azine 
4-Chloro-l f-oxo-2 1-formylethylbenzene-2 1-thiosemicarbazone-2 1-

oxime 
1,1,3,5,5-Pentamethyl-1,3,5-tris[2-(2,3-diacetoxyphenyl)propyl]-

trisiloxane 
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l i v e r and spleen of the mouse, suggesting an a b i l i t y to mobilize 
iron in the body but subsequent metabolic degradation of the iron 
chelate occurs prior to excretion. Cholyhydroxamic acid i s 
unique amongst the bidentate class i n promoting si g n i f i c a n t iron 
excretion after oral administration. The a c t i v i t y of the poly
meric hydroxamic acid (#24, Table V) has already been noted. 

The tropolones and catechols which have been evaluated show 
only marginal a c t i v i t y , including the hexadentate ligand corres
ponding to structure 2 in Figure 5. The lack of a c t i v i t y of the 
lat t e r may be a result of the susceptability of the catechol group 
to oxidation, whereas the 1,2-dihydroxybenzoyl group of the micro
b i a l agent enterobactin i s st a b i l i z e d by the presence of the a-
carbonyl group. Despite the a f f i n i t y of the phenolic group for 
iron ( I I I ) , i t s presence does not assure a c t i v i t y and the two hexa
dentate variants of HBED i n Figure 6 are ine f f e c t i v e . More exten
sive tests with EHPG and i t s derivatives are i n progress to 
optimize i t s oral a c t i v i t
potential improvement ove

The best p o s s i b i l i t y of identifying other effective chelators 
would appear to depend on devising new hexadentate structures, 
p a r t i c u l a r l y cryptate systems. An improvement i n the understand
ing of the metabolism of these chelating agents and their iron 
complexes w i l l also help optimization of the structure. 

Abbreviations 

DFB desferrioxamine Β 
DHG Ν,Ν-bis(2-hydroxyethyl)glycine 
DTPA diethylenetriaminepentaacetic acid 
EDTA ethylenediaminetetraacetic acid 
EHPG ethylene-N,N 1-bis-2-(o-hydroxyphenyl)glycine 
HBEA N,N,N f-tris(2-hydroxybenzyl)ethylenediamine-N f-acetic acid 
HBED N^'-bis^-hydroxybenzylJethylenediamine-N^'-diacetic 

acid 
HEDTA N-(2-hydroxyethyl)ethylenediamine-Ν,Ν1,Nf-triacetic acid 
HIMDA N-(2-hydroxyethyl)iminodiacetic acid 
NTA n i t r i l o t r i a c e t i c acid 
TEA triethanolamine 
TF transferrin 

THBE N,N,N f,N f-tetrakis(2-hydroxygenzyl)ethylenediamine 

Abstract 
The starting point for the development of iron chelating 

drugs is the identification of ligands which have a high and pre
ferential affinity for iron(III). Affinity in vivo may be defined 
in terms of an effective stability constant, Keff, which can be 
estimated from the stability constant (B) of the iron(III) complex 
measured under optimum in vitro conditions by correcting for the 
physiological pH and competing endogenous metals and ligands. 
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Figure 6. Two analogs of HBED that failed to show significant activity in trans
fused mouse screen 
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Other factors which influence in vivo efficacy are the chelate 
effect, iron solubilizing abi l i ty , kinetic and steric effects, 
bioavailability and stabil ity, and the chemical state and loca
tion of the iron which is to be removed. Using these cr i ter ia , 
the chelating agents with the highest affinity and specificity 
for iron(III) in vivo should be polydentate and relatively acidic 
oxy-donors, e.g., derivatives of phenol, catechol, 8-hydroxy
quinoline, hydroxamic acid, tropolone, and carboxylic acids such 
as sal icyl ic acid and glycine. The results of screening such 
compounds using animal models of iron overload are discussed with 
the above principles in mind. 
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Certain types of anemi
blood, since the victims of these diseases cannot correctly manu
facture their own. One such disorder, β-thalassemia, is described 
in more detail elsewhere in this publication (1). Because the 
body lacks any mechanism for excreting significant amounts of se
rum iron, the iron contained in transfused blood (-250 mg per 
pint) can accumulate to lethal levels. At this time the only 
treatment for Cooley's anemia is continual transfusion and so some 
way must be found to efficiently remove this excess iron. Thus 
there is an obvious need for a drug which can selectively bind 
iron in vivo and facilitate its excretion. 

Anderson has described the current use of desferrioxamine Β 
for clinical iron removal in the treatment of β-thalassemia (1). 
Desferrioxamine Β belongs to the class of compounds called sidero
phores (2), which were discussed by Neilands (3). Siderophores 
are produced by microorganisms for the purpose of binding exo
genous ferric ion and facilitating its transport across the cell 
membrane. These compounds generally utilize either hydroxamic 
acid or catechol groups to bind ferric ion and form very stable, 
high spin, octahedral complexes. Desferrioxamine Β is one of the 
hydroxamate type siderophores (Figure 1). It is a linear molecule 
consisting of alternating units of succinic acid and 1,5-diamino-
pentane, which combine to give three hydroxamic acid groups. Al
though the effectiveness of desferrioxamine therapy has been im
proved, there appear to be fundamental limitations to its poten
tial for iron removal which are probably inherent to hydroxamates 
in general. 

This led to our interest in the second major type of sidero
phores, the catechols. The best known member of this class of 
compounds is enterobactin, a cyclic triester of 2,3-dihydroxy-
benzoylserine, shown in Figure 2. Although there were indica
tions that enterobactin formed very stable ferric complexes (4, 
5), the formation constant of ferric enterobactin had never been 

1 Author to whom correspondence should be addressed. 
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determined. Therefore, our f i r s t p r i o r i t y was to determine the 
iron a f f i n i t y of enterobactin. 

Solution E q u i l i b r i a of F e r r i c Enterobactin 

The potentiometric t i t r a t i o n curve of f e r r i c enterobactin, 
shown i n Figure 3, has a sharp i n f l e c t i o n after the addition of 
six equivalents of base. Such a break indicates that the six 
phenolic oxygens from the three dihydroxybenzoyl groups are d i s 
placed by f e r r i c ion i n the f e r r i c enterobactin complex. This 
interpretation i s further supported by the absorbance maximum at 
490 nm (ε 5600), which i s very similar to simple tris(catecho-
lato)iron(III) complexes (6, 7). The very low pH at which com-
plexation of enterobactin occurs, with v i r t u a l l y complete complex 
formation by pH 6, i s a strong indication of a very stable com
plex. However, the t i t r a t i o n i s prematurely terminated at pH 3.8 
by the precipitation o
position and structure
impossible to determine the s t a b i l i t y constant of f e r r i c entero
bactin from potentiometric data alone. 

Instead, the s t a b i l i t y constant of enterobactin has been de
termined spectrophotometrically by competition with EDTA, as des
cribed by the equation: 

, Κ 
Fe(ent) 3" + EDTA1*" + 6H Fe(EDTA) + H 6ent (1) 

It i s necessary to take advantage of the strong pH dependence of 
Eq. 1. At neutral or basic pH, this equilibrium l i e s completely 
on the side of f e r r i c enterobactin. At pH 5, however, a measur
able d i s t r i b u t i o n of f e r r i c ion i s obtained with less than a ten
fold excess of EDTA. The intense charge transfer band of f e r r i c 
enterobactin provides a convenient way of determining the concen
tration of Fe(ent) 3", and the remaining concentrations are obtain
ed from mass balance considerations. Using the l i t e r a t u r e value 
for the formation constant of f e r r i c EDTA (8), one can calculate 
a value of the proton-dependent equilibrium constant 

* b [Fe(ent) 3-J[H+] 6
 = 1 0 - 9 . 7 < 2 ) (2) 

[Fe 3 +][H 6ent] 

In order to convert Κ6* into the conventional, i . e . proton 
independent, formation constant, i t i s necessary to know the six 
ligand protonation constants of enterobactin. Unfortunately, the 
ester groups of enterobactin are extremely susceptible to base-
catalyzed hydrolysis, which precludes independent measurement of 
ligand pKa's. However, we have measured the protonation constants 
of the bidentate ligand 2,3-dihydroxy-N,N-dimethylbenzamide as log 
K X

H = 12.1 and log K 2
H +8.4. By using these values as estimates 

for the enterobactin protonation constants, we have estimated the 
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Figure 3. Potentiometric equilibrium curve of a 1:1 solution of ferric enterobactin: 
Τ = 25°C; μ = 0.10M (KNOs); a = moles of base per mole of iron 
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overall formation constant of f e r r i e enterobactin to be 

«ML 
m [Fe(ent) 3-] i 10 52 (3) 

[ F e 3 + ] [ e n t 6 _ ] 

This i s the largest formation constant ever reported for a f e r r i c 
complex and indicates the exceptional s t a b i l i t y of f e r r i c entero
bactin. 

Because of the very weak ac i d i t y of the phenolic oxygens of 
enterobactin, the f u l l impact of log would be realized only 
above pH 12. What we are r e a l l y interested i n i s the ligand's 
a b i l i t y to sequester f e r r i c ion at physiological pH. We also need 
some method of comparing the r e l a t i v e effectiveness of various 
ligands which can take into account changes i n ligand protonation 
constants, the hydrolysis of some f e r r i c complexes, and the forma
tion of polynuclear specie
to compare ligands by calculatin
free hexaaquoiron(III) i n a pH 7.4 solution which i s 1 uM i n iron 
and 10 yM i n ligand. The results are expressed as pM values (pM 
- - log [ F e ( H 2 0 ) β 3 + ] ) , with a larger pM indicative of a more 
stable complex under the prescribed conditions. This gives a 
direct measurement of the r e l a t i v e iron binding a f f i n i t y , since i n 
a competition between two ligands under the conditions stated, the 
ligand with larger pM w i l l dominate. Table I l i s t s pM values of 
a l l the siderophores for which formation constants are known. 
[Note that the pM value for enterobactin i s determined d i r e c t l y 
from the observed equilibrium constant K 6* (Eq. 2) and not from 
the estimated K j ^ (Eq. 3).] Although the trihydroxamic acid 
siderophores such as ferrioxamine Β and ferrichrome form very 
stable complexes, i t i s clear that enterobactin not only has a 
much larger formation constant, but i s also many orders of magni
tude more effec t i v e at sequestering f e r r i c ion at physiological 
pH. Although enterobactin i t s e l f i s not suitable for chelation 
therapy (due i n part to the f a c i l e hydrolysis of i t s ester l i n k 
ages at physiological pH) i t does represent a uniquely promising 
model on which to base the design of new synthetic f e r r i c ion 
sequestering agents. 

Synthetic Analogues of Enterobactin 

With these results i n mind, we have prepared and evaluated a 
number of catecholate type ligands. The structural formulas for 
these ligands are shown i n Figure 4. Like enterobactin, a l l 
these ligands can bind f e r r i c ion via six phenolic oxygens from 
three catechol groups. Unlike enterobactin, they are also 
h y d r o l y t i c a l l y stable over normal pH ranges. 

The sulfonation of these types of ligands i s designed to 
serve a number of purposes. It s t a b i l i z e s the catechol groups 
against oxidation to the corresponding quinone, and also increases 
the otherwise very low water s o l u b i l i t y of these ligands. In 
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3,4-LICAMS 

DH OH 

J C H ^ ^ T CYCAM R - i - @ 

R-N ) O H O H 

(CHo)4 y 2 3 CYCAMS R = C—(Q} 

Ï ^ so; 

Figure 4. Structural formulas and acronyms of synthetic tricatecholate ligands 
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addition, sulfonation substantially lowers the ligand protonation 
constants. Because of the very weak ac i d i t y of the catechol l i 
gating groups, competition from hydrogen ion i s a si g n i f i c a n t 
interference to metal complexation, even at physiological pH. By 
decreasing the a f f i n i t y of the l i g a t i n g groups for hydrogen ion, 
i t i s possible to enhance metal complexation at neutral pH. 

The formation constants of the f e r r i c complexes of these syn
thetic catecholate ligands have been determined spectrophotometri-
c a l l y by competition with EDTA, as described above for entero
bactin. The f i r s t three (most acidic) ligand protonation con
stants have been determined by potentiometric t i t r a t i o n of the 
free ligand. The second, more basic, set of protonation constants 
are too large to be determined readily potentiometrically. Thus 
the proton-dependent s t a b i l i t y constant i s expressed as 

*  [FeL][H] 3

Such constants are v a l i d over the pH range i n which the f i n a l 
three phenolic protons are essentially undissociated, i . e . up to 
^ 10.5. As with enterobactin, one can estimate the higher ligand 
protonation constants based on values reported for simple cate
chols and then convert K 3 * into K^L (KML = [FeL]/([Fe][L])), which 
i s written i n terms of the f u l l y deprotonated form of the ligand. 
Values of log K 3 * and log K^L are l i s t e d i n Table I I . 

It i s much easier to make direct comparisons between these 
catecholate compounds and other classes of ligands such as the 
hydroxamates i n terms of pM values rather than log KMJ_. There
fore, the K 3*'s have been used to calculate pM values under the 
same conditions prescribed above for the siderophores: pH 7.4, 
1 μΜ t o t a l F e 3 + , and 10 uM t o t a l ligand. These pM values are also 
l i s t e d i n Table I I . 

The pM values of 3,4-LICAMS, 3,4,3-LICAMS, ME CAM, and MECAMS 
are a l l exceptionally high, ranging from 28.5 to 31.0. Although 
not as powerful as enterobactin, these ligands are cl e a r l y supe
r i o r to the usual amino acid type ligands such as diethylenetri-
aminepentaacetic acid and to the hydroxamate based siderophores. 
In particular, desferrioxamine Β has a pM value of 26.6, so that 
the ligands described above are up to 10,000 times more effective 
at sequestering Fe(III) at pH 7.4 than i s desferrioxamine B. 

The CYCAM type ligands (Figure 4) are s i g n i f i c a n t l y less ef
fective than t h e i r linear analogues, such as 3,4-LICAMS, or the 
other platform type ligand, MECAMS. It appears that the combina
tion of having the two ends of an a l i p h a t i c amine linked to form 
a c y c l i c group and having the amide nitrogens actually contained 
within this ten-membered ring leads to rather severe s t r a i n when 
the molecule i s configured to f u l l y encapsulate a f e r r i c ion. In 
MECAM and enterobactin, the amide nitrogens are appended to, 
rather than contained within, the central rings. This additional 
f l e x i b i l i t y appears to be necessary for an eff e c t i v e ligand. In 
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Table I. Relative f e r r i c ion complexing a b i l i t i e s at neutral pH 
for human transferrin and several microbial iron seques
tering agents. 

Ligand 3 
PM b Ref. 

Enterobactin 35.5 52 6 
Desferrioxamine Ε 27.7 32.5 9 
Desferrioxamine Β 26.6 30.6 9 
N-acetyl-desferrioxamine Β 26.5 30.8 9 
Desferrichrysin 25.8 30.0 9 
Des f errichrome 25.2 29.1 9 
Aerobactin 23.3 23.1 10 
Rhodotorulic acid 21.9 _ c 11 
Human transferrin 23.6 - 6 

structural formulas of several of the siderophores are shown 
in Figures 1 and 2, for the other siderophore structures see Ref. 
2. The "des" prefix e x p l i c i t l y denotes the iron free siderophore 
ligand. 

Calculated for pH 7.4, 10 μΜ ligand, and 1 μΜ F e 3 + . 

Exists i n solution solely as an Fe2L 3 dimer under these condi
tions. 

Table II. Relative f e r r i c ion complexing a b i l i t i e s at neutral pH 
for synthetic tricatechol sequestering agents. 

Ligand a pMb log K 3* 
(est.) 

3,4,3-LICAMS 31.1 8.51(3) 43 
MECAMS 29.4 6.6(1) 41 
ME CAM 29.1 9.5(3) 46 
3,4-LICAMS 28.5 6.40(9) 41 
TRIMCAMS 25.1 4.4(1) 41 
3,4,3-CYCAMS 24.9 3.4(1) 38 
3,4,3-CYCAM 23.0 1.5(1) 38 

For the structural formulas of these compounds see Figure 4. 

As defined i n Table I. 
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addition, the t r i e s t e r ring of enterobactin i s f l e x i b l e , as op
posed to the r i g i d l y planar benzene ring of MECAMS. This extra 
conformational freedom is probably a contributing factor to the 
enhanced s t a b i l i t y of enterobactin over MECAM. 

The Mode of Coordination of Enterobactin and Analogous 
Tricatechols 

At high pH, the tricatecholate ligands bind iron v i a the s i x 
phenolic oxygens, just as observed for the t r i s complexes of 
simple catechols such as 2,3-dihydroxybenzamide, tiron, or cate
chol i t s e l f . In the MECAM system, this red [Fe(MECAM)] 3"~ complex 
has an absorbance maximum at 492 nm with ε = 4700 M'1 cm"1. As 
the pH i s lowered, the X m a x s h i f t s to longer wavelengths and an 
isosbestic point i s formed at 542 nm, as shown i n Figure 5. Such 
data may be analyzed using the equation 

. _ J ^ _ obsd  ( 5 ) 

obsd hm L [H] n ffl-L 

η η 

in which ε 0 ^ 3 ( ^ i s the absorbance observed at a given pH divided by 
the a n a l y t i c a l iron concentration, and ε ^ a n ( * CMHnL a r e t n e molar 
extinction coefficients of the [Fe(MECAM) ] 3 ~ and [Fe-
(H nMECAM)]( 3~ n) species. The exponent η i s the stoichiometric 
coef f i c i e n t of hydrogen ion i n the reaction: 

. I 'm L / 3_ n\ ~ 
Fe (MECAM)3" + nH * n ^ Fe(H MECAM) ; (6) 

η 

[Fe(H MECAM)] 
ν = Β 

n L [Fe(MECAM)][H]n 

(7) 

Linear plots of ε 0 ^ 8 ^ vs ( ε ^ - ε 0 ^ 3 <ι)/[Η] η are obtained only for 
η = 1, which establishes the equilibrium of Eq. 6 i s a one-proton 
reaction. The slope of this plot gives log K^HL + 7.08(5). As 
the pH i s lowered further, a second one-proton reaction occurs 
(with an isosbestic point at 588 nm) for which log K j ^ 2 L = 5.6(1). 
Below pH 4.8, a dark purple complex precipitates, which i s the 
neutral Fe(H3MECAMS) complex. Thus f e r r i c MECAM reacts i n a 
series of 3 one-proton steps. 

The solid-state IR spectra of free H6MECAM, Κ3Fe(MECAM), and 
Fe(H3MECAM) are shown i n Figure 6. There i s an amide carbonyl 
band for the free H6MECAM ligand at 1635 cm"1 which s h i f t s to 1620 
cm"1 upon formation of the red K3Fe(MECAM) complex. In the spec
trum of the neutral, triply-protonated complex, Fe(H3MECAM), the 
carbonyl band i s absent, and has apparently moved underneath the 
phenyl ring modes at 1580 and 1540 cm"1. Such a s h i f t i s 
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I ι ι ι ι ι I 
1800 1600 WOO 1200 

FREQUENCY (cm-1) 

Figure 6. IR spectra of KBr pellets of ( - ' - ' - · ) MECAM, ( ; [Fe-
(MECAM)3'], and ( ; Fe(H3MECAM) 
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characteristic of a metal-bound carbonyl, and indicates a s h i f t i n 
the mode of bonding from a "catecholate-type" in which coordina
tion i s by the two phenolic oxygens to a " s a l i c y l a t e type" i n 
which coordination i s by one phenol and the carbonyl oxygen, as 
shown below. 

Fe + H 

Spectrophotometric data indicate the presence of analogous, 
sequential one-proton reactions for the f e r r i c complexes of 
enterobactin and a l l the synthetic tricatecholate ligands except 
TRIMCAMS (Figure 4), in which the amide carbonyl groups have been 
relocated α to the central benzene ring, and are not a substituent 
of the catechol rings as i n MECAMS. Thus the carbonyl i s no 
longer available to form a six-membered chelate ring with the 
ortho phenolic oxygen. The protonation reaction of TRIMCAMS thus 
provides a powerful test of the catecholate-salicylate mode of 
bonding equilibrium that we propose. 

The v i s i b l e spectra of f e r r i c TRIMCAMS as a function of pH 
are shown in Figure 7. There i s a single, sharp isosbestic point 
at 540 nm which remains throughout the addition of two equivalents 
of hydrogen ion to [ Fe ( TRIMCAMS )] 6~". A plot of Eq. 6 i s linear 
for η = 2, with 

SlHoL 
[Fe(H2TRIMCAMS) ] 

[Fe(TRIMCAMS)6"] [H+]2 

= 10 1 3 . 7 (8) 

These results thus support the model proposed above i n which one-
proton reactions are due to a s h i f t from a catecholate to a 
sa l i c y l a t e mode of bonding. 

Removal of Iron from Human Transferrin 

Most normal body iron i s contained either in hemoglobin or 
in the storage proteins f e r r i t i n and hemosiderin. Certainly for 
the heme proteins i t i s unlikely that chelating agents w i l l be 
able to remove sig n i f i c a n t amounts of iron — and the iron in the 
storage proteins i s also quite inaccessible. However, the high-
spin Fe(III) i n the iron transport protein transferrin i s 
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τ 1 1 1 1 1 Γ 

460 480 500 520 5 4 0 560 580 6 0 0 
λ (nm) 

Figure 7. Visible spectra of ferric TRIMCAMS as a function of pH from pH 
6 to 10 

40 0 5 0 0 600 700 
X (nm) 

Figure 8. Spectral changes accompanying iron removal from transferrin. The 
bottom curve represents the unreacted transferrin and the top curve the final product, 

ferric 3,4-LICAMS. 
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r e l a t i v e l y l a b i l e , and apotransferrin i s able to obtain iron from 
f e r r i t i n . Thus i f we could remove and excrete transferrin iron, 
we may then allow the apotransferrin to mobilize stored iron. 
The key factor i s obviously the a b i l i t y to remove f e r r i c ion from 
transferrin. This i s even more of a kinetic problem than a 
thermodynamic one. Thus, while the hydroxamates such as d e s f e r r i 
oxamine Β are thermodynamically capable of removing iron from 
transferrin, k i n e t i c a l l y they are able to do so at a useful rate 
only i n the presence of other ligands. 

The pM values of most of the catecholate ligands are well 
above that of transferrin, indicating that iron removal i s thermo
dynamically favored. The question remains, however, as to the 
rate of this exchange reaction. Therefore we have investigated 
the kinetics of iron removal from tr a n s f e r r i n by these types of 
catecholate ligands. The addition of 3,4-LICAMS to d i f e r r i c 
transferrin results i n the series of spectra shown i n Figure 8
The absorbance maximum
d i f e r r i c t r a n s f e r r i n (
3,4-LICAMS (ε = 5500). With excess 3,4-LICAMS, plots of £n[(A -
ACQ) / (Ao - AQQ) ] vs time are linear over three h a l f - l i v e s (Figure 
9). 

Previous results have indicated that iron removal from trans
f e r r i n might involve the formation of a ternary iro n - t r a n s f e r r i n -
ligand intermediate, which dissociates into FeL and apotransferrin 
(12, 13). Such a scheme i s outlined i n Eq. 9. 

k 
FeTr + L 1 * FeTrL FeL + Tr (9) 

k-i 

Such a mechanism predicts a hyperbolic relationship between k 0 b s d 
and the concentration of the competing ligand, and Figure 10 shows 
that such a relationship does pertain. One can express k 0b S (j as 

k = I (10) 
obsd 2.3 + 2.3 Κ [L] v ' eq L 

where K e q = k ^ k ^ . The data for 3,4-LICAMS were refined by a 
nonlinear least-squares f i t of k 0fc s vs [L] to give values k 2 = 
0.066(4) min" 1 and K e q = 4.1(6) χ 10 2 I mol' 1. Similar results 
are obtained with MECAM and enterobactin as competing ligands, 
although the low s o l u b i l i t y of these ligands l i m i t s the ratio of 
ligand:transferrin. Table III l i s t s the percentage of iron re
moved i n 30 min at a specified ligand concentration. While des-
ferrioxamine Β can remove less than 5% of the iron at a 100:1 
excess of desferrioxamine, 3,4-LICAMS removes 50% of transferrin 
iron at only a 40:1 r a t i o . Thus the catecholate type ligands 
represent an effective combination of both a high a f f i n i t y for 
f e r r i c ion coupled with the a b i l i t y to remove iron from trans
f e r r i n at a reasonable rate. 
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Τ 

0 20 40 60 80 100 120 140 
Time (min) 

Figure 9. Iron removal from ~ 0.2mM diferric transferrin by various concentra
tions of 3,4-LICAMS 

τ 1 Γ 

13, 4 L I C A M S l (mM) 

Figure 10. Plot of the observed rate constant for iron removal from transferrin 
(~ 0.4mM) vs. the concentration of 3,4-LICAMS. The points represent the 

experimental data, the line is calculated from the derived rate constants. 
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Table III. Relative kinetics of iron removal from human trans
f e r r i n by several iron sequestering agents. 

Ligand [ L ] / [ T r ] a % Fe Removed' 

3,4-LICAMS 40 50 
3,4,3-LICAMS 100 60 
Desferrioxamine Β 100 5 
EDTA 2500 37 
MECAM 1 13 
Enterobactin 1 6 
3,4-LICAMS 1 6 
EDTA 1 0 

aRatio of ligand to tran s f e r r i
[Tr] = d i f e r r i c t ransferrin

b After 30 minutes. 

Specific Sequestering Agents for Actinide(IV) Ions 

In addition to the problems posed by acute and chronic ir o n -
overload poisoning, we are also interested i n the problems posed 
by transuranium actinide contamination. There are a number of 
s i m i l a r i t i e s i n the coordination chemistry of Fe(III) and Pu(IV). 
Indeed, the great b i o l o g i c a l hazard of plutonium i s because, once 
in the body, i t i s associated with the iron binding proteins 
transferrin and f e r r i t i n and i s deposited essentially i r r e v e r s i 
bly i n iron storage s i t e s . Using enterobactin as a mo^el, we can 
predict that catechol-based ligands should form very stable plu
tonium complexes — especially when incorporated i n large multi
dentate ligands. 

In order to s a t i s f y the preferred higher coordination number 
of the actinides, we have synthesized several potentially octa-
dentate, tetracatecholate compounds with the structures shown i n 
Figure 11. Of these, we have studied the solution chemistry of 
3,4,3-LICAMS with Th(IV) as a model for Pu(IV). The potentio
metric equilibrium curve of a 1:1 r a t i o of TH(IV):3,4,3-LICAMS i s 
shown i n Figure 12. Complexation i s complete by ̂  pH 8, which 
indicates f a i r l y strong complexation. However, the sharp i n f l e c 
tion at 7.75 equivalents of base per Th(IV) shows that the 
thorium species formed under these conditions i s polynuclear, 
with at least three and possibly more thorium ions per molecule. 
Polynuclear complexes of thorium are quite common with ligands 
having fewer than eight donor groups (14, 15, 16, 17). In 
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particular, Th(IV) forms a ligand-bridged dimeric complex with 
t i r o n (15) (l,2-dihydroxy-3,5-disulfobenzene), even in the 
presence of a large excess of ligand. 

The coordination of a l l four catechol groups of 3,4,3-LICAMS 
to Th(IV), displacing the eight catechol protons, would result i n 
a break in the t i t r a t i o n curve at 8 equivalents of base, compared 
to the observed break at 7.75 equivalents. The t i t r a t i o n of 
fewer than the expected number of protons, plus the polymeric 
nature of the Th(IV):3,4,3-LICAMS complex both suggest that a l l 
four dihydroxybenzoyl groups are not coordinating, thus leaving 
coordination s i t e s available for hydroxyl bridging groups. 

Unfortunately, the complexity of the Th(IV):3,4,3-LICAMS 
system precludes the calculation of formation constants. How
ever, the r e l a t i v e sequestering a b i l i t i e s of 3,4,3,-LICAMS and 
DTPA have been investigated by direct competition between these 
two ligands using differenc  u l t r a v i o l e t spectroscop  t
the fra c t i o n of thoriu
Th(IV) i s bound predominantl
bound to 3,4,3-LICAMS then increases rapidly with increasing pH, 
lev e l i n g off around pH 7.5 with ^ 80% of the thorium associated 
with 3,4,3-LICAMS. Thus at physiological pH, the 3,4,3-LICAMS 
complex i s s l i g h t l y favored thermodynamically over Th(IV)-DTPA. 

Several linear and c y c l i c tetracatecholates have been evalu
ated in vivo for their a b i l i t y to enhance the excretion of Pu(IV) 
from mice (18). Between 20-30 ymole/Kg of the ligand was adminis
tered 1 hr after the injection of plutonium c i t r a t e . The mice 
were s a c r i f i c e d after 24 hr and the di s t r i b u t i o n of Pu(IV) i n the 
tissues and excreta were measured. The percentages of plutonium 
excreted are l i s t e d i n Table IV. About 60-65% of the Pu(IV) i s 
excreted with 3,4,3- and 4,4,4-LICAMS, which i s roughly comparable 
to the effectiveness of DTPA at this dose l e v e l . The length of 
the middle bridging alkane group i n the LICAMS series appears to 
be c r i t i c a l , since the presence of a propyl group at this position 
reduces the amount of Pu(IV) excreted to ̂  40%. The c y c l i c cate-
cholates are less effective than the linear compounds. The un-
sulfonated ligand 3,3,3,3-CYCAM binds plutonium and r e s t r i c t s i t s 
deposition i n the l i v e r and skeleton, which i s where 80% of injec
ted plutonium i s deposited i n the control. However, the 3,3,3,3-
CYCAM complex apparently dissociates i n the kidneys, so the Pu(IV) 
i s simply concentrated i n this organ. 

Although 3,4,3-LICAMS and DTPA removed roughly equal amounts 
of plutonium under the conditions described above, 3,4,3-LICAMS 
offers several advantages over DTPA. The catecholate ligands do 
not form strong complexes with most divalent metal ions and thus 
the depletion of essential metals such as Zn, Mn, Cu and Co, 
(which i s a severe problem i n DTPA therapy) i s greatly reduced. 
In addition, dose-response studies show that the 3,4,3-LICAMS dose 
can be reduced by a factor of 100 (to 0.3 ymoles/Kg) and s t i l l 
effect ^ 50% excretion of Pu(IV). In contrast, DTPA therapy at 
this l e v e l i s v i r t u a l l y i n e f f e c t i v e at this dose l e v e l (19). 
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A HO OH HO OH 

HO O H w HO OH 

n = m = £ = 3 ; Y = H 3,3,3,3-CYCAM 
n = m = i = 3; Y = S0 3Na 3,3,3,3-CYCAMS 

B 

n = m = 4; Y = H 4,4,4-CYCAM 
n = m = 4; Y = SO^a 4,4,4-CYCAMS 
n = 3; m = 4; Y = H 3,4,3-CYCAM 
n = 3; m = 4; Y = S0 3NA 3,4,3-CYCAMS 

Figure 11. Structural formulas and acronyms for synthetic tetracatecholate ligands 
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L_J I
2 3 4 5 6 7 8

α [moles of OH" per mole of Th(EZ)] 

Figure 12. Potentiometric equilibrium curve of a 1:1 ratio of Th(IV) 3,4,3-
LICAMS: [Th] = [LICAMS] = 2 χ 7 0 " 3 M , Τ = 25°C, μ = 0.10 (KN02) 

Table IV. Relative efficacy of Pu removal from mice by several 
tetracatechol ligands. 

Ligand Pu Excreted 
(24 hrs) 

3.4.3- LICAMS (i.v.) 
4.4.4- LICAMS (i.v.) 
3.3.3- LICAMS (i.v.) 
4.3.4- LICAMS (i.v.) 
2,3,2-LICAMS (i.p.) 

64.6 
59.3 
44.1 
43.4 
37.0 

2,3,3,3-CYCAMS (i.v.) 
3,3,3,3-CYCAMS (i.v.) 

38.6 
35.3 

3,3,3,3-CYCAM (i.m.) 11.1 

CaNa3DTPA (i.p.) 
Desferrioxamine Β (i.p.) 
Control 

63.2 
47.8 
6.1 

See Figure 11 for structural diagrams. 

Note that this i s the unsulfonated derivative. 
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F i n a l l y , 3,4,3-LICAMS i s substantially more effec t i v e than DTPA 
for removing Pu which has been deposited i n the skeleton. The 
properties and chemistry of these compounds are described i n 
greater d e t a i l i n a monograph resulting from another symposium 
of the 1979 Washington ACS meeting (20). 

Summary 

The results described above show that these new catecholate 
compounds do indeed form exceptionally stable complexes with very 
hard Lewis acids such as F e 3 + , T h u + and Pu**+. The sulfonation of 
these ligands increases their water s o l u b i l i t y , s t a b i l i z e s the 
catechol groups against a i r oxidation, and enhances their a b i l i t y 
to sequester metal ions at neutral and s l i g h t l y acidic pH. The 
iron complexes are among the most stable ever characterized, and 
these types of ligands are thermodynamically able to compete with 
transferrin for serum iron
kinetic studies have show
fact capable of removing substantial amounts of iron from trans
f e r r i n within a few minutes. 

With Th(IV), the tetracatecholates form complex polynuclear 
species. Competition studies in vitro indicate these complexes 
are s l i g h t l y more stable than the monomeric Th:DTPA complex at 
pH 7.4. In vivo studies on plutonium decorporation from mice 
show that 3,4,3-LICAMS i s as effective as DTPA at f a i r l y high 
doses. However, dose-response curves show that the 3,4,3-LICAMS 
retains 80% of i t s effectiveness at very low concentrations, 
whereas the DTPA a c t i v i t y drops to essentially zero under the same 
conditions. 
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Chelate Therapy for Type b Metal Ion Poisoning 
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Department of Chemistry and Center in Environmental Toxicology, 
Vanderbilt University, Nashville, TN 37235 

The fact that type
that form stronger coordinate
distinctive set of coordination preferences has clear consequences 
for both the distribution of these metals in the mammalian body 
and the most effective reagents for use in facilitating their re
moval. Their toxicity is presumably due to the combined action of 
their coordination preferences and their stereochemistry in the 
determination of those biological binding sites which are prefer
entially attacked and subsequently inactivated. For purposes of 
the present discussion we will use a combination of the classifi
cation schemes of Ahrland, Chatt and Davies (1) and Pearson (2). 
Of the elements which fall in this broad category, many are so un
commonly encountered clinically that human cases are extraordinar
ily rare. The elements for which some information is available on 
body distribution and decorporation will be the ones on which our 
attention will be centered. These include Hg(II), Au(II), As(III), 
Sb(III), Cu(I), and Pt(II). 

It is necessary to note that there are differences in the or
gan distribution of these elements and that the processes involved 
in their metabolism are generally complex and imperfectly under
stood. However, type b metals do, by and large, show a tendency 
to accumulate in the kidneys and liver; renal failure (nephrotic 
syndrome) seems to be a common result of their action. When the 
"natural" half-life of these elements in the mammalian body is ex
amined, it is generally found that the rate processes correspond 
to the loss of the element from two or more compartments (3,4) in 
which the stability of the metal to biological molecule bonds vary 
greatly. As a result, it is somewhat misleading to quote a single 
half-life as characteristic of the loss of the metal from the 
whole animal. Furthermore, the relative amount of a metal which 
goes into these different compartments can vary with both the rate 
of loading and the time interval between the metal loading and the 
analysis. 

This brings into somewhat clearer focus the problem of metal-
binding sites in whole animals. The sites with the shortest 
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h a l f - l i v e s seem to be those in which the hard/soft properties of 
the metal and donor species are rather poorly matched. Thus sites 
in which Hg(II) i s bonded to 0 would be expected to release the 
Hg(II) more rea d i l y than those i n which i t i s bonded to S. As 
time goes by, that part of the metal which remains i n the body can 
bind to sites with which i t forms successively more stable com
plexes. As this occurs, the removal of the metal from the body 
may become increasingly more d i f f i c u l t . This particular problem 
i s of great importance i n dealing with chronic metal poisoning, 
especially among i n d u s t r i a l workers exposed to lead and cadmium 
(4) . Very often these cases become apparent only after extended 
exposure, during which time a large part of the t o t a l body burden 
has been transferred to sit e s from which i t s removal i s extremely 
d i f f i c u l t or impossible. In lead poisoning the accumulation i s i n 
the bones; i n cadmium poisoning the accumulation i s in the kidneys 
and perhaps the testes

In many types of meta
proximately maximum allowabl
and the i n i t i a t i o n of chelate therapy. When treatment i s begun 
after this i n t e r v a l , the extent and i r r e v e r s i b i l i t y of the damage 
i s such that the death of the organism can be assumed to follow no 
matter how much antidote i s administered; for less than toxic do
ses an analogous phenomenon i s the occurrence of permanent damage. 

The chemical basis of this time period may not be uniform for 
a l l of the type b metals. For mercury(II) i t appears to be r e l a 
ted to the occurrence of a minimum amount of what i s l i t e r a l l y the 
destruction of tissue and proteins. In the case of cadmium i t ap
pears to have a diffe r e n t basis at least i n part. Subsequent to 
the i njection of an otherwise lethal dose of a cadmium compound 
there i s a r e l a t i v e l y short period when i t can be complexed and 
removed and the animal saved. As the interval between the cadmium 
inje c t i o n and that of the antidote (e.g. CaEDTA or CaDTPA) i n 
creases, the cadmium becomes more and more d i f f i c u l t to mobilize 
and a point i s soon reached where the antidote i s without effect 
(5) . In the same fashion, aged cadmium deposits are apparently 
resistant to mobilization by EDTA (6). 

General Procedures 

With this as a background, we may now examine the procedures 
available for the removal of such metals. The normal route con
s i s t s in the reaction of the deposited metal with a chelating 
agent with which i t forms a water soluble complex. This metal 
complex i s then excreted through the kidneys into the urine. Be
cause the kidneys are themselves a delicate and complex organ this 
process i s attended by a certain inherent danger. It i s i n the 
matching up of these metal ions with the most appropriate chela
ting agents that coordination chemists can make a s i g n i f i c a n t con
tribu t i o n . Let us f i r s t look at some of the requirements which 
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these chelating agents must meet. Desiderata for ideal therapeu
t i c chelating agents include the following: 

1. They must possess an ip LD50 > 400 mg/kg. 
2. They must form very stable complexes with the metal ion 

whose removal i s desired. 
3. Any s e l e c t i v i t y which they exhibit i n forming complexes 

i s usually advantageous i f other adverse properties are 
not simultaneously enhanced. 

4. The complexes formed should be water soluble. 
5. The passage of the complexes through the kidneys should 

be accompanied by a minimum of damage. 
6. It i s probably helpful i f the chelating agents undergo no 

si g n i f i c a n t metabolism. 
It i s necessary to note that these complexes may be mixed 

complexes involving the chelating agent the metal and some biolog
i c a l molecule and the mixed complex i s then the metal containing 
species which passes throug

The t o x i c i t y of chelatin
eral features are becoming known in great d e t a i l as more data i s 
collected. To begin, the dail y administration of appreciable 
amounts of almost any good chelating agent i s ultimately toxic or 
lethal because of the enhanced urinary excretion of essential 
trace elements which i t provokes. Some chelating agents, such as 
the aminopolycarboxylates, which undergo l i t t l e i f any metabolic 
changes i n the human body, appear to act as toxic materials almost 
exclusively v i a th e i r a b i l i t y to upset metal ion e q u i l i b r i a of 
various sorts in the human or animal body. When administered as 
calcium or zinc complexes, they have a very modest t o x i c i t y i n 
deed, much reduced from that of the parent compound. For chela
ting agents which can be metabolized, the t o x i c i t y arises from the 
depletion of essential trace metals plus the metabolic a c t i v i t y of 
the chelating agent. Sulfhydryl groups can interact with b i o l o g i 
cal redox systems and derange them. For such compounds a high 
l i p i d s o l u b i l i t y i s often associated with a high t o x i c i t y . This 
high l i p i d s o l u b i l i t y also allows the metal complexes which are 
formed to intrude into areas normally protected by l i p i d b arriers, 
such as the brain (8). It i s for this reason that the "best" of 
such chelating agents for our purposes are those which possess a 
very high water s o l u b i l i t y (and a correspondingly low l i p i d solu
b i l i t y ) for both the parent compound and the metal complexes which 
are formed i n the detoxification process. The structures of some 
of the therapeutic chelating agents which are used for the type b/ 
soft ions are shown i n Table I. These have one or more sulfur do
nor groups plus other groups to enhance the water s o l u b i l i t y of 
both the compound and i t s metal complexes. This enhancement i s to 
be understood i n the r e l a t i v e sense that the water s o l u b i l i t y i s 
greater than in the corresponding derivatives without such groups. 
The absolute s o l u b i l i t y of the metal complexes formed may s t i l l be 
quite small. The t o x i c i t i e s of these, of some other 
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therapeutically useful chelating agents and some chelating agents 
which are not so used are l i s t e d i n Table II. A chelating agent 
w i l l not always use a l l of i t s donor groups when interacting with 

LD50 Values of Therapeutic and Non-therapeutic 
Chelating Agents 

Chelating Agent LD50 mg/kg Conditions L i t . 
Na2CaEDTA 3800 rat, i.p. a 
Na^EDTA 380 mouse, i.p. a 
D-penici1lamine 334 mice, i.p. b 
N-Acetyl-D,L-penicillamine 1000 rats, i.p. b 
Ethylenediamine 427 mouse, s.c. a 
2,3-dimercaptopropanesulfonate 2000 mouse, s.c. c 
Triethylenetetramine 4340 rat, oral a 
BAL 
S a l i c y c l i c Acid 
Acetylacetone 1000 rat, oral a 
Deferrioxamine 329 rat, i.v. d 
2,3-dimercaptosuccinate sodium 5000 mouse, oral e 
Dimethylglyoxime 250 rat, oral a 
a. "Toxic Substances 74 M U.S. Dept. HEW, Rockville, Md. 
b. Aposhian, H. V.; Aposhian, M. M. Pharmacol. Exptl. Ther., 

1959, 126, 131. 
c. Klimova, L. K. Farmakol. i T o k s i l s o l . , 1958, 21, 53. 
d. Goldenthal, Ε. I. Tox. Appld. Pharmac., 1971, _18, 185. 
e. Stohler, H. R.; Frey, J. R. Ann. Trop. Med. Parasitol., 1964, 

5 8 ( 4 ) , 431. 

One of the strange problems of metal ion t o x i c i t y i s the 
lack of a direct relationship between the s t a b i l i t y constant of a 
metal-chelate complex and the a b i l i t y of that chelating agent to 
offset the acute t o x i c i t y of that metal ion. There i s a good 
theoretical model of the relationship between metal chelate sta
b i l i t y constants and the decorporation process (9,10,11) for 
groups of closely related chelating agents. Part of this problem 
l i e s i n the fact that the s t a b i l i t y constants for many metal-
chelate combinations of interest simply have not been determined 
with the required degree of accuracy. Nevertheless, i t i s gener
a l l y accepted that i f a chelating agent i s to be a successful 
antidote for a given toxic metal i t must form complexes with that 
metal which are more stable than the complexes which that metal 
forms with the b i o l o g i c a l binding s i t e s . Given this then, how 
does one guarantee that the chelating agent can gain access to 
the bound metal perhaps within the c e l l ? This i s a d i f f i c u l t 
question to answer but i t does often seem that the c e l l walls are 
in fact far more permeable to water soluble chelating agents than 
has previously been supposed. The fact i s that these compounds 
can remove metals which are bound to structures inside the c e l l s . 
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There are r e a l l y two easily envisaged mechanisms by which this 
might occur. In the f i r s t , (Figure 1) the chelating agent passes 
through the membrane, in one manner or another, comes in direct 
contact with the metal ion, pulls i t o f f the b i o l o g i c a l binding 
s i t e , transports i t back through the c e l l u l a r membrane to the i n 
t r a c e l l u l a r f l u i d and then carries i t through the kidneys and into 
the urine. In the second mechanism (Figure 2) the chelating agent 
need not actually penetrate the c e l l wall i f a system involving 
appropriate car r i e r molecules i s present. C e l l u l a r membranes are 
now recognized as being more permeable to certain types of small 
molecules and the f i r s t mechanism i s no longer considered so 
improbable. 

In either mechanism the more effective matching up of the 
donor/acceptor properties can be seen to lead to an increased 
efficacy. 

Detoxification and Decorporatio

The metal ions considered here are those which bond preferen
t i a l l y to S donors, especially sulfhydryl groups. The bonds to 0 
or Ν can generally be broken by an appropriate sulfhydryl group, 
though the peculiar coordination chemistry i n these situations 
does not always lead to either chelate rings containing two sulfur 
donors or a complete replacement of 0 or Ν donors by S (12,13). 
These ions are not always derived from type b elements i n the 
usual c l a s s i f i c a t i o n scheme. Thus As i s put i n class a on the ba
si s of the behavior of As(V). But the reducing powers of c e l l u l a r 
media may (43) transform As(V) to As(III), whose coordination be
havior shows a marked preference for S donors over those of 0 or 
N. The same i s true of Sb. For copper an analogous process can 
be used to transform the borderline species Cu(II) to one i n which 
preferences for bonding to S are more marked, i . e . Cu(I) i n order 
to f a c i l i t a t e i t s excretion. 

Mercury. Mercury(II) and the various organic derivatives of 
mercury do not have the same pattern of either body d i s t r i b u t i o n 
or response to chelating agents (14). The h a l f - l i f e of mercury 
(II) i n the human body i s r e l a t i v e l y short (3). The c r i t i c a l pe
riod i n mercury poisoning i s apparently the period immediately 
following the introduction of the compound into the body. During 
this period the extent of damage increases with time and the por
tion of this which represents permanent, apparently irrepairable 
damage also increases with time. After this has reached a certain 
point there i s a l i m i t to the extent of the healing that w i l l oc
cur. In humans this has the consequence that after certain stages 
of poisoning the accelerated removal of the mercury from the human 
body has r e l a t i v e l y l i t t l e effect on the c l i n i c a l state of the 
patient (15). 

Sulfhydryl bearing compounds of various sorts are by far the 
best agents yet discovered for accelerating the removal of 
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Figure 1. Mechanism A: overall process by which a chelating agent can remove a 
toxic metal ion from a cell when the cell wall is permeable to the chelating agent 
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Figure 2. Mechanism B: overall process by which a chelating agent can remove 
a toxic metal ion from a cell when the cell wall is impermeable to the chelating agent 
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mercury(II) and organomercury compounds from the mammalian body. 
The results of a comparative study of the efficacy of some of 
these compounds i n off s e t t i n g the l e t h a l i t y due to ip HgCl 2 i s 
shown in Table III (16). Of the compounds l i s t e d i n this table, 

Table III 
Survival Rates for Various Chelating Agents 

A l l animals given HgCl 2 i.p. at a level of 10 mg/kg 
Mole Ratio Survival 

Chelator/HgCl 2 Chelator a Ratio 
30 1 DMSA 14/20 
30 1 DMPS 16/20 
30 1 NAPA 15/20 
30 1 DPA 17/20 
30 
10 
10 1 DMPS 30/50 
10 1 NAPA 30/50 
10 1 DPA 26/50 
10 1 BAL 19/50 

a. DMSA = 2,3-dimercaptosuccinic acid 
DMPS = sodium 2,3-dimercaptopropanesulfonate 
NAPA = N-Acetyl-D,L-penicillamine 
DPA = D-penicillamine 
BAL = 2,3-dimercaptopropanol-l 

(The survival rate of untreated animals i s less than 5%.) 
BAL may s t i l l be the most widely used i n human cases of mercury 
poisoning, but the others would probably be found to be more ef
fective under most conditions, and to produce fewer side effects. 
The compounds which are l i s t e d i n Table III other than BAL, a l l 
appear to posses a rather low l i p i d s o l u b i l i t y and are rapidly 
cleared from the human body through the kidenys. 

In an attempt to extend the range of donor species useable 
for mercury poisoning we have carried out an evaluation of the use 
of the phosphine (C6H 5) 2PC6Hi +S0 3Na (17) . The phosphine was, i n 
fact, able to offset some of the pathological changes characteris
t i c of mercuric chloride poisoning. Its own inherent t o x i c i t y was 
too great, however, and the combined effect of phosphine plus 
HgCl 2 proved more lethal than either alone, Table IV. The possi
b i l i t y of using a water soluble phosphine for mercury poisoning i s 
a remote one i n the absence of compounds of this sort possessing a 
low inherent t o x i c i t y . 

Analogous data collected on some water soluble dithiocarbam-
ates which have more than one functional group (to assure water 
s o l u b i l i t y ) revealed that these are both materials of modest i n 
herent t o x i c i t y and potential use in heavy metal poisoning (18). 
These dithiocarbamates do not possess exceptional chemical 
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Table IV 
Survival Ratios for Mice Given Diphenylphosphinebenzenesulfonate 

As An Antidote for HgCl 2, i.p. 
Compounds Survivors 

Administered Amounts Administered Total 
HgCl 2 8 mg HgCl 2/kg 3/10 
DPPBS 0.2 mmole DPPBS/kg 8/10 
DPPBS 0.3 mmole DPPBS/kg 7/10 
HgCl 2 + DPPBS 8 mg HgCl 2/kg +0.2 mmole DPPBS/kg 1/15 
HgCl 2 + DPPBS 8 mg HgCl 2/kg +0.3 mmole DPPBS/kg 0/10 

s t a b i l i t y , though they are easier to prepare than most of the typ
i c a l chelating agents which contain sulfur donors. They are not 
as effective i n offse t t i n g l e t h a l i t y i n acute mercuric chloride 
poisoning as the sulfhydry
most common of the dithiocarbamate
chemical i s diethyl dithiocarbamate, a compound whic  gives l i p i d 
soluble metal complexes. This has been t r i e d i n a few types of 
metal poisoning without notable success (19). This compound seems 
inherently less promising for such antidotal action than analogous 
compounds which we have prepared which bear additional polar 
groups. 

In spite of the fact that effective chelating agents are 
available for the removal of mercury from the mammalian body, the 
chemistry of these interactions, the structures of the complexes 
formed and many aspects of their mechanism of action are s t i l l un
known quantities. One of the key properties of a donor-metal i n 
teraction i n judging the s u i t a b i l i t y of the donor as a therapeutic 
agent for the metal i s the s t a b i l i t y constant of the complex 
formed. We have recently completed a study which t r i e d to intro
duce some system into the information on these parameters for mer
cury complexes of interest i n therapy. Using a three electrode 
system we determined estimates of the s t a b i l i t y constants for many 
of these (Table V) (20). A s t r i k i n g feature of these are the i r 

Table V 
S t a b i l i t y Constants of Mercury(II) Complexes 

With Sulfhydryl Containing Donors 
Donor Molecule log Ki log K2 

D-penicillamine 38. ,3 6.1 
N-Acetyl-D,L-penicillamine 35. ,4 6.2 
2,3-Dimercaptopropanesulfonate 42. ,2 10.9 
2,3-Dimercaptopropanol-l 44. ,8 7.11 
2,3-Dimercaptosuccinic Acid 39. ,4 6.5 
Mercaptoacetic Acid 36. .5 5.9 
Mercaptoethanesulfonate 36 6 
N-Acetylcysteine 38. ,1 7.5 
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large magnitudes. While i t i s reasonably certain that these com
plexes are a l l more stable than the corresponding Hg-EDTA complex, 
i t i s possible that their s t a b i l i t y constants are overestimated 
here because of some systematic error. The results are i n agree
ment with some e a r l i e r studies on this same problem (21,22) invol
ving mercury(II) complexes with cysteine and HS~. 

Arsenic. Arsenic poisoning i s generally regarded as invol
ving, i n a key step, the reaction of arsenious acid or a deriva
tiv e with sulfhydryl groups in c r i t i c a l enzymes (23), e.g. 
pyruvate oxidase. Because arsenic(III) favors coordination to 
sulfur over that to nitrogen or oxygen, the situation here has 
some s i m i l a r i t i e s to that found with mercury. An important d i f 
ference here however i s the general acceptance of the hypothesis 
that chelation of the arsenic(III) by two sulfhydryl sulfurs i s 
involved i n the action of effective chelating agents  The most 
effective of the chelatin
sulfhydryl groups: BAL
and 2,3-dimercaptosuccinic acid. These are capable of competing 
with the enzymes for the arsenic. They transform i t into a water 
soluble form and f a c i l i t a t e i t s excretion through the kidneys. 
Because BAL i s so effective i n arsenic poisoning and because this 
kind of poisoning i s not as common as formerly, r e l a t i v e l y l i t t l e 
e f f o r t has been expended i n the search for new arsenic antidotes 
over the past twenty years. On the basis of animal studies i t ap
pears that any of the chelating agents which contain v i c i n a l s u l f 
hydryl groups and are effective with other heavy metals are 
effective with arsenic(III). 

Antimony. Antimony(III) i s the active constituent of a large 
number of drugs designed to k i l l human and animal parasites (24, 
25). As a consequence of the s i g n i f i c a n t variation i n human re
sponse to these drugs, most antimony poisoning appears to be i a t 
rogenic i n o r i g i n . Because the coordination preferences of 
tr i v a l e n t antimony and arsenic are so similar, the same group of 
v i c i n a l dimercaptides that are used with arsenic poisoning also 
furnish the most effective therapeutic agents for antimony poison
ing, i . e . 2,3-dimercaptosuccinic acid (26), 2,3-
dimercaptopropanesulfonate (27), and 2,3-dimercaptopropanol-l 
(28). The p r i n c i p a l therapeutic use of antimony complexes l i e s i n 
the treatment of diseases ty p i c a l of t r o p i c a l zones. As a result 
iatrogenic antimony poisoning i s rather uncommon in the United 
States or Europe. 

Gold(I). Gold(I) compounds are widely used i n the treatment 
of a r t h r i t i s (29). These compounds are generally ones i n which 
the gold i s coordinated to a sulfur atom (e.g. as i n Na 2[Au(S 203) 2] 
or i n complexes with organic mercaptides). Gold(I) coordination 
preferences run as: 0 < Ν < S, with S donors apparently able to 
replace 0 or Ν with ease. There are s i g n i f i c a n t individual 
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variations i n the response of patients to gold therapy inasmuch as 
the immune system i s involved. The occurrence of side effects i n 
volving the kidneys are not unknown and i t i s occasionally neces
sary to enhance the excretion of the gold which has been 
administered. C l i n i c a l l y , a l l of the compounds l i s t e d as used in 
mercury poisoning have also found use i n the treatment of gold 
poisoning i n a r t h r i t i c patients. L i t t l e information seems to be 
available on the comparative efficacy of the various compounds 
which have been used for this purpose. D-penicillamine and N-
Acetyl-D,L-penicillamine appear to be preferred i n the United 
States and Western Europe because of their low t o x i c i t y and the 
ease with which they can be obtained and given; both of these com
pounds can be administered o r a l l y . The incidence of side reac
tions i n gold therapy i s f a i r l y high 020%) and a small percentage 
of these i s very serious. Like other class b or soft metals, gold 
can accumulate i n and cause damage to the kidneys. 

Copper. Copper(II
behavior f a l l s between that of type a and type b species. It i s 
easily reduced to copper(I) i n the presence of sulfhydryl groups 
and this reaction i s a part of the overall process when copper ex
cretion i s enhanced by sulfhydryl containing chelating agents 
(30). Its excretion can also be accelerated by species which are 
not capable of reducing copper(II) to copper(I), such as triethy
lenetetramine (31). As a result of the fundamental long-term 
studies of Walshe (32) on the treatment of hereditary copper-
accumulating disorders, very effective treatments are now a v a i l 
able for the treatment of chronic copper poisoning. The most 
effective of these use D-penicillamine to enhance urinary excre
tion of copper. This involves an i n i t i a l reduction to copper(I) 
followed by the urinary excretion of the copper(I) complex. A 
complication may arise i n individuals who are a l l e r g i c to p e n i c i l 
l i n - these also have an a l l e r g i c response to D-penicillamine. It 
i s for these individuals that Walshe developed the use of triethy
lenetetramine as an alternative compound capable of enhancing the 
urinary excretion of copper. 

Platinum(II). The recent upsurge i n the use of platinum met
al complexes in cancer chemotherapy, has led to an increased ap
preciation of t h e i r t o x i c i t y . The most widely used of these 
materials, cis[Pt(NH3)2Cl2] i s a material which i s quite toxic, 
but also comparatively insoluble. As a consequence i t i s adminis
tered as a d i l u t e solution, often v i a iv drip. Since platinum(II) 
i s i n many ways a typical class b ion, i t can generally be mobil
ized by the same group of chelating agents which have been found 
to be effective for mercury(II) or gold(I). The nephrotoxicity 
which i s a common feature of the use of this compound (32,33,34) 
can often be reduced by appropriate hydration of the patients 
(35). Reports of the use of chelating agents to offset the toxic 
effects of c i s [ P t ( N H 3 ) 2 C l 2 ] are not common but D-penicillamine has 
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been reported to reduce the nephrotoxicity of this compound (36). 
Unfortunately this also limits the action of the c i s complex 
against the cancer c e l l s . There i s no reason to believe that the 
other complexing agents shown in Table I would not be just about 
as effective as D-penicillamine in li m i t i n g the nephrotoxicity of 
the c i s [ P t ( N H 3 ) 2 C l 2 ] . 

"Odd" Oxidation States. The t o x i c i t i e s of the type b ele
ments are quite markedly dependent upon their oxidation states and 
mode of combination. These factors affect both the mode of dis
t r i b u t i o n of these elements within the mammalian body and the man
ner i n which they interact chemically with enzymes and other 
c r i t i c a l biomolecules. In this general area we find problems 
posed by organomercurials, organoarsenicals and compounds such as 
arsine and stibine. The toxicology of these compounds tend to ex
h i b i t some s t r i k i n g differences when compared with the compounds 
of these elements usuall
gin with, they often posses
a correspondingly increased a b i l i t y to pass through c e l l walls 
and to pass over the so-called "blood brain bar r i e r " . As a conse
quence some of these substances are extremely toxic and are also 
rather d i f f i c u l t to remove from the human body using water soluble 
chelating agents. 

A very clear account of these problems may be found i n the 
report of Petrunkin and his co-workers describing t h e i r search for 
an effective antidote for arsine poisoning (37). They found that 
typical water soluble chelating agents of the sort which are very 
effective i n the treatment of poisoning by arsenite, were quite 
ineffective in the treatment of arsine poisoning. They ascribed 
this to the poor l i p i d s o l u b i l i t y of these compounds which pre
vented them from gaining access to the c r i t i c a l sites at which ar
sine acted. They solved this problem by the design and synthesis 
of appropriate l i p i d soluble compounds which contained v i c i n a l 
mercapto groups. Of these, the compound which they found most ef
fective in animal studies on arsine poisoning was 

Mixed Ligand Chelate Therapy. It i s well established that 
metal chelate complexes consisting of two or more chelating agents 
possess an additional s t a b i l i t y over those containing just a s i n 
gle molecule of one of these chelating agents. This has led to 
the prediction that the appropriate combination of chelating 
agents should be more effective than a single one i n removing cer
tain metals from the mammalian body. The experimental information 
on the behavior of mixed chelate systems in acute cadmium 

H H H 
HC—C—CH 
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poisoning i s contradictory (38,39), but the effect may be present 
in certain studies (40) involving other elements. 

One of the d i f f i c u l t i e s attending such studies is the problem 
of the a_ p r i o r i selection of the appropriate combination of chela
ting agents. The question has been discussed b r i e f l y i n the l i t 
erature but there seems to be no effective experimental testing of 
the suggestions. 

In any discussion by a chemist of the therapeutic usage of 
chelating agents i t i s possible to loose sight of two important 
points. The f i r s t i s that i t i s possible for a compound to serve 
as an antidote for say mercury poisoning even though i t does not 
have a p a r t i c u l a r l y notable a b i l i t y to enhance the excretion of 
mercury (41). The second i s that after a s u f f i c i e n t l y long time 
interval between the introduction of the metal, the rapid enhance
ment of metal excretion from the human body does not necessarily 
lead to any s i g n i f i c a n t c l i n i c a l improvement (15)

Summary 

The most s t r i k i n g feature of a survey of this sort i s to see 
that the optimum chelate therapy for the metals i n class b i s i n 
variably based upon the use of one of a small group of mercaptide 
bearing chelating agents (shown in Table I). Furthermore, on the 
basis of the work done in this area so far, i t seems reasonable to 
predict that these same compounds would be effective in the treat
ment of types of class b t o x i c i t y which have not yet been studied 
experimentally. Thus t o x i c i t y due to compounds of Pd(II), Ag(I), 
Rh(III), and Ir(III) should be offset by the timely administration 
of these compounds. At the present time there i s no evidence to 
suggest that a single one of these compounds w i l l be found to be 
the optimum agent for a l l of these ions or even that the sequence 
of effectiveness w i l l be the same when these compounds are tested 
against the different metal ions in this class. There i s however 
l i t t l e reason to doubt that the compounds shown i n Table I w i l l be 
at least partly effective i n o f f s e t t i n g the t o x i c i t y of any of 
these ions. These, incidentally, are among those ions c l a s s i f i e d 
as nitrogen/sulfur seekers by Nieboer and Richardson (42) on the 
basis of X-ray structural information. 
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Our group has undertake
and inorganic chemistr
in vivo and which must, therefore, form the basis for the mech
anism of action of gold in treating rheumatoid arthritis (1,2,3, 
4). This article will proceed from a brief review of chryso
therapy and gold biochemistry to the interaction of gold with 
metallothionein and its role in the gold biochemistry. 

Although the data and conclusions presented are drawn pri
marily from our own research, D. A. Gerber at SUNY Downstate 
Medical Center, Β. M. Sutton and colleagues at Smith, Kline and 
French Corporation, Philadelphia, C. J . Danpure, P. J . Sadler, 
D. H. Brown and their respective coworkers, in England, Munthe 
and Jellum in Norway, and Mogilnicka and Piotrowski in Poland 
are making important contributions to understanding the bio
chemistry of gold and should be acknowledged. 

Background 

A. Chrysotherapy. The term chrysotherapy refers to the 
treatment of rheumatoid arthri t i s , RA (5,6) and recently pemi-
phigus (7) with gold complexes. Chrysotherapy began with a 1929 
report by the Frenchman Forestier (8) and is thus a long estab
lished mode of treatment. Although its popularity waned after 
the introduction of cortisones, the problems associated with 
cortisones and the realization that gold can arrest the course of 
RA have led to renewed interest in chrysotherapy. In fact, Kaye 
and Pemberton in reviewing various treatments for RA state that 
the results of chrysotherapy "can be spectacular" (9). Commonly 
used drugs in the United States are gold sodium thiomalate 
(Myochrysin), I, and gold thioglucose (Solganal) II. Recently 
Sutton and co-workers (10,11) at Smith, Kline and French Corpora
tion have developed a new drug, Auranofin, S-2,3,4,6-tetraacetyl
- l - β - D - t h i o g l u c o s e ( t r i e t h y l p h o s p h i n e ) g o l d ( I ) , III. This drug 
which can be administered orally circumvents some of the problems 
associated with gold therapy and is currently undergoing clinical 
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tes t ing . The older compounds Na^AuTM and AuTG must be admin
istered in weekly to monthly intramuscular in ject ions . 

3 

I II III 

Na2AuTM AuTG EtgPAupATG 

At present, the sight an
uncertain, but a number of viable hypotheses, including the 
p o s s i b i l i t y of interactions with the immune system are under 
active consideration (5_,6j. 

B. Gold Metabolism. The metabolism of gold follows the 
general sequence shown below during uptake, d i s t r i but ion and 
excretion: 

Injection s i t e 
(Na2AuTM) 

Stomach 
(EtgPAupATG) 

•Bloodstream-

: kidneys — > 

: l i v e r — 

urine 

> feces 

S other tissues 

^ synov i a 

> s i t e (?) of action 

Gold(I) is adsorbed into the bloodstream from which i t i s t rans 
ferred in substantial quantit ies to the kidney and l i v e r , which 
are major s i tes of deposition as well as the routes of excretion, 
and in smaller amounts i t is deposited in v i r t u a l l y a l l t issues 
of the body. At present, the s i t e and mode of action of chryso
therapy are uncertain although gold is known to enter the 
synovial f l u i d of the j o in t s (1,5). The deposition of gold is 
long-term, although the equi l ib rat ion of recently injected 
[ 1 9 5Au]-Na 2AuTM with accumulated gold takes place (12). 

C. Gold Biochemistry. The b io log ica l chemistry has been 
reviewed recently (1,13) and wi l l be b r i e f l y summarized here. An 
early experiment which provides an important clue to the b io 
chemical fate of gold(I) was D. A. Gerber's demonstration that 
Na2AuTM bonds to the single free sulfhydryl residue, cys-34, of 
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bovine serum albumin (14). In the binary react ion , the thiomalate 
ca r r i e r ligand is retained: 

Protein-SH + AuTM" 2 >Protein-S-Au-TM" 3 + H + 

However, recent experiments by J e l l urn and Munthe suggest that the 
reactions of NapAuTM in vivo and in blood serum in v i t r o lead to 
the displacement of thiomalate ca r r i e r l igand from gold (15,16). 
The exchange of th io l ligands at gold(I) occurs very rapidly as 
demonstrated by averaging of free and bound lignad signals in 
proton and carbon-13 nmr experiments (18,19). The d issoc iat ion 
of the thiomalate in vivo may result from displacement of the 
car r i e r ligand from the i n i t i a l l y formed protein-gold-thiomalate 
complex by an endogenous th io l such as glutathione or cysteine (1): 

Protein-S-Au-TM" 3 + RSH > Protein-S-Au-SR~+ HTM" 2 

In fact , gold(I) reactions in the c e l l cytoplasm are domi
nated by the gold sulfhydryl interact ions . It is expected from 
the HSAB pr inc ip le that gold(I) w i l l have a strong a f f i n i t y for 
sulfur l igands, but i t is unique in comparison to other soft 
acids such as Pt ( I I ) , Hg(II) and Cd(II) in that i t has an un
usually low a f f i n i t y for nitrogen bases (19). 

Figure 1 compares the gold and th io l concentrations of rat 
renal co r i t ca l cytosol from gold injected rats after f r ac t iona 
t ion by gel -exclusion chromatography. Four gold peaks are ob
served which correspond to the th io l maxima (2). These sub
stances , label led peaks I through IV may be ident i f i ed as follows 
(2_,3): I corresponds to the excluded f ract ion and includes pro
teins of molecular weight >J10,000 Daltons; II is a protein of 
moderate s ize which has not been i den t i f i ed ; I I I , a prote in -
bound species of approximately 10,000 Daltons, i s now c lear ly 
established as gold bound to a meta l loth ionein - l ike protein from 
the work described in th is paper; IV is a mixture of low molec
ular weight complexes, predominantly glutathione and cysteine 
bound gold. S imi lar patterns are observed after administration 
of Et 3PAuCl o r a l l y , and NaAuCK and AuTG i n t r a 
per itoneal ly (Figure 2) suggesting that the pattern is independent 
of the car r i e r ligand used to administer the gold (2). 

The correspondence of the gold of the cytosol f ractions with 
the th io l groups suggests that the gold may d i s t r i bute i t s e l f in 
a thermodynamic equil ibrium among protein and non-protein th io l 
groups. Confirmation of th is hypothesis is provided by Figures 
3 and 4 which demonstrate the results of f ract ionat ing cytosol 
from control rats after incubating with Na^AuTM and the effect 
of adding a th io l reagent such as cysteine or glutathione to the 
cytosol of a gold treated rat . The fact that in v i t ro addition 
of gold produces the same pattern (peaks I through IV) as 1n_ vivo 
administration is strong evidence for a thermodynamically--rather 
than b i o l o g i c a l l y - - c on t ro l l ed d i s t r i bu t i on . The a b i l i t y of 
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F R A C T I O N N U M B E R 

Bioinorganic Chemistry 

Figure 1. Relationship of rat renal cytosolic thiol groups to gold distribution: 
a, [SH] and protein (A280) for a control animal; b, [Au] and [SH] for an Na,AuTM 
infected rat (2). Preparation of cytosol, fractionation on Sephadex G-100, and 
collection were performed under nitrogen to prevent air oxidation of the thiol 
groups. Conditions: Tris-HCl buffer 40mM pH 8.6; 2.5 X 60 cm column; flow 

rate 20 mL fractions. 
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FRACTION NUMBER 

Bioinorganic Chemistry 

Figure 2. Cytolsolic gold distribution following in vivo administration of: a, 
NaAuCU; b, NaAu(TG)2; and c, (C2H5)3PAuCl to rats (2). In each case peaks I, 
II, and III are observed. Peak IV appears only at higher gold loadings (3). Condi
tions as in Figure 1. NaAu(TG)2 was prepared by the in situ reaction of NaTG 

and AuTG in aqueous solution. 
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3 0 6
FRACT ION NUMBER 

Bioinorganic Chemistry 

Figure 3. The gold distribution following in vitro addition of Na2AuTM (2.6μτη) 
to renal cytosol from a control animal is qualitatively identical to that from in vivo 
administration, implying that it is a thermodynamically—not biologically—deter

mined distribution (2) 

FRACTION NUMBER 

Inorganic Chemistry 

Figure 4. Addition of cysteine to renal cytosol from a goldtreated rat at a 100/L 
thiol/gold ratio shifts the gold from Peaks I, II, and to a lesser extent, HI into 
the low molecular weight fraction, Peak IV, which is Au(cys)2~ (3). The small 

peak, IV, is a glutathione complex of gold. Conditions as in Figure 1. 

In Inorganic Chemistry in Biology and Medicine; Martell, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



20. S H A W Au-Binding to Metallothioneins 355 

cysteine to compete for and displace protein-bound gold(I) ( p r i 
marily from peaks I and II into peak IV) further supports this 
hypothesis. 

The data of Figure 3 lead to another important conclusion, 
that the observed d i s t r ibut ion of gold among cytoplasmic protein 
does not require de novo protein synthesis to explain the r e su l t s , 
since the same pattern is observed in v i t ro as in vivo. 

D. Metal lothionein. Metal lothioneins, MT, are a family of 
ubiquitous metal binding proteins isolated mainly from the l i ve r s 
and kidneys of mammals, but also found in other tissues and 
species. It was f i r s t reported in 1957 by Val lee and co-workers 
(2Ό,21_,22). It i s a very small prote in , 6,100 Daltons, (exclud
ing metal ions) , which can bind up to seven metal ions, p r i 
marily zinc and cadmium but also including trace to s ign i f i cant 
quantit ies of copper and traces of other metal ions (20,21). In 
gel -exclusion chromatograph
weight of ca_. 10,000, apparently due to a prolate e l l i p so i da l 
shape with a 6/1 axial rat io (20). A t ru ly unique aspect of th is 
protein i s the presence of twenty cysteine residues among 61 
amino acids (23). The structure of the equine renal prote in , 
which was used in the chemical studies described here, is given 
in Figure 5. The protein as isolated from horse kidney is metal 
saturated--that i s , there are no free th io l groups; they are a l l 
involved in metal mercaptide linkages. The average stoichiometry 
of the metal -sul fur binding s itçs must be 3SH/metal, although 
bridging sulfurs may lead to [M S j ~ binding s i tes as proposed 
by Sadler (24). The biosynthesis of MT in response to cadmium 
exposure in various organisms and the high s p e c i f i c i t y of cadmium 
for metallothionein have lead to the hypothesis that MT may have 
a heavy metal detoxifying function (25^,26 9̂27_,28 )̂. Recent e v i 
dence, however, demonstrates that increased hepatic Zn-MT levels 
are observed in response to nonheavy metal physiological stresses, 
including bacter ia l in f ec t ion , part ia l hapectomy, CCI* exposure 
and burns (2!^,3Ό,31_). These observations suggest that metal lo
thionein may have a role in zinc metabolism. Indeed, we have 
observed low levels of a z inc , copper binding protein with 
meta l lothionein- l ike properties in E r l i ch -Asc i t e s tumor c e l l s in 
the absence of heavy metal exposure (32,33). 

E. Metallothionein-Gold Reactions. A number of labora-
tor ies (2,34,35,36,37) have observed and interpreted the occur
rence of "10,000 Dalton" gold containing species in the cytosol 
of renal and hepatic t i s sue , as summarized in Table I. It i s 
c lear that various interpretations of gold-metallothionein 
binding and the a b i l i t y of gold to induce MT biosynthesis have 
been promulgated. Therefore a comprehensive study of gold 
binding to MT and the related question of z inc , copper and cad
mium antagonisms, which may re late to the mechanisms of gold 
therapy and t o x i c i t y , were undertaken in our laboratory (38) 
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and w i l l be described here. 
We have employed a var iety of systems to study Au(I)-MT 

interactions including reactions of Na^AuTM with highly pur i f ied 
equine renal MT (DEAE-Sephadex and Sepnadex G-75); in vivo 
administration of CdCU and Na^AuTM to rats ; and j j ^y j t ro addi 
t ion to rat l i v e r cytoso l . Because th is is an inorganic sym
posium, the chemical aspects w i l l be emphasized and the in vivo 
results only b r i e f l y discussed. [Added note: After the or ig ina l 
version of this manuscript was submitted, a paper appeared de
monstrating that NaAuCl- induces the biosynthesis of a metal lo-
th ione in - l i ke protein in rat l i v e r and kidney to which some of 
the gold in these tissues is bound ( 4 3 ) . ] 

Experimental 

More complete deta i l s w i l l be published in papers submitted 
elsewhere (38,39). A l
formed on a Perkin-Elme
cal ibrated with ser ia l d i lu t ions of commercial standards. Co l 
umn chromotography was carr ied out at 4°C on Glencoe columns 
packed with Sephadex-G-50 or G-75 using a p e r i s t a l t i c pump to 
maintain constant flow rates. Detai ls regarding buffers, c o l 
umn s i z e , e t c . , are given in the figure legends. Fractions were 
co l lected automatically and subsequently enalyzed for metal con
tent by AA and absorption at 250 nm (when pure MT was used) or 
280 nm (when cytosol was fract ionated) . 

Metallothionein was iso lated from horse kidney t issue by 
adaptation of standard methods and pur i f ied by Sephadex G-75 and 
DEAE-Sephadex chromotography (38). The reactions of pur i f i ed MT 
with various amounts of NaJ\uTM were conducted by incubating 
samples at 4°C in Tr is -HCl buffer, pH 7.8 for 2 hours and f rac 
t ionat ing the mixture on Sephadex G-50. Fractions were analyzed 
for free and bound metals. The kinet ics of reaction between MT 
and DTNB was studied by mixing DTNB and MT under N 2 in anaerobic 
cuvettes containing 10 mm Tris-HCl/0.1M KC1, pH 8.6 at 25°C. The 
reaction was followed by the appearance of 5-thio-2-nitrobenzoate 
which absorbs at 412 nm. Pseudo-first order conditions were 
maintained with excess (10 to 100 fold) DTNB. 

Cytosol was prepared from the kidney and l i v e r t issue of rats 
by homogenizing the tissue in buffered sucrose media containing 
2-mercaptoethanol and centrifuging the homogenate at 5,000 x£ 
and subsequently at 40,000 xc[ to y i e l d a part icu late free super
natant. At th i s point, a heat treatment step, in which the cy 
tosol was heated in bo i l ing water bath to 60°C, held at 60°C for 
60 sec and cooled in an ice bath, was applied, after which the 
cytosol was recentrifuged at 40,000 x£ (20 min) to remove de
natured proteins. The heat treated cytosol was then fractionated 
on Sephadex G-75 and the metal content and A^OQ absorbance meas
ured on a l l f ract ions . In various experiments, cytosol was i s o 
lated from the l i ve rs of rats injected intraper i tonea l ly with 
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Na^AuTM (7 £ 8 mg Au/kg dai ly) or chronica l ly exposed to cadmium 
(34.4 yg Cd 1 in the drinking water for 134 days). In some cases, 
(mixed in v i ro/ in v i t ro experiments) the heat-treated cytosol 
from Cd-treated rats was incubated for 24 hours with Na^AuTM and, 
conversely, heat-treated cytosol from Au-treated rats was i n 
cubated with C d C l 2 . In other experiments (co-administration of 
CdCl 2 and NaJ\uTM7, four rats were given CdCU (2 mg Cd/Kg) and 
two days l a ter NaJ\uTM (10 mg Au/kg), then sac r i f i ced 24 or 96 
hours later . 

Results 

A. In v i t r o Metallothionein/NapAuTM Reactions. Highly 
pur i f ied equine renal MT was allowed-to react with various amounts 
of Na^AuTM and then fractionated on Sephadex G-50 to separate the 
protein-bound and free metals. Because the protein does not have 
any UV-vis ib le chromophore
linkages, the protein was "quantitated" by i t s cadmium content 
(measured by atomic absorption spectroscopy) and results are r e 
ported for various Au/Cd ratios of the reactants. Aliquots of a 
reaction mixture having a 10/1 Au/Cd ra t io were fractionated after 
2, 24 and 48 hours incubation time to insure complete react ion. 
In fact , the reaction had gone to completion within two hours 
(Figure 6), and a l l subsequent reactions were carr ied out for 
two hours before f ract ionat ion. 

TABLE II. Na 2AuTM/Metallothionein Reactions1* 

Au/Cd rat ios 0 1 2 3 5 25 

Metallothionein 

Zn 0.66 0. .26 0.38 - - -

Cd 1.00 1. .00 1.00 0.86 0.46 0.17 

Au - 0. .84 1.89 2.08 3.10 6.88 

Low molecular weight species 

Zn - 0. .30 1.36 1.11 0.48 0.62 

Cd - 0.14 0.53 0.83 

Au - 0.50 1.43 19.34 

Mole rat ios of metals in metallothionein and low molecular 
weight fractions re la t ive to total Cd = 1.0. 
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When various Au/Cd rat ios were employed, the results i n d i 
cated a dramatic difference between the r eac t i v i t i e s of prote in -
bound zinc and cadmium. Chromatograms for 2/1 and 5/1 ratios 
are presented in Figure 7 and data for these and other s t o i ch i o -
metries are summarized in Table II. Clear ly the zinc is pre
f e r en t i a l l y displaced by gold, in a reaction which goes to com
plet ion and i s l imited by the amount of gold present at the con
centrations employed. However, when the zinc is completely d i s 
placed, an equil ibrium displacement of cadmium is observed, and 
a decreasing proportion of the gold i s MT bound. The chemistry 
can be represented as follows: 

Thus with a 2/1 Au/Cd r a t i o
78% of the z inc , but n
ra t i o s , a l l of the zinc and progressively more cadmium are d i s 
placed from the protein. Even with a large excess of Na^AuTM, 
complete displacement of cadmium was not observed (Table 2). 

The equations just presented ignore the possible ro le of the 
thiomalate ca r r i e r ligand in gold-MT binding. Three di f ferent 
binding models are possible : (a) bonding of oçe AuTM moiety to 
a s ingle SH group, which requjijes 3 Au bound/M displaced; (b) 
isomorpfjiûus displacement of M by Au(I) which requires 1 Au 
bound/M displaced; and (c) chelation of gold by two SH groups, 
which results in 1.5 Au bound/M 2 displaced. 

A p r io r i considerations of the charge build-up around gold 
in the (AuS~)~ binding s i t e of Model Β and the strong preference 
of gold(I) for l inear two-coordinate geometry (I) tend to make 
the isomorçhous displacement the least l i k e l y p o s s i b i l i t y . The 
Au bound/M 2 displaced rat ios ranged from 1.5 to 3.0 in the var
ious experiments performed, also tending to support Models A and 
C. However, these rat ios are complicated by the equ i l i b ra t ion of 
zinc between the Sephadex resin and protein resu l t ing in zinc r e 
coveries between 80 and 160%, and i t is not possible to d i s 
t inguish between Models A and C. Experiments with [ 3 5S]-Na 2AuTM 
are planned to resolve the question. 

Au(I) + Zn,CdMT » Au,CdMT + Zn 

- AuMT + C d + 2 Au(I) + Au,CdMT 

In Inorganic Chemistry in Biology and Medicine; Martell, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



20. S H A W Au-Binding to Metallothioneins 361 

Figure 6. The distribution of metals between MT and the low molecular weight 
fraction after incubation of Na2AuTM and equine renal MT at a 10/L Au/Cd 
ratio for: a, 2 h; and b, 26 h. The reaction is complete within 2 h. Conditions: 
Sephadex G-50 column (1.5 X 60 cm) eluted with Tris-HCl 40mM, pH 7.8 at 

5 mL/h; 3.2 mL fractions. 

FRACTION NUMBER 

Figure 7. The effect of increasing Au/Cd ratio on metal displacement from MT: 
a, 2/1 ratio; and b, 5/1 ratio. Conditions as in Figure 6 with 2-h reaction time. 
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These results unambiguously demonstrate that gold(I) w i l l 
bind to metallothionein in v i t ro with displacement of zinc and 
cadmium. However, this fact , even in conjunction with a "10,000" 
Dalton gold protein species in vivo does not prove that the 
l a t t e r peak is MT-bound gold. 

B. The DTNB Reaction of Metal lothionein. The appearance 
of reactive (or "free") th i o l s in the 10,000 Dalton peak of rat 
renal cytoso l , which was previously reported, was apparently 
inconsistent with the published properties of equine renal 
metallothionein--namely, that a l l sulfhydryl groups were present 
as metal mercaptide linkages. We have subsequently examined 
the reaction of 5 ,5 ' -d i th iob is (2 -n i t robenzoic ) acid (DTNB, a 
standard agent for measurement of the SH concentrations (40) ) 
with Zn-thionein, A b i -phas ic reaction was found in which each 
step had DTNB dependent and independent terms (Fiqure 8): 

k T = 0.41 M '^sec ' ^CDTNE
kjj= 0.044 M sec"

(In these experiments, Zn-thionein was prepared by d ia ly s i s 
against EDTA at low pH, and reconstituted with a single metal 
ion.) The observed rate constants indicate that both d i s soc i a 
t i ve and associat ive steps are occurring. In the d issoc iat ive 
step the sufhydryl dissociates from the Zn and reacts with DTNB 
in a fast step. The mechanism below is proposed to ex
pla in the DTNB dependence of the reaction as well as other ob
servations not discussed here (par t icu la r ly the absence of effects 
due to EDTA or hydrogen ion on the rates (39)). 

The biphasic nature of the reaction w i l l probably require 
e lucidat ion of the te r t i a ry structure of MT for a correct ex
planation. 

For our purposes, the s ign i f i cant aspect of th is reaction is 
that i t provides an explanation for the reactive SH groups of the 
10,000 Dalton fractions of the kidney cytoso l : they are the re 
sult of metallothionein reacting slowly with the DTNB. The meas
ured rate constants are adequate to explain the 50 μΜ SH concen
t ra t ion previously observed after f i f teen minutes reaction time. 

Protein N0 o + Metal 
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t (Minutât) 

Figure 8. The reaction of reconstituted equine renal Zn-MT with DTNB (5,5'-
dithiobis (2-nitrobenzoic acid)) followed by the absorbance at 412 nm. A two-step 
reaction in which each has two components is observed. Conditions: lOmM Tris-

HCl, 0.1M KCl, pH 6.8 at 25°C, [DTNB] = 6.7mM, [Zn]MT = 17 / iM. 
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C. Co-Administration of CdClp and NapAuTM in vivo. To fur 
ther explore whether gold and cadmium both bind to metallothionein 
in v ivo, CdCl 2 and NaJ\uTM were injected into a rat (2 mg Cd/kg 
and 10 mg Au/Rg intraper i tonea l ly 48 hours apart ) . After s a c r i 
f i c ing the animals, the kidneys and l i ve r s were isolated and cy 
tosol (100,000 xg supernatant) prepared and fractionated on 
Sephadex G-75. The cytosol f ract ions were analyzed for gold, 
cadmium and zinc by atomic absorption spectroscopy. The chromato-
grams are presented in Figure 9. As expected, the gold and 
cadmium peaks in the 10,000 molecular weight region, peak III , 
coincide thereby providing strong support for the hypothesis that 
gold binds to a meta l loth ionein - l ike protein in vivo. Peaks I 
and II are also c l ea r ly present, but peak IV, found only with high 
gold levels ( £ ) , does not occur in the l i v e r . This is the f i r s t 
d i rec t demonstration that cadmium and gold co-e lute in the 
"10,000 Dalton" metal binding species. 

D. Differences in Au-MT and Cd-MT Spec i f i c i t y . Although the 
in vivo and in v i t r o experiment described above convincingly es
tab l i sh that a meta l loth ionein - l ike protein can and indeed does 
bind gold(I) in vivo, there is a s t r i k ing difference in the spe
c i f i c i t y of metallothionein for gold and cadmium. These d i f 
ferences are well i l l u s t r a t ed by a series of experiments using rat 
l i v e r cytoso l . The heat treated cytosol was prepared from l i v e r 
homogenate and then fractionated after in vivo exposure of the 
rats to Na^AuTM (7 χ 8 mg Au/kg/day intraperitoneal injections) 
or CdClp (o4.4 yg Cd/ml in drinking water for 134 days) as shown 
in Figures 10a and 11a. Table III shows the dramatic changes in 
the metal/protein rat ios and the percentages of metal i n i t i a l l y 
present in going from the homogenate to metal lothionein. While 
almost 70% of the cadmium in the i n i t i a l homogenates is MT bound, 
less than 1% of the gold i s . Although the doses and methods of 
administration for Cd and Au used here are not exactly comparable, 
numerous other experiments under a variety of conditions establ ish 
that the results obtained here for cadmium and gold are, in f ac t , 
typ ica l of the two elements. 

E. Mixed in vivo/in v i t r o Experiments. The same l i v e r cy 
tosol preparations as above were used to study metal d isp lace
ments from metallothionein by adding gold to the in vivo Cd 
treated cytosol and vice versa. These experiments more nearly 
reproduce the s i tuat ion when metallothionein is presented with 
gold(I) in the c e l l u l a r mi l ieu than do the experiments with pure 
equine renal MT. The result ing chromatograms are shown in F i g 
ures 10b and l i b , and the metal contents of the metallothionein 
peaks are given in Table IV. 
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0 50 100 
FRACTION NUMBER 

Figure 9. Hepatic and renal cytosol from a rat administered CdCl2 and NasAuTM, 
demonstrating the co-elution of metallothionein bound Cd and Au, Peak III. Con
ditions: Sephadex G-75 (2.5 χ 60 cm) column eluted with 50mM Tris-HCl/0.15M 

KCl; 3 mL fractions. 
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FRACTION NUMBER 

Figure 10. Displacements of metal from metallothionein in rat hepatic cytosol. 
Fractionation of: a, cytosol from rat administered Na2AuTM in vivo; b, cytosol 
from a that was incubated with 112 pg of Cd*2 for 24 h. 2-Mercaptoethanol was 
added to the cytosol to prevent air oxidation. Conditions: Sephadex G-75-120 
column (2.5 X 100 cm) eluted with 5mM Tris-HCl, pH 7.8 at 20 mL/hr; 9 mL 

fractions. 
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Figure 11. Metal displacement from Cd-induced metallothionein of rat hepatic 
cytosol. Fractionation of: a, cytosol from Cd exposed rate; and b, cytosol from a 

to which 125 pg Au(l) was added. Conditions as in Figure 10. 
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TABLE III 

Metal/Protein Ratios of Liver Supernatants 

Cd-treated r a t s f Au-treated ra ts -

Cd% Prot.% 
ygCd/ 
mg Prot. Au% Prot.% 

pgAu/ 
Prot. 

Homogenate 100 100 .0624 100 100 .224 

40K Supernatant 75 50 .0939 29 61 .100 

Heat-treated 
Supernatant 72 14 .283 5 14 .078 

Metallothionein 68 + + >1 + + 

homogenate: 13.4 yg Cd/g wet t issue 

homogenate: 50.4 yg Au/
+ t h e biuret protein assay is not accurate for metallothionein 

because of the high cysteine content. 

TABLE IV 

Metal Displacements from Metallothionein in Rat Liver Cytosol 
by I D . V i t ro Addition of Metal 

Treatment nmoles of metal in MT Fraction ( %)* 

in in 
vivo v i t r o gold cadmium zinc copper 

Cd Au 118(18) 764(91) 868(40) 292(39) 

Cd 0(0) 789(95) 926(33) 321(44) 

Difference +118 -25 -58 -29 

Au Cd 33(6) 117(11) 33(3) 55(9) 

Au 29(5) 0(0) 67(6) 248(40) 

Difference +4 +117 -34 -193 

Percentage of each metal in cytosol which is Mt-bound(%= 
nmol in MT XI00 
nmol in cytoso l . 

In the l i v e r a substantial amount of copper is metal lo
thionein bound, in contrast to the traces found in kidney t i s sue . 
In these experiments a Zn/Cd/Cu ra t io of 9/8/3 was observed. 
When gold is added to the cadmium-treated cy toso l , z i n c , copper 
and cadmium are displaced from MT in a 2/1/1 ra t io . As with the 
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horse kidney MT, the zinc i s p re fe rent i a l l y , although not ex
c l u s i v e l y , displaced by gold. The MT in the gold-treated cyto 
sol has an unusually high copper content, and when cadmium is 
added i t is predominantly the copper and some zinc which are d i s 
placed in a 6/1 r a t i o . 

Discussion 

The data for the chemical reactions of MT with Na2AuTM and 
DTNB allow us to conclude that gold binds to metallothionein in 
v i t ro and to a meta l loth ionein - l ike binding protein in vivo. The 
binding of gold(I) to MT can be ent i re ly explained by reaction 
with pre -ex ist ing MT, although the p o s s i b i l i t y of l imited MT b io 
synthesis can not be eliminated from presently avai lable data. 
However, i t is quite evident that MT plays only a minor and pos
s ib ly incidental role in the metabolism of gold. In contrast , 
metallothionein is the pr inc ipa
c e l l . 

Rajagopalan e t^a l . ( 3 7 J have demonstrated that administration 
of AuCK, a gold(IIl]Tcomplex, to rats results in increased levels 
of l i v e r zinc metallothionein (the gold content of the cytosol 
fractions were not measured). However, gold(III) i s much more 
toxic than go l d ( I ) ( ] J and the effect may be a non-speci f ic stress 
induction of MT, s imi lar to that produced by CCI, , bacteria l i n 
fect ions , etc. ( 2 9 - 3 1 ) . Although the d i s t i nc t i on may seem to be 
semantic, the extent of MT-biosynthesis induced by cadmium versus 
gold and the consequences for the biochemistry of the metals are 
quant i tat ive ly and qua l i t a t i ve l y d i f ferent . 

When Na2AuTM reacts with pur i f ied MT, there is. a strong d i s 
crimination Between zinc and cadmium, the former being much more 
readi ly displaced. However when Na^AuTM is added to the cytoso l , 
from Cd-treated animals, i t results in a displacement of z i nc , 
copper and cadmium in a 2 / 1 / 1 r a t i o . When cadmium is added to the 
cytosol of Au-treated rats in which MT contains z i nc , copper and 
gold only zinc and copper were displaced. From this i t can be 
deduced that the a f f i n i t y of metallothionein for gold i s compa
rable to that for cadmium and greater than that for z inc : 

Au ^ Cd > Zn 

Although the binding of Au(I) to MT in vivo may be an i n c i 
dental aspect of i t s metabolism, i t could have profound conse
quences af fect ing the t ox i c i t y of gold compounds and the i r 
mechanism of action in rheumatoid a r t h r i t i s . If i t i s assumed 
that metallothionein has some ro le in zinc and possibly copper 
metabolism--and the stress induction of Zn-MT supports th is sup
posit ion—then the binding of gold to MT with displacement of 
zinc and copper may a l te r zinc and possibly copper metabolism in 
some inimical fashion, contributing to or complicating other tox
ic reactions. 
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A number of treatments which are in general use or c l i n i c a l 
test ing for rheumatoid a r t h r i t i s may a l t e r zinc or copper metabo
l ism. These include gold(I) complexes such as Na AuTM and 
Et PAupATG, penici l lamine which is a good metal chelating agent, 
ana sa l t s of copper and zinc themselves. The p o s s i b i l i t i e s of 
common mechanisms for some of these agents has been discussed by 
Whitehouse and Walker (4]_) and J e l l urn and Munthe ( T!5,16). Evans 
has previously postulated that zinc/copper antagonisms may occur 
at metallothionein (42). Our research now expands that to i n 
clude possible gold antagonisms of copper and zinc occurring at 
least in part at metallothionein on the molecular l e v e l . Con
t inuing research on the biochemical mechanisms and basis of gold 
metabolism w i l l be necessary to e lucidate the ro le of gold-MT 
interact ions in such processes. 

[The paper of Mogilnicka and Piotrowski (Biochem. Pharmacol., 
1979, 28, 2625-2531) published after the or ig inal submission of 
this a r t i c l e establishe
metal loth ionein- l ike bindin
AuCl administration to ra t s . Movement of copper into the k i d 
ney was also established. Whether these effects occur 
to the same extent for gold(I) thiolates remains to be determ-
mined.] 
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21 
Wilson's Disease and the Physiological 
Chemistry of Copper 

I. HERBERT SCHEINBERG 

Albert Einstein College of Medicine, Bronx, NY 10461 

Copper, zinc and iro
certainty to be essentia
all three are similar to other heavy metals, such as mercury and 
lead, in their capacity to combine with many proteins, precipit
ating them or impairing their physiological functions. Yet, 
though present in some tissues in concentrations far in excess of 
toxic concentration of mercury or lead, copper, iron or zinc 
toxicity is seen in man only in the presence of a specific gene
tic defect in the metal's metabolism, as in Wilson's disease; or 
when the metal enters the body through a parenteral route, as in 
the chills, fever, and nausea resulting from the inhalation of 
zinc fumes. Studies of Wilson's disease of the last 30 years sug
gest that the remarkable innocuousness of essential heavy metals 
is a consequence of their essentiality. 

Wilson's Disease 

All newborn infants have an increased concentration of copper 
in the liver, and a decreased concentration of a specific plasma 
copper-protein, ceruloplasmin, in comparison to individuals over 
one year of age (1). The rare infant who has inherited a pair of 
the specific autosomal recessive gene that causes Wilson's disease 
exhibits an excess of hepatic copper and a deficiency of cerulo
plasmin for life. 

Although there are a number of human copper proteins - Table 
I lists those known to occur in man - ceruloplasmin is the only 
one known to present an abnormality in Wilson's disease. Cerulo
plasmin is a blue, alpha globulin, with a molecular weight of 
131,000 daltons, and 6 atoms of prosthetic, tightly bound copper 
per molecule (2). It is a glycoprotein, with a well-defined sugar 
moiety, and both cupric and cuprous ions in its structure and 
exhibits oxidase activity towards a number of polyamines, poly
phenols and the ferrous ion. Its phyisological function is un
known. The fact, however, that Wilson's disease, which is chronic 
copper toxicosis of man, is associated with lifelong deficiency or 
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absence of ceruloplasmin suggests that the metabolism of cerulo
plasmin and the homeostatic mechanism that maintains normal 
copper balance are i n some way connected. No other primary c l i n 
i c a l or biochemical abnormality has been reported even i n patients 
with Wilson's disease who appear to have no ceruloplasmin at a l l . 

Experiments with ceruloplasmin whose sugar chains have been 
freed of their terminal s i a l i c acid residues indicate that 
desialylated ceruloplasmin i s rapidly removed from the c i r c u l a t i o n 
(3), transported into hepatocytic lysomes where i s i s catabolized, 
and whence at least some of i t s copper i s excreted into the b i l e 
04). The rate of accumulation of the excess bodily deposits of 
copper in patients with Wilson's disease i s compatible with the 
hypothesis that a block i n the excretory pathway of ceruloplasmin-
copper constitutes the fundamental metabolic defect i n this d i s 
order. 

Whether or not a result of abnormal ceruloplasmin metabolism
the patient with this diseas
l i v e r as he ages. The norma
i s below 50 micrograms per gram of dry l i v e r , but i t i s not unusual 
to find concentrations of 1000 in adolescent patients who may s i 
multaneously be completely asymptomatic and apparently i n perfect 
health (5). 

Nevertheless, i t i s certain from microscopic examinations of 
l i v e r biopsy samples, and chemical measurements on blood i n over 
a hundred asymptomatic patients with Wilson's disease, that the 
accumulation of hepatic copper i s accompanied by structural and 
functional damage to the l i v e r . At some time between the middle 
of the f i r s t and f i f t h decades of l i f e necrosis of the primary 
functional c e l l s of the l i v e r results from this organ's overload 
of copper (6_). 

Death of hepatic c e l l s may be so massive that severe hepatitis 
may end the patient's l i f e within weeks of the f i r s t c l i n i c a l symp-
ton. Even when the hepatitis i s not f a t a l i t i s often accompanied 
by the release into blood of s u f f i c i e n t copper from damaged hepa-
tocytes to cause copper-induced hemolysis of so many erythrocytes 
that anemia results (7). 

Frequently the c l i n i c a l evidence of copper's toxic effects on 
the l i v e r are s l i g h t , or disregarded. Necrotic hepatocytes may 
release copper to the blood gradually, resulting in the accumula
tion of s i g n i f i c a n t amounts of free plasma copper. Whereas i n 
normal individuals v i r t u a l l y a l l but a few percent of the plasma 
copper i s in ceruloplasmin, untreated patients with Wilson's 
disease may have more than 50 micograms of copper per 100 ml of 
plasma - half the normal t o t a l plasma copper - which i s not bound 
to ceruloplasmin. Unlike ceruloplasmin-copper, the non-cerulo-
plasmin, or free copper of plasma i s able to diffuse across mem
branes. One apparently paradoxical result of this i s that un
treated patients with Wilson's disease generally excrete several 
hundred micrograms of copper i n the urine daily while normal i n 
dividuals, excreting l i t t l e more than 10 micrograms daily, do not 
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accumulate toxic amounts of copper as they age. Unfortunately, 
patients are not kept i n zero copper balance by this elevated 
urinary output, and their free plasma copper diffuses across the 
blood-brain barrier. 

The toxic effects of copper in the brain are disastrous 
( F i g . l ) . If the patient with Wilson's disease does not die of the 
damage copper produces in the l i v e r , he w i l l eventually suffer 
from severe neurologic or psychiatric disturbances, and w i l l f i n 
a l l y die of copper toxicosis of the central nervous system (8). 

How can an element that i s essential to l i f e be lethal? The 
answer i s not simply that the concentrations of copper are greater 
in patients with Wilson's disease than i n other individuals. In 
fact, the t o t a l concentration of copper in the plasma of patients 
with Wilson's disease i s almost always lower than that of a normal 
individual, since the elevated l e v e l of non-ceruloplasmin-copper 
i n the patient generally does not compensate for his deficient 
l e v e l of ceruloplasmin-copper
patient, concentration
than normal (9). 

Copper i s toxic i n patients with Wilson's disease because i t s 
thermodynamic a c t i v i t y i s appreciable. In normal individuals the 
a c t i v i t y of copper i s v i r t u a l l y zero because copper i s almost a l 
ways present only as the prosthetic element of one of another 
s p e c i f i c protein. A copper ion that i s firmly bound to a sp e c i f i c 
copper-protein i s not toxic, as exemplified by ceruloplasmin-
copper, which i s normally present at a concentration of about 100 
micrograms per 100 ml. In the third trimester of pregnancy the 
plasma concentration of ceruloplasmin-copper normally and innoc-
ously rises as high as 300 micrograms per 100 ml. Yet 30 micro
grams of non-ceruloplasmin-copper i s a characteristic and highly 
toxic l e v e l i n an untreated patient with Wilson's disease. 

It i s paradoxical that i n Wilson's disease i t seems l i k e l y 
that free copper ions effect their t o x i c i t y by combining with 
sulfhydryl, carboxyl or amino groups of non-copper proteins and 
impairing their physiological roles. 

The validation of much of the foregoing i s found i n the re
sults of removing copper pharmacologically from patients with 
Wilson's disease. Although Wilson described the c l i n i c a l aspects 
of this disease i n 1911 (8), i t was not u n t i l almost 40 years 
later that evidence was obtained that implicated copper as the 
etio l o g i c agent. In 1948 Cumings (10) proposed that the adminis
tration of 2,3-dimercaptopropanol might arrest the progression of 
what was then known to be a uniformly f a t a l disorder by chelating 
and excreting copper. The administration of this t h i o l - known as 
B.A.L. - to severely i l l patients with Wilson's idsease was under
taken by Denny-Brown who showed that copper removal was accompanied 
by improvement in the c l i n i c a l condition of the patients (11). 
B.A.L., however, had to be administered intramuscularly and was 
painful and disagreeable. In 1956 Walshe showed that administering 
3,β-dimethylcysteine (D-penicillamine) o r a l l y to patients with 
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Wilson's disease s i g n i f i c a n t l y increased the urinary excretion of 
copper(12). 

Although the r a r i t y of Wilson's disease made i t commercially 
unprofitable, i t proved possible to induce a pharmaceutical com
pany to manufacture D-penicillamine. In 1963 the United States 
Food and Drug Administration approved penicillamine as safe and 
effective in the treatment of Wilson's disease. 

The c l i n i c a l effects of the continual administration of peni
cillamine i n Wilson's disease could hardly have been more aston
ishingly g r a t i f y i n g . Patients who appeared to be days away from 
death because of l i v e r or brain disturbances were restored to 
normal health. And patients who had been asymptomatic, but i n 
whom the unequivocal diagnosis of Wilson's disease was made 
(usually by the demonstration of both deficiency of plasma cerulo
plasmin, less than 20 milligrams per 100 ml of plasma; and an ex
cess of hepatic copper  greater than 250 micorgrams per gram of 
dry l i v e r ) were kept fre
the i l l n e s s by the continua

Objective evidence has been abundant that these c l i n i c a l 
effects have been accompanied by, and have depended upon, the re
moval of much of the excess copper that had accumulated before 
therapy was in s t i t u t e d . With penicillamine, uninary copper excre
tion increased to amounts that assured the physician that a nega
tive copper balance had been achieved, as shown in Fig. 2, where 
almost 8 milligrams of copper was excreted i n a day on which 2 
grams of penicillamine were administered. Since the daily dietary 
intake of copper i s generally about 3 to 4 milligrams, the copper 
balance was negative. Quantitative copper analyses of s e r i a l b i 
opsy samples of l i v e r show that hepatic copper concentrations f a l l 
as treatment progresses (Table I I ) . V i s i b l e evidence of the re
moval of tissue copper i s shown i n Plate 3* where the circumferen
t i a l brownish deposit of copper at the periphery of the cornea -
the Kayser-Fleischer ring - has disappeared after 9 years of 
treatment with penicillamine (14). 

Discussion and Conclusions 

Although copper i s as inherently toxic as many other heavy 
metals and i s present in a number of tissues in concentrations at 
which many metals exhibit t o x i c i t y , copper toxicosis in human 
beings occurs only i n about f i v e individuals in a m i l l i o n . Except 
where s u i c i d a l attempts involve the ingestion of thousands of 
times the normal daily intake of copper, or where copper enters 
the body by other than the gasto-intestinal tract, copper toxico
si s of man i s seen solely i n those individuals who inherit a pair 
of abnormal autosomal genes, the effect of which appears to be to 
impair a normal excretory route for copper absorbed i n excess of 
what i s metabolically essential. Copper toxicosis eventuates not 
merely because there i s too much in the body, but because the ex
cess i s not incorporated into s p e c i f i c copper proteins which would 

* Color plates are located in the Appendix. 
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Figure 1. Cavity produced by toxicity of Cu in the putamen of a patient dead of 
Wilson's disease, indicated by an arrow in this sagittal section of the brain 

Figure 2. Increase of urinary Cu excretion of a patient with Wilson's disease, 
induced by the intramuscular administration of B.A.L. and the oral administration 

of penicillamine 
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TABLE I I 

EFFECT OF PENICILLAMINE THERAPY ON CONCENTRATIONS OF 
HEPATIC COPPER IN TEN PATIENTS WITH WILSON'S DISEASE 

Hep a t i c Copper C o n c e n t r a t i o n (yg/gm of dry l i v e r ) 

Years of Treatment 

0 1 2 3 4 5 
1092 944 - - 696 -
971 - - 146 - -

1561 -
463 - 170 - - -
926 - 756 - - -
821 - - 109 - -

1004 - - - 945 -
866 - - - 737 -

1123 - - - 239 -
832 - _ - - 453 

have had the e f f e c t of r e d u c i n g the a c t i v i t y of the copper to zero . 
The e x p l a n a t i o n of why almost a l l n o n - e s s e n t i a l heavy metals 

ar e t o x i c , and thereby c o n t r a s t s h a r p l y w i t h the n o n - t o x i c i t y of 
e s s e n t i a l i r o n , copper, and z i n c i s b i o l o g i c a l , not ch e m i c a l . When 
the e v o l u t i o n a r y process s e l e c t e d a heavy metal to c a r r y out one 
or more e s s e n t i a l b i o l o g i c a l f u n c t i o n s i t a l s o a p p a r e n t l y d e v e l 
oped homeostatic mechanisms to r i d the organism of i n a d v e r t e n t l y 
i n g e s t e d excesses of the metal (and, i n c i d e n t a l l y , to conserve the 
element i n times of d i e t a r y s c a r c i t y ) . Moreover, e v o l u t i o n was 
a l s o r e q u i r e d to reduce the i n h e r e n t chemical t o x i c i t y of the f r e e 
i o n s of an e s s e n t i a l metal by p r o v i d i n g a p r o t e c t i v e macro-
mol e c u l a r s t r u c t u r e ( u s u a l l y a p r o t e i n ) t h a t would envelop the 
metal and permit i t to p l a y the p h y s i o l o g i c r o l e f o r which i t was 
s e l e c t e d w h i l e r e d u c i n g i t s thermodynamic a c t i v i t y to zero . 
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To attain the goa
predictive basis challenges the state of knowledge of physiology, 
metabolism and the relation of chemical structure and biologic 
activity. The fact that new drug development still depends upon 
extensive - and expensive - screening programs for initial leads 
of biological activity is a marker of the long path ahead. How
ever, in the case of alkaline earth urolithiasis, which makes up 
approximately eighty-five percent of renal stones, it seems poss
ible to predict potentially useful therapeutic compounds and sub
ject the predictions to experimetnal verification. With the 
known composition of stones, the quantitative stability data now 
available for metal ligand interactions, and the current knowledge 
of the composition of biologic compartments in health and disease, 
there is now sufficient information for computer calculation of 
metal speciation in certain biological fluids. Also, it appears 
that proposed regulatory mechanisms for calcium and magnesium 
metabolism correspond to in vivo responses, and enough pharmacolo
g i c a l data i s at hand to allow a test of this approach to drug 
development. This paper describes the background of the c l i n i c a l 
problem, the rationale, methods, results, and conclusions drawn 
from the computer simulation studies, and their successful experi
mental j i n vivo v e r i f i c a t i o n demonstrating the p o s s i b i l i t y of 
dissolving calcium hydrogen phosphate (brushite) bladder and 
magnesium ammonium phosphate stones or in h i b i t i n g their formation 
by treatment with an o r a l l y administered chelating agent. 

The Problem of U r o l i t h i a s i s 

In a nationwide study based on hospital admission and d i s 
charge diagnosis (1) i t has been reported that for adult patients 
an average of 9.47 persons per 10,000 population were admitted 
with a diagnosis of urinary c a l c u l i . Evidence of geographical 
variation was obtained with rates of 19.25 and 18.42 for South 
Carolina and Georgia at the highest side of the scale and 5.81 
and 4.31 for Wyoming and Missouri at the low end. In general, 

0-8412-05 88-4/ 80/47-140-3 81 $07.00/0 
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the southeastern and northeastern area center-states around 
Massachusetts and Maine had the highest incidence with the mid and 
southwestern states such as Wyoming, Arizona and Colorado at a 
lower l e v e l . Appropriate reservations were expressed concerning 
the scope and adequacy of the sample but nonetheless the data f u l 
f i l l e d basic requirements of s t a t i s t i c a l v a l i d i t y . "Stone belts" 
where the incidence of renal c a l c u l i i s unusually high have also 
been well documented i n other parts of the world. For the large 
majority of these patients a complex diagnostic workup to exclude 
a d e f i n i t i v e e t i o l o g i c basis for the formation of urinary c a l c u l i 
i s neither feasible medically or on economic grounds. Thus, i n 
the present absence of a generally useful medical treatment 
modality, surgical intervention i s required when urinary obstruc
tion takes place. 

Alkaline earth renal l i t h i a s i s occurs when the ion s o l u b i l i t y 
product i s exceeded, a c r y s t a l nucleation s i t e i s present  and 
endogenous inhibitors o
( 2 , · Mucoprotein
apatite (11), and monosodium urate (12), have been implicated as 
possible nucleation s i t e s of alkaline earth stones (13). A high 
urinary concentration of magnesium (14) and pyrophosphate (15) on 
the other hand, have been cited as possible i n h i b i t o r s of c r y s t a l 
l i z a t i o n and c r y s t a l growth. Urinary c i t r a t e , by virtue of i t s 
capability to form unionized soluble calcium chelates, may serve 
to decrease the ion concentration of calcium and thus assis t in 
prevention of calcium stone formation (16). 

Therapeutic attempts to i n h i b i t stone formation derive, as 
would be expected, from current understanding of the mechanisms 
responsible for their development (17). Numerous efforts have 
been made to bring about a reduction i n the urinary concentration 
of potential precipitating ions. A large increase in f l u i d intake 
results in a general decrease in the ion a c t i v i t y of the conse
quent diluted urine. This form of therapy i s d i f f i c u l t to sustain 
for a lengthy period. Various approaches have been used to bring 
about a reduction i n urinary calcium, by far the most frequent of 
stone forming cations. Occasionally the presence of hypercalcuria 
can be traced to an underlying pathophysiologic process such as 
hyperparathyroidism, malignancy, hyperthyroidism or sarcoidosis. 
Effective therapy of the disease process can sometimes mitigate 
the extension of the renal l i t h i a s i s . Increased urinary excretion 
of calcium may also occur as a direct consequence of i t s increased 
i n t e s t i n a l absorption or as a result of a defect of i t s renal ab
sorption. Intestional absorption can be modulated to some extent 
by dietary r e s t r i c t i o n but more e f f e c t i v e l y by oral administration 
of non-absorbable cellulose phosphate. This compound i n h i b i t s 
calcium absorption in the gut by complex formation (18). Correc
tion of a renal tubular deficency i n calcium reabsorption has been 
achieved by administration of thiazides (19). Although untoward 
side effects of protracted thiazide therapy are well established, 
their b e n e f i c i a l response for a selected group of patients appears 
unequivocal. 
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Oxalate and phosphate are the anions associated with the 
alkaline earth c a l c u l i , calcium oxalate, calcium hydrogen phos
phate and magnesium ammonium phosphate. Hyperoxaluria may r e f l e c t 
increased oxalate synthesis or i n t e s t i n a l absorption. Although a 
procedure for decreasing oxalate synthesis i s presently available, 
i t has also been possible to modify the increased oxalate absorp
tion often associated with various types of enteric malfunction. 
Restriction of oral oxalate (20), administration of calcium car
bonate (21), choiesterylamine (22) and aluminum hydroxide a n t i -
acid preparations (23) can reduce urinary oxalate output by 
reducing i t s gastrointestinal absorption. Although a decrease i n 
urinary phosphate can be attained by inducing systemic phosphate 
depletion through decrease of i n t e s t i n a l phosphate absorption 
using oral aluminum hydroxide (24), the process i s associated with 
a s i g n i f i c a n t number of side effects (25). 

The view that nucleating sites are an essential induction 
factor i n stone formatio
crease their presence. Thus
u t i l i z e d to decrease the brushite (CaHP0^2H20) a c t i v i t y i n urine. 
Allopurinol (26), administered apparently with some success, re
duces the hyperuricosuria observed concomitantly with some oxalate 
stone formation. 

Efforts have also been made to diminish cr y s t a l formation and 
growth by increasing the urinary concentration of inhibitors of 
these processes. The side effects of oral magnesium therapy 
l i m i t the p o s s i b i l i t y of attaining the high concentrations i n 
urine needed to provide effective c r y s t a l formation and growth 
i n h i b i t i o n . Methylene blue, reputed to serve the same purpose, 
does not appear to be a useful agent (27). The positive effects 
obtained by the administration of oral phosphate have been as
cribed to the resulting increase in the urinary excretion of the 
c r y s t a l l i z a t i o n i n h i b i t o r , pyrophosphate (28). The most effective 
agent of this type developed to date i s ethane-l-hydroxy-1,1-
diphosphonate (29). This carbon analogue of pyrophosphate appears 
to function by serving as a s i g n i f i c a n t i n h i b i t o r of phosphate and 
oxalate precipitation as well as slowing the aggregation of c a l 
cium oxalate crystals. Its use, however, results i n hyperphos
phatemia by increasing the tubular reabsorption of phosphate 
increasing bone resorption and affecting the renal metabolic 
formation of 1,25-dihydroxyvitamin D 3 (30-36). 

The formation of magnesium ammonium phosphate (struvite) 
stones frequenly occurs in an alkaline urine resulting from u r i 
nary tract infection by urea cleaving gram negative organisms. 
Appropriate a n t i b i o t i c therapy, or the u t i l i z a t i o n of acetohy-
droxamic acid to i n h i b i t the a c t i v i t y of urease, coupled with 
management of phosphate excretion appear to be the treatment 
method of choice (37). 

The capability of ethylenediaminetetraacetic acid EDTA to 
s o l u b i l i z e otherwise insoluble calcium precipitates led to i t s 
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application i n the attempted dissolution of alkaline earth uro
l i t h i a s i s (38,39,40). There are a number of disadvantages of this 
approach to therapy. EDTA i s reported to be poorly absorbed by 
mouth (41), i s potentially nephrotoxic (42), i s not selective for 
calcium chelation i n the presence of magnesium, and as we and 
others have observed (loc. c i t . ) causes intense pain and hematuria 
when administered as a retrograde i r r i g a t i n g solution. Despite 
intensive e f f o r t s at modification of the i r r i g a t i n g solution. 
Despite intensive e f f o r t s at modification of the i r r i g a t i n g solu
tion, we were unable to solve this l a t t e r problem. Other attempts 
to develop l i t h o l y t i c solutions (43-51) have had only modest and 
inconsistent success. 

There would be obvious advantages i n the use of a calcium 
chelating ligand which could be given by mouth and end up i n the 
urine i n a form which would combine with urinary calcium to reduce 
calcium ion a c t i v i t y below the s o l u b i l i t y product l e v e l . This 
p o s s i b i l i t y was examine
ethylether)-N,N,N f,N ?-tetraaceti
appears promising on the basis of i t s low acute oral t o x i c i t y 
(3.96 ± 0.50 g/kg), lack of effect on serum calcium, absence of 
to x i c i t y on or a l feeding, and the evidence that 30-35% of the com
pound could be recovered in the urine after a single o r a l dose. 
It was observed, however, that when the compound was excreted into 
the urine i t carried with i t an equivalent of calcium derived from 
i t s combination with serum calcium. The net result consequently 
was an increase i n the t o t a l urine calcium excretion with no de
crease i n the ionic calcium fraction. 

Physico-Chemical Considerations 

The Urinary Compartment. Recognition of the fact that the 
stone forming salts i n urine are usually present i n solution at a 
concentration exceeding their s o l u b i l i t y products led to studies 
of the physico-chemical aspects of the factors involved i n s o l i d 
phase formation (53-63). For calcium oxalate i t could be demon
strated that pH variation i n the physiologic range was not s i g n i f 
icant. On the other hand, the "sa l t i n g i n " effect of urinary 
electrolytes and other constituents were potent positive s o l u b i l 
i z a t i o n factors. Sodium, potassium, magnesium, chloride, b i 
carbonate, phosphate, sulfate, c i t r a t e ion, and urea increased the 
supersolubility of calcium oxalate i n urine. These early pragmatic 
studies were given a theoretical basis when computer programs pro
vided a more f a c i l e solution of the numerous simultaneous equations 
governing the e q u i l i b r i a i n urine. Using this approach i t was 
possible to test the potential effects of various present modes of 
therapy on the s o l u b i l i t y consequences for precipitating s a l t s . 
Urine d i l u t i o n , as would be anticipated a. p r i o r i , decreases 
p r e c i p i t a b i l i t y . A c i d i f i c a t i o n of urine was likewise calculated 
to have a positive effect for calcium hydrogen phosphate, but i n 
the physiologic range this i s of l i t t l e consequence for the solu-
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b i l i t y of calcium oxalate. The l a t t e r result agrees with e a r l i e r 
studies with rats. The computer calculations also suggested that 
a high urinary magnesium ion concentration i n an a c i d i f i e d urine 
would increase calcium oxalate s o l u b i l i t y , a finding also i n keep
ing with animal studies. Therapeutic procedures, such as the 
administration of oral aluminum hydroxide gels to reduce urinary 
phosphate, were calculated to be of increasing potential e f f e c t 
iveness with a urinary pH of 5 and above. However, the lack of 
precise quantitative values for the s t a b i l i t y constants of 
urinary species placed some limitations on the a p p l i c a b i l i t y of 
this approach to the problem of ionic e q u i l i b r i a i n urine. 

Improvement i n the computer simulation became possible with 
the development of an i t e r a t i v e calculation process, u t i l i z i n g 
better values for the s t a b i l i t y constant of calcium oxalate. Good 
agreement was obtained between measured and calculated s o l u b i l i t y 
and formation products of calcium oxalate i n the urine of normal 
individuals and stone formers
of this physico-chemica
measurements of the concentration of urinary constituents have 
further extended our understanding of the p o s s i b i l i t y of the 
formation and growth of alkaline earth renal stones i n the c l i n i c 
a l setting. 

The Plasma Compartment. Computer calculations have also been 
u t i l i z e d to provide data on the probable d i s t r i b u t i o n of metal 
ions among the many potential binding ligands i n plasma (64-69). 
The low r e l a t i v e concentrations of the plasma metal ions enhances 
the probability that the calculated results approximate the situa
tion. Two major factors presently l i m i t the potential a p p l i c a b i l 
i t y of such simulation e f f o r t s . The f i r s t i s the exisitng 
uncertainty of the accuracy of some of the metal-ligand e q u i l i b r i a 
in this compartment. The second i s the modulating influence of 
kinetic physiologic regulatory systems upon s h i f t s i n ion e q u i l i 
b r i a predicted by computer calculation based upon a s t a t i c 
compartment model. However, i t should be noted that the computer 
calculations of ionized calcium i n plasma u l t r a f i l t r a t e are i n 
good agreement with measured values by spectrophotometry and 
potentiometry. 

Rationale of Study 

F i r s t consideration suggests that i t would be unreasonable to 
expect that potent alkaline earth binding ligands would be able to 
move through calcium and magnesium laden body compartments to 
arrive i n the urine i n a form capable of additional alkaline earth 
combination and s o l u b i l i z a t i o n . Nonetheless, a more searching 
examination of the problem indicates that meeting the physico-
chemical requirements may be possible within the l i m i t s of change 
imposed by physiologic tolerance. The plasma compartment i s 
i l l u s t r a t i v e of this situation. Calcium bound to protein repre-
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sents almost half of the t o t a l calcium, low molecular weight com
plexes account for a small percentage, and the balance i s ionic 
calcium. The entry of a chelating ligand such as EDTA upsets this 
c a r e f u l l y regulated homeostatic buffer with decrease in ionic 
calcium as a function of the rapidity and amount of EDTA i n t r o 
duced (70), and the formation of the physiologically unavailable 
calcium of the calcium chelate. The fact that plasma i s a calcium 
buffer impies, however, that a calcium binding ligand can be 
selected which w i l l provide calcium buffering a c t i v i t y i n the same 
range of ionic calcium as exists normally at the plasma pH of 7.4. 
Such chelating ligands would exist in plasma partly free of c a l 
cium and partly as calcium chelates. In contrast to calcium 
proteinate, a large molecule, they would be freely f i l t r a b l e at 
the kidney glomerulus for passage into the urinary tract. Tran
s i t of the glomerular f i l t r a t e to the urine i s by way of the 
nephron (Fig. 1) which i s uniquely controlled and selective i n i t s 
capability to adjust th
the rejection of the hig
the glomerulus and the reabsorption of almost a l l of the ionic 
calcium i n the proximal and d i s t a l tubular regions, the e q u i l i b r i a 
w i l l readjust to r e f l e c t the new ionic milieu. It could be a n t i 
cipated that the chelating ligand would consequently have an 
enhanced capacity for calcium binding i n the urinary compartment. 
A second factor may also serve to increase i t s effectiveness i n 
s o l u b i l i z i n g urinary calcium. In the passage of f i l t e r e d plasma 
from the glomerulus to the urinary bladder sodium ion i s reabsorb
ed with replacement by hydrogen and ammonium ions. To the extent 
that hydrogen ion a c i d i f i c a t i o n precedes and i s dissociated from 
calcium ion reabsorption i n the nephron the result could be the 
cleavage of f i l t e r e d calcium chelate i n an a c i d i f i e d environment, 
followed by reabsorption of liberated calcium ion. The r a t i o of 
calcium free ligand to calcium ion i n urine would increase to pro
vide additional calcium buffering capacity. 

The gastrointestinal compartment i s less complicated. Cal
cium binding ligands administered i n the fasting state would be 
present in the absoprtive area primarily i n the unchelated form. 
The l o c a l pH and the presence of endogenous cations and metal 
binding ligands would determine the extent of calcium chelation. 

In the presence of food, however, one could anticipate that 
the food polyvalent cation composition, the competitive metal bind
ing ligands such as amino acids and the l o c a l pH would establish 
the r a t i o of chelate and metal free ligand. It i s probable that i n 
for maximal effectiveness the potential therapeutic agent should 
reach the plasma compartment i n metal free form. Thus considera
tion must be given to the possible interaction of a l l the metal 
binding ligands that would be present i n the i n t e s t i n a l absorption 
region. 
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Selection of Test Compounds 

N i t r i l o t r i a c e t i c acid was selected as a test compound to 
explore the a p p l i c a b i l i t y of the considerations that have been 
enumerated. At the plasma pH of 7.4 i t buffers calcium ion at 
concentrations between 10" 3 and 10"^ M (71). This value i s close 
enough to the normal concentration of calcium ion i n plasma, 1.2 
χ 10~3 M, to suggest that an animal could accommodate easily to 
an anticipated minor hypocalcemia. Fortuitously, because of i t s 
application i n detergents as a polyphosphate substitute, an ex
tensive l i t e r a t u r e has accumulated on i t s pharmacology and t o x i 
cology. It i s known that the compound i s readily absorbed from 
the gastrointestinal tract of rats and dogs, i s non-metabolized 
and i s almost quantitatively excreted i n the urine. Its acute, 
subacute and chronic t o x i c i t y i s low, with a no effect l e v e l of 
0.5 percent i n the diet of rats and dogs (72-75). 

Materials and Methods 

N i t r i l o t r i a c e t i c acid was supplied by the Hampshire Chemical 
Co., Division of W. R. Grace Co., Nashua, New Hampshire. For 
feeding studies i t was neutralized with 1 M sodium hydroxide to 
provide a 1% NTA solution. Ethyl n i t r i l o t r i a c e t a t e was obtained 
as a clear colorless viscous o i l by refluxing 30g of n i t r i l o t r i 
acetic acid in 1 l i t e r of absolute alcohol i n the presence of 3g 
of toluenesulphonic acid for forty-eight hours. The alcohol was 
removed by d i s t i l l a t i o n from a water bath i n vacuo, the residue 
mixed with 100 ml of Q.5 percent sodium bicarbonate solution and 
extracted with one l i t e r of benzene. The benzene solution was 
extracted twice more with bicarbonate solution, washed with water 
and concentrated from a water bath i n vacuo. The clear colorless 
residual o i l was dissolved by shaking with an aqueous solution of 
1.5 M c i t r i c acid and the volume adjusted by addition of d i s t i l l e d 
water to provide a f i n a l solution of 1% NTA ethyl ester as c i t r i c 
acid s a l t . 

Animal Studies 

Mixed brushite/struvite bladder stones i n rats were produced 
according to the method of Vermeulen et a l . (76). Pieces of zinc 
sheet, 20-30 mg., were surgically implanted i n the bladders of 40 
Sprague-Dawley male rats. Three control groups of ten animals 
were maintained on an ad l i b diet of Purina rat chow for eight 
weeks. The fourth group of ten animals was given the same diet 
to which a neutral sodium NTA solution had been added to provide 
5000 ppm (0.5%) of NTA. At the end of the study period one group 
of control animals and the group of NTA treated animals were 
sac r i f i c e d and examined for gross evidence of u r o l i t h i a s i s . 

One of the two remaining groups was continued as a control 
on the regular diet while the other was now fed the treatment 
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proximal 

Figure 1. Diagram of the blood supply and functional anatomy of the kidney 
nephron 
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diet containing 0.5% NTA. Both groups were s a c r i f i c e d after an 
additional period of four weeks and examined for the presence of 
renal stones. 

Studies with e t h y l n i t r i l o t r i a c e t a t e were conducted i n the 
same manner. For the therapeutic t r i a l i n a dog the neutral NTA 
solution was added to the regular diet to provide an NTA concen
tration of 0.5%. Feeding was continued for a period of two weeks. 
The animal was a four-year old female Scottish t e r r i e r . X-ray 
examination was done before and after the treatment period. 

Computer Studies 

The program u t i l i z e d for this study provides the capability 
of establishing solution and s o l i d phase e q u i l i b r i a for a multi-
component system of up to t h i r t y f i v e components and 500 solution 
and s o l i d species. Using equilibrium constant data for metals
inorganic anions, and organi
tion provides for the determinatio
function of pH and component concentration. Table I and II pro
vide calculated constituent concentrations for the Purina rat chow 
used i n the animal feeding studies for the basic urine composition. 

Results of Computer Studies 

The Plasma Compartment. A computer calculation of the speci
ation of plasma calcium and other ions i n the presence of the 
chelating agent n i t r i l o t r i a c e t i c acid (NTA) was performed on a 
ty p i c a l plasma composition involving the ligands l i s t e d i n Table 
III. The appropriate s t a b i l i t y constants have been selected by 
r e s t r i c t i n g consideration to those that undergo si g n i f i c a n t i n t e r 
actions with Ca2 +, Mg^+, Cu^ +, and Zn^ + ions i n solution. Since 
nearly a l l amino acids (the monoamino monocarboxylic acids) have 
similar a f f i n i t i e s for metal ions, an "average" s t a b i l i t y constant 
and t o t a l concentration were employed. This procedure eliminated 
the need for consideration of a large number of unknown mixed-
ligand s t a b i l i t y constants for ternary "mixed-ligand" complexes. 
Data i n the l i t e r a t u r e have been adjusted where possible (78), to 
1.6 M ionic strength and 37°C. Typical data for plasma metal ion 
speciation in the presence of 1 χ 10"^ M NTA i s provided i n Table 
IV. It may be noted that although the concentration of ionic 
calcium has decreased only somewhat (from a normal range of about 
49-52% to a l e v e l of 45%) there has been a re d i s t r i b u t i o n of the 
non-ionic calcium from the plasma proteins to NTA. It can be 
anticipated for other chelates that the extent of this r e d i s t r i b u 
tion w i l l be dependent upon the s t a b i l i t y constants of the calcium 
chelates at phasma pH. Data for the effect of up to 1.5 M NTA on 
the ionic calcium l e v e l of plasma i s provided i n Figure 2. If 
the plasma compartment were s t a t i c then up to 1.5 M NTA could be 
present before ionic clacium levels were reduced to a non-
physiological l e v e l . In fact, as we have reported (79-82), the 
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TABLE I 

INTESTINAL CONCENTRATION OF FOOD COMPONENTS 
-1 M Calcium 3 X 10 M 

^ -1 M Phosphorus 3 X 10 
^ -1 

M 
Potassium 2 X 10 M 

8 -2 M Magnesium 8 X 10 
-1 

M 
Sodium 1.3 X 10 

-3 
M 

Iron 6.4 X 10 
-4 

M 
Zinc 8 X 10 M 

-3 M Manganese 3 X 10 M 
Coppe
Cobalt 1 X 10 M 
Amino Acids 1.3 Ν 

Calculated from the analyzed content of Purina 
rat chow in a wt/wt d i l u t i o n with i n t e s t i n a l 
f l u i d . 

TABLE II 

SIMULATED URINE COMPOSITION 

Phosphate 3.35 X ίο" 2 M 
Sulfate 5 X ίο"2 M 
Citrate 2.3 X ίο"2 M 
Chloride 1.12 X i c f 1 M 
Bicarbonate 1.6 X ίο"2 M 
Sodium 9.7 X ίο"2 M 
Potassium 3.7 X ίο" 2 M 
Calcium 3.2 X ίο" 2 M 
Magnesium 7.7 X l ( f 3 M 
Ammonia 3 X ίο"2 M 

Urea and trace concentrations of 
other constituents have been omitted. 
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TABLE IV 
DISTRIBUTION OF METAL IONS IN BLOOD PLASMA 

([NTA] = 1.0 χ 10 3 M) 
Ligand Per Cent Metal Bound 

C a 2 + M 2 + Cu r, 2H 

C O 3 -

H C O 3 7.6 10.2 - -

HPoJ" - 4.0 - -

ALA et a l . - - 9.0 -
Histidine - - 25.2 -
Proline - - - -
Lactate 1.5 1.3 - -
Citrate 2.1 2.9 - -
Globulin 8.2 11.0 - -
Albumin - - -
Uncomplexed 45.1 60.5 - -
NTA 32.5 8.7 64.2 99.6 
% Distribution 
of NTA 8.13 7.8 - 5.0 

Calculated from Table III according to Morel, F.; 
Morgan, J. (77). 
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presence of calcium chelating ligands evokes the usual homeostatic 
regulatory responses which restore the ionic calcium concentra
tion. In chelates given by mouth and absorbed from the gastroin
t e s t i n a l tract the f i n a l determinant of complexation w i l l be the 
balance between the kinetics of ligand absorption, plasma calcium 
homeostasis, urinary excretion of the calcium chelate and possible 
renal dissociation of the compound with reabsorption of calcium 
and excretion of the chelating ligand. For NTA i t appears that 
even at low plasma NTA concentrations some of the compound w i l l be 
available for excretion into the urine i n calcium free form. 

The Urinary Compartment. The computer program permits a 
wide-ranging exploration of the potential effect of calcium bind
ing ligands on the species d i s t r i b u t i o n as a function of changes 
in the concentration of any constituent and changes i n the pH of 
the medium. A number of these p o s s i b i l i t y have been explored for 
the presence of NTA i n th
urine pH i n the range o
ammonia, oxalate, phosphate, sulfate, c i t r a t e , sodium, potassium, 
chloride, calcium, magnesium, and carbonate provide insight into 
the possible consequences for alkaline earth s a l t p r e c i p i t a t i o n 
in the presence of NTA. Figure 3 demonstrates the sharp depend
ence upon pH, calcium and oxalate concentrations for concentra
tions of NTA that e f f e c t i v e l y i n h i b i t p r e c i p i t a t i o n when the t o t a l 
urinary calcium concentration i s 1 χ 10""3 M and the oxalate con
centration i s between 1 χ 10"^ and 6 χ 10"^ M. An increasingly 
high concentration of urinary NTA i s required as the pH i s de
creased i n the moderately a c i d i c region. 

The effect of variations i n the calcium ion d i s t r i b u t i o n i n 
urine as a function of variations i n NTA concentration has also 
been calculated for lower concentrations of NTA equivalent to 
those obtainable i n feeding studies. Figure 4 provides data i n 
terms of the change i n the fra c t i o n of ionic calcium that would be 
present i n solutions of varying pH from 5.0 to 8.0 with NTA con
centrations of 3 χ 10""3 and 6 χ 10~3 M. Clearly, i n these ranges 
of urinary NTA concentration, a major s h i f t i n the ionic concen
tra t i o n of calcium ion can occur. This takes place with a 
corresponding change i n the fraction of free NTA ligand available 
for additional calcium chelation. At urine concentrations of 1 χ 
ΙΟ" 3 M for calcium, 6 χ 10~3 M for c i t r a t e , and 6 χ 10~ 3 M for 
NTA, and at pH 7.65 essentially a l l the calcium i n urine i s i n the 
form of a non-ionized chelated species. Approximately 65% of the 
t o t a l NTA w i l l be present as the unchelated calcium free ligand. 

Related calculations for the s o l u b i l i z a t i o n of magnesium 
ammonium phosphate are presented in Figures 5, 6, and 7 at the 
stated concentrations of magnesium phosphate and ammonium ions. 
The high urinary concentrations of NTA required to i n h i b i t s o l i d 
phase formation at the alkaline pH associated with the c l i n i c a l 
circumstances for this type of stone formation renders the 
potential a p p l i c a b i l i t y of NTA of uncertain value. 
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NTA/CALCIUM IN PLASMA 

Figure 3. Computer-calculated concentration of NTA required to inhibit the 
precipitation of calcium oxalate at 1 X 10~3M Ca and varied concentrations of 

oxalate in a simulated urine (Table III) as a function of urine pH 
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Ι Ο Ο ι -

Figure 4. Computer-calculated percentage of NTA unchelated and Ca as Ca ion 
in simulated urine at two NTA and citrate concentrations as a function of urine pH 

Figure 5. Computer-calculated concentration of NTA required to inhibit the 
precipitation of MgNH,fPO,, in a simulated urine as a function of Mg concentration 

and urine pH 
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Figure 7. Computer-calculated concentration of NTA required to inhibit MgNH,r 

POt, precipitation in a simulated urine as a function of ammonia concentration and 
urine pH 
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The situation appears to be quite different i n the case of 
calcium hydrogen phosphate (brushite) stones. At a pH above 6.5 
this species i s converted, Figure 8, to that of the soluble c a l 
cium NTA. The important influence of the pH on the s o l u b i l i z i n g 
role of NTA i s cl e a r l y evident i n the data plotted i n Figure 9. 
As would be anticipated, an increased urine pH markedly reduces 
the concentration of the ligand required to form calcium NTA. The 
data suggest that NTA could e f f e c t i v e l y i n h i b i t the formation or 
potentially cause the s o l u b i l i z a t i o n of calcium hydrogen phosphate 
stones i n the urinary tract. 

The Gastrointestinal Compartment. In the pH range of 6.0 to 
8.0 which may occur i n the absorptive area of the gastrointestinal 
tract the amount of free or unchelated NTA present upon ingestion 
of the usual rat diet i s given i n Figure 10. Thus, when NTA i s 
added to the diet at 1.8 χ 10"" 2 M approximately 45 to 80 percent 
of the compound w i l l no
again, the sharp pH dependenc
tion of unchelated NTA i s d i r e c t l y related to the hydrogen ion 
concentration. S i g n i f i c a n t l y a high percentage of NTA i n a diet 
containing 5000 ppm NTA w i l l be available for absorption i n un
complexed form even in the presence of the competitive calcium 
interaction of the dietary constituents. 

Implications of the Computer Studies for U r o l i t h i a s i s 

The results of the computer calculations applied to simulated 
gastrointestinal, plasma and urine compartments suggest that the 
inclusion of a non-toxic concentration of 5000 ppm NTA i n the diet 
of rats would: 
a) provide a s i g n i f i c a n t concentration of the calcium binding 

ligand available for absorption i n i t s uncomplexed form; 
b) result i n plasma concentrations of NTA which would maintain 

plasma calcium ion i n the physiologic range while allowing 
for a s i g n i f i c a n t fraction of the compound to be excreted 
into the urine free of bound calcium; 

c) convert essentially a l l of the urine calcium to the soluble 
calcium NTA chelate. Maintenance of the (calcium) Chelated 
form would be d i f f i c u l t for NTA i n the presence of increasing 
concentrations of oxalate at a urine pH below 6.0, and for 
increasing concentrations of magnesium, ammonium, and phos
phate ions with increasing pH. However, NTA appears to have 
the potential for i n h i b i t i n g the formation and inducing the 
s o l u b i l i z a t i o n of calcium hydrogen phosphate i n urine. 

Animal Studies 

Rat Studies. The computer calculations were tested by induc
ing the experimental formation of brushite/struvite bladder stones 
in rats. The i n h i b i t i o n of stone formation by the feeding of 5000 
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Figure 9. Computer-calculated percentage of the total Ca in a simulated urine 
present as solid-phase calcium hydrogen phosphate as a function of NTA con

centration and urine pH 
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ppm of NTA i n the diet of treated animals compared to a group of 
untreated controls i s i l l u s t r a t e d in Plate 9*. In a f i r s t study 
eight of ten animals i n the untreated control group had single 
large stones or medium-sized stones with multiple small stones. 
The two remaining control animals had incipient stone formation as 
manifested by c r y s t a l l i n e encrustation on the zinc implant. In 
the treatment group seven of the ten animals were free of bladder 
stones. In two animals, also without evidence of stone formation, 
we could not find the implanted zinc sheet. In the remaining 
animal there was a small bladder stone. 

The study of i n h i b i t i o n of stone formation was repeated. One 
animal i n the control group died during the four week period and 
was not autopsied. The nine control animals at the end of the 
study had a large stone or multiple stones. Eight of the ten 
treated animals had no evidence of stones. In three of these 
animals the implanted zinc p e l l e t was not retrieved. The two re
maining animals in the
amount of zinc encrustation

A third study was undertaken to determine whether the addi
tion of NTA and i t s ethyl ester to the animal diet could cause the 
dissolution of existing c a l c u l i . Forty animals were implanted 
with zinc p e l l e t s . They were maintained on Purina rat chow for 
four weeks. At that time, ten animals were s a c r i f i c e d and exam
ined for bladder stones. Multiple stones were observed i n 9/10 
animals in this control group. The remaining t h i r t y animals were 
divided into one control group of ten and two treatment groups of 
ten animals. One treatment group was given 0.5% of NTA i n i t s 
diet. The second treatment group was given 0.5%, as NTA, of the 
NTA ethyl c i t r a t e . A l l animals were s a c r i f i c e d at the end of four 
weeks. A l l of the control animals had developed bladder stones. 
Eight of the ten NTA treated animals were grossly free of stones. 
Two animals had small to moderate sized stones. The NTA ester 
c i t r a t e treated group showed some evidence of t o x i c i t y as i n d i c 
ated by dehydration and weight loss. Six animals were free of 
bladder stones. Four had medium sized stones. 

Dog Study. A female four-year old Scottish t e r r i e r with 
c l i n i c a l and X-ray evidence of phospaturic bladder stone forma
tion, Figure 11a, was treated for two weeks by the incorporation 
of 0.5% of NTA i n the diet i n the form of the neutral 1% solution. 
The X-ray at the end of the treatment period, Figure l i b , showed 
no evidence of the presence of c a l c u l i . The animal was symptom 
free. 

Discussion 

The experimental v e r i f i c a t i o n of the computer generated pre
dications provides some assurance of the soundness of the under
lying assumptions. It i s consequently of interest to explore 
possible limitations of this approach. 

* Color plates are located in the Appendix. 
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Figure 10. Computer-calculated percentage of unchelated Γ free") NTA present 
in the simulated intestinal contents during digestion as a function of NTA concen

tration and intestinal pH 

Figure 11. X-rays of female Scottish terrier (4 years) with clinical evidence of 
brushite bladder calculi. Treatment consisted of the incorporation of 0.5% Na2-

NTA wt/wt, in the diet for a period of two weeks. 
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The problem of the transport of metal-free ligands from 
gastrointestinal tract to plasma compartment i s not a si g n i f i c a n t 
one. Administration of the therapeutic agent to the fasting 
patient, incorporation at dietary levels s u f f i c i e n t to provide 
some metal free chelating agent for absorption, encapsulation to 
bypass metabolic conversion and ensure absorption from the intes
tine, and structure modification to provide for post absorptive 
metabolic conversion to the active agent, a l l offer promising 
avenues. 

A more d i f f i c u l t problem concerns the nature of the relations 
between the potential therapeutic agent and the plasma compartment 
constituents and homeostasis. A chelating agent potent enough to 
cause the solution of s o l i d phase calcium oxalate i n the urinary 
tract would f i r s t combine with ionic and protein bound calcium of 
the plasma. This follows since the s t a b i l i t y constant of calcium 
proteinate at a plasma pH of 7.4 i s several orders of magnitude 
lower than the s t a b i l i t
shown, the resulting hypocalcemi
of entry of the agent into the plasma compartment and the homeo-
s t a t i c regulation of ionic calcium (79-82). In any event, even i f 
the hypocalcemia were to be maintained with physiologically t o l e r 
able le v e l s , the therapeutic agent would have been calcium-
saturated before i t entered the urinary compartment. Whether i t 
could s t i l l be of potential u t i l i t y for the solution of urinary 
calcium oxalate c a l c u l i may depend upon some presently unresolved 
questions concerning the mechanisms of calcium metabolism i n the 
nephron. 

There i s , however, an alternative approach to the problem. 
By the selection of potent calcium binding ligands with basic 
donor groups, advantage could be taken of the pH d i f f e r e n t i a l be
tween the regulated 7.4 of plasma and the potential of increasing 
urine pH to a maximum of 8.0. Increased calcium binding capabil
i t y would ensue i n the passage of such a compound from plasma to 
urine. Potential limiations are less severe for efforts that 
would be directed toward i n h i b i t i n g the formation of recurrent 
urinary c a l c u l i . In this case the need for reducing urinary 
calcium ion a c t i v i t y can be met by application of a less potent 
calicum binding chelating agent i n combination with dietary re
s t r i c t i o n s of calcium, phosphate and oxalate. 

The complexity of calcium metabolism i n the nephron coupled 
as i t apparently i s with that of sodium, hydrogen, bicarbonate and 
ammonium ions, offers some unusual opportunities for control of 
the interaction of the chelating ligand with calcium and magnesium 
ions. The glomerular f i l t r a t e as i t enters the proximal tubule i s 
essentially protein free, isohydric and isoosmotic to the plasma. 
The calcium concentration of the f l u i d compared to plasma i s de
creased by approximately half due to the n o n - f i l t r a t i o n of the 
plasma calcium proteinate. In i t s further passage along the 
proximal tubule the f l u i d loses sodium and calcium ion by their 
reabsorption across the c e l l s l i n i n g the area. One can anticipate 
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that some equilibrium readjustment could occur i n the interaction 
of calcium and chelating ligand. Depending on the r e l a t i v e con
centrations of the species, the result would be an increased ratio 
of calcium-free ligand to calcium chelate. This could increase 
the potential for decreasing calcium ion a c t i v i t y . Following 
water reabsorption i n the loop of the nephron, a further set of 
ionic readjustments takes place i n the d i s t a l tubular portion of 
the nephron. For purposes of present considerations, the most 
important changes are those i n the concentrations of hydrogen, 
ammonium, sodium, bicarbonate, and calcium ions. The d i s t a l 
tubular reabsorption of sodium ions i s associated with concomit
ant secretion of hydrogen and ammonium ions. The net result i s 
an a c i d i f i c a t i o n of the resulting urine. Such an effect, which 
i s variably controllable according to systemic homeostatic needs 
by drugs such as the d i u r e t i c carbonic anhydrase inhibitors and 
through dietary modification, could result i n some pH dependent 
dissociation of the calciu
possible, a further controlle
ion were to occur, there would again be an enhanced calcium-free 
ligand calcium chelate r a t i o with further increase i n the calcium 
sequestering capability of the therapeutic agent. 

That these p o s s i b i l i t i e s have potential r e a l i t y may be i n 
ferred from some published studies. In a report on the long term 
influence of NTA on mineral metabolism i t was pointed out that 
the only observed change was an increase i n urinary zinc excretion 
(75). There was no change i n calcium balance. The conclusion can 
be drawn from this work that the glomerular f i l t r a t i o n of plasma 
calcium NTA was followed by dissociation of the calcium NTA and 
reabsorption of the calcium independently of the essentially 
quantitative urinary excretion of the ligand. The extensive use 
of ethylenediaminetetraacetic aicd, EDTA, and i t s calcium chelate 
i n medicine has provided much information on the metabolism of 
the compounds i n humans. Calcium EDTA i s the treatment of choice 
i n lead poisoning (83-86). 

Spencer et a l . demonstrated that administration of i n t r a 
venous EDTA was followed by a variable and incomplete urinary 
excretion of calcium i n r e l a t i o n to the molar equivalence of the 
administered ligand (87, 88). We subsequently reported that this 
effect was characteristic of experimetnal hypocalcemia and could 
be overcome by administration of carbonic anhydrase inhibitors 
(79). The conclusion may be drawn from these studies that renal 
dissociation and calcium reabsorption can occur even with a 
potent calcium binding chelating agent such as EDTA. It i s un
clear, however, that this process could be controlled for the 
purpose of dissolving renal c a l c u l i . Therapeutic t r i a l of the 
compound by retrograde i r r i g a t i o n of the urinary tract has been 
unsuccessful i n our hands, as well as i n the other t r i a l s , due to 
l o c a l i r r i t a t i o n by these i r r i g a t i n g solutions. 
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Abstract 

A method has been developed to predict the potential u t i l i ty 
of orally administered chelating ligands to inhibit the formation 
of alkaline earth urinary calculi or dissolve those present in 
animals. A computer program provides the calculated speciation 
of calcium and magnesium in simulated intestinal plasma and 
urinary compartments upon the addition of the ligand. Predicted 
levels of metal ion interaction with the added chelating agent 
provide suggested dosage levels and other parameters for biologic
al testing. The addition of 0.5% of disodium nitrilotriacetate 
(Na2NTA) to the diet of rats inhibited the formation of experi
mental mixed brushite (CaHPO4) struvite (MgNH4PO4) bladder calculi 
formed by the implantation of zinc pellets. Established calculi 
were dissolved by this treatment. A brushite calculus in a dog 
was dissolved by Na2NTA treatment as established by X-ray and 
c l in ica l findings. 
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Bioautographs 20 
Bidentate 267 
Bifurcate link 294 
Biliary excretion 298 
Biliary system 97 
Binding constant, effective 281 
Binding/retention 200 
Biodistribution(s) 

of HEDP complexes 106/ 
of Fe 255 
of 1 9 5 mPt 186-190, 195/ 

-radiolabeled chloroammine-
platinum(II) complexes 191/ 

of small molecules 96-98 
Biological screening of Ru 

compounds 174-177 
Bithiazole moiety 237, 241 
Bipyridyl ligands 174 
2,2'-Bipyridyl 290 
Bladder 190 

cancers 143 
stone(s) 381,400/ 

brushite/struvite 387, 397-399 
phospaturic 399 

Bleomycin(s) (BLM) 125, 158, 237 
Ao · HC1 237 
-Â 2 238/, 240/ 

1 3 C NMR spectra of 240/ 
dc polarograms of 242/ 

analog 238/ 
derivatives 246-247 
Fe 237-247 

binding site of 239-243 
In 124 

Blood 
-brain barrier 96, 345, 376 
capillaries 170 
components, labeled 127 
flow, coronary 13 
plasma, metal complexes in 391/, 392/ 
pool scanning agent 122 
pressure, mean 13 
retention 199 

transfusion 254-255 
Bond valence concept 211,215-217 
Bonding, head-to-tail hydrogen 5 
Bone 92 

imaging agents 92, 93/ 
marrow(s) 252 

cells 132 
visualization of 122 

Bowel 131 
Brain 92, 190, 192,337 

-blood ratio 192 
imaging agents 192, 194 
uptake 193/ 

Bridge, bidentate-tridentate 117 
Bridge, hydroxide 210 
Bridging 

in diphosphonate ligands 115/ 
hydroxyl 328 
oxygen atom 110,113 
Rh 234 

Brushite 
(CaHP042H20) activity 383 
bladder calculi 400/ 
-struvite bladder stones 387, 397-399 

Buffer(s) 
borate 244 
phosphate 244, 272 
tris 244 

BUN (blood urea nitrogen) tests 204 

C 

(CfiHr^PCiftSOgNa 341 
1 4 C-HEDP 95 
1 3 C NMR 239-241 
Ca 2 + 281,389 

activity gradient 17 
intracellular 15 
ionic radius of 132 
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CaCr0 4 49 
CaDTPA 336 
CaEDTA 336 
CaHP0 42H 20 (brushite) activity 383 
Cd (2+) 49 
Cd(II) 351 
CdAc 2 233/ 
CdCl 2 359 

and NaoAuTM, co-administration 
of" 364 

Cd-MT specificity 364 
CdS04 51 
Cl(NH3)r>Ru(III) 171, 172/, 173/ 
fac-Cl3(NH3)3Ru 177 
ris-Cl2(NH3)4Ru(III) 177 
c/5-[Cl>(NH3)4Ru]Clo 157 
Co (2+) 49 
+[Co(En)3]I3 233/ 
-[Co(En)3]I3 233/ 
l-c/s[Co(En)2(NO>)>]Br 233
d-c«[Co(En) 2(N0 2) 2]Br 233
[Co(NH3)r,]Cl3 233/ 
[Co(Pn)3]Cl3 233/ 
Cr(III) 232 
Cr(VI) 227 
[Cr(Bipy)2Clo]Cl 231/ 
[Cr(Bipy)2Ox]I 231/ 
[Cr(En)3]Cl 231/ 
[Cr(En)oCl,]Cl 231/ 
[Cr(NH3)nCl]Cl2 231/ 
[Cr(NHs)r,H2]Cls 231/ 
[Cr(NH3)4H.,OCl]Cl2 231/ 
ris-[Cr(NH3)4Cl2]Cl 231/ 
K> Ox(NH3)4]Cl 231/ 
[Cr(Phen),Clo]Cl 231/ 
ds-[Cr(Pyr)4F2]Br 231/ 
[Cr(Urea)0]Cl3 231/ 
Cu 2 + 49,281,389 
Cu(I) 335 
Cu(II) 227,237 
Cadmium 47,48,51,53, 

227, 337, 359 
antagonisms 355 
essentiality 35-36 
-induced metallothionein 367/ 
poisoning 336 
protein-bound 360 
sulfide 51 

Calcification, metabolic synthesis 
during 132 

Calcium 47,48, 132,395/ 
carbonate 383 
chelates 382,384,386 
concentration, urinary 393 
and Ga biokinetics 132 
hydrogen phosphate 383 

stones 397 
metabolism 381 
NTA 402 

Calcium (continued) 
oxalate 383,401 

precipitation, NTA inhibition of 394/ 
in urine, supersolubility 384 

plasma 389,394/ 
ion 397 

protein-bound 385-386, 401 
seeking agents 113, 117 
serum 384 
in simulated urine 398/ 

speciation 398/ 
Calculi, brushite bladder 400/ 
Cancer induction, metabolic activa

tion for 50 
Cancer treatment, metal complexes 

and 143-146 
Capillary(ies) 131 

blood 170 
membrane 96 

Carboxyl groups 376 
Carboxylate 280 

ligands 95 
Carboxymethyl cellulose 254 
Carcinogenesis, metal 45-70 
Carcinogenic metals in bacterial 

systems 49-50 
Carcinomas 

lymphomas 237 
squamous cell 237 
testicular 237 

Carcinostatic reagent 148 
Cardiac 

contractility 13 
function 92 

parameter 19 
muscle 255 
tissue, Fe stain of 413 

Cardiovascular effects of lasalocid .... 13 
Cardiovascular response to monensin 14/ 
Carrier mediated transport 97 
Carrier transferrin 132 
Catalysts, electron-transfer 157 
Catechol(s) 255, 259, 263, 313, 321 
Catecholate-salicylate bonding 323 
Cation 

complexes, lipid-soluble 3 
selectivity, solvent Ζ value and ...10/, 12/ 
solvation sphere 7 

CD spectra of salinomycin 10/ 
Cell 

chromatin 75 
culture systems 50-51 
cultures, primary 52 
cytoplasm 351 
division 234 
lines, continuous 52 
membranes 144 
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Cell (continued) 
piling 53 
plating efficiency 55 
pretreatment with benzopyrene 54 
transformation 48 

in tissue culture 52-54 
Cellular poisons 145 
Cellular toxicity 177 
Cellulose phosphate 382 
Ceruloplasmin 373, 375, 377 
Charge 

neutralization 280 
transfer, ligand-to-metal 159 
translocation 7 

Chelate(s) 
bifunctional 125, 127 
chromophore 269 
closed ring 144 
effect 290-294 
lipophilic 12
resin 12
therapy 335-346 

Chelating agent(s) 82,279-310, 381 
enterohepatic 298 
LD50 values of 338/ 
metal ion removal with 340/ 
toxicity of 337 

Chelating functional group 98 
Chelation, Ca 384 
Chelation, Fe 251-260 
Chemotherapy, combination 143 
Chloroammine analog 192 
Chloroammineplatinum(II) 

complexes 181-206 
Chloroammineplatinum(II) compound 

retention 200/ 
Chloride ion 148 
Chloride ligands 199 
Cholesterylamine 383 
Cholylhydroxamic acid 298, 308 
Chromate 232 
Chromatin 78,80,148-151 

cell 75 
Chromatin, organization levels 149/ 
Chromatography, gel-exclusion 355 
Chromatography, ion-exchange 164, 167 
Chromium 46,49,51-53,227 

compounds, mutagenesis of 231/ 
Chromophore(s) 241 

chelate 269 
rotational strength 11 
UV-visible 359 

Chromosome(s) 148 
lagging 51 

Chrysotherapy 349-350 
Circular dichroism 9, 269 
Cisplatin (c/s-dichlorodiammine-

platinum(II)) 143-146, 174 
chemotherapy 190 
toxicity of 143 

Cisternography 124 
Citrate 31,290 
Cobalt 46-48,51,53,80,82 
Coccidiosis, endemic 17 
Cold spot agent 96 
Colon 190,192 
Complexing abilities, ferric ion 320/ 
Complexing agents 271 
Concentration gradient 6 
Conformation, environmental 

influences 11 
Cooley's anemia 251-260,279,313 
Coordination sites, metal 159 
Copper 47, 48, 53, 76, 344, 355 

antagonisms 355 
cavity produced by toxocity of 378/ 
excretion, urinary 377, 378/ 
hepatic 377 
-induced hemolysis 375 

physiologica y
proteins, human 373, 374/ 
toxicosis 377 

Cornea 377 
Corneal copper deposits 416 
Coronary 

arteries 13 
blood flow 13 
flow and monensin 14/ 

Cortisones 349 
Coulombic repulsions 292 
Counterion effects 244 
Coupling factor, mitochondrial 33 
Creatinine clearance tests 204 
Crosslinking of DNA 167,218 

interstrand 234 
intrastrand 150 

Crown polyethers 5 
Cryopreservation 52 
Cryptate ligands 292 
Crystal field, rhombic 243 
Crystal violet 56 
Crystallography 145 

x-ray 3 
Cyanide ion 153 
CYC A M 319 
3,3,3,3-CYCAM 328 
3,4,3-CYCAMS 320/ 
Cyclotrons 121 
Cysteine 351,355 

residues 355 
Cytidine 161,164,209 
Cytochrome(s) 279 

-c 174 
- C l 174 
-b 174 
-b, 171 
Ρ 450 171 

Cytoplasm, cell 351 
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Cytoplasmic 
division, unequal 51 
membrane 148 
protein 355 

Cytosine 48, 145, 167, 170, 217-218 
deprotonated 218 

Cytosol 355 
hepatic 365/ 
kidney 362 
liver 364, 365/ 
renal 365/ 

addition of cysteine to 354/ 
Cytosolic Au distribution ...352/, 353/, 354/ 
Cytotoxicity 145, 150 

D 
DTNB (5,5'-dithiobis(2-dinitroben-

zoic acid), Zn-MT reaction with 363/ 
Decorporation of metal ions 339-346 
Deoxyguanosine 15
Deoxynucleotide 8
Deoxyribonucleic acid (see DNA) 
Deprivation, Ni 23-24 
Deprivation, signs of 32 
Deprotonation curve for agrobactin .. 275 
Deprotonation curve for entero

bactin 275 
Desferal 251,259 
Desferrichrome 320/ 
Desferrichrysin 320/ 
Desferrioxamine 259, 338/ 

Β (DFB) ... 279, 284, 286, 291, 294, 298, 
299,313,319, 320/, 325,327/ 

Fe(III) complex of 287/ 
Ε 320/ 

Detoxification 296-297, 337, 355 
extracorporeal 298 
of metal ions 339-346 

Diagnostic agents 95 
Diagnostic imaging 103 
1,5-Diaminopentane 313 
Dianemycin 16/ 
Diazo bond 123/ 
Dichlorobis(ethylenediamine)rho-

dium(III) cation 229 
c/5-Dichlorobis(isopropylamine) 

platinum(II) 150 
ds-Dichlorodiammineplatinum(II) 

(cis-ΌΌ?) 143-155, 181-206, 209 
Dichloroethylenediamine platinum(II) 150 
Dichloromethylenediphosphonate 

(C12MDP) 113 
Dichromate 232 
Diethylenetriamine (dien) 210 
Diethylenetriaminepentaacetic acid .... 319 
Diferric transferrin, iron removal from 326/ 
Difference spectra, Fe(III)BLM vs. 

BLM 242/ 
Difference spectrum, Fe(II)BLM vs. 

BLM 242/ 

2,3-Dihydroxy-iV,./V-dimethyl-
benzamide 315 

1.2- Dihydroxy-3,5-disulfobenzene . . . 328 
2.3- Dihydroxybenzamide 321 
c/s-l,5,9-tris(2,3-Dihydroxybenza-

mido)cyclododecane 271 
1,3,5-tris (W,W'-Ar'-2,3-Dihydroxy-

benzamido methyl)benzene 275 
^V1,N8-bis-(2,3-Dihydroxybenzamido)-

spermidine 269 
2,3-Dihydroxybenzoic acid ....259, 263, 299 
2,3-Dihydroxybenzoylserine 313 
1,8-Dihydroxynaphthalene 299 
2,3-Dihydroxynaphthalene-6-sulfonic 

acid 284,299 
2,3-Dihydroxyphenyloxazoline(s) .269, 274 
1,25-Dihydroxyvitamin D 3 383 
Dimercaptides, vicinal 343 
2,3-Dimercaptopropanesulfonate .338/, 343 

2,3-Dimercaptopropanol-l 343 
2,3-Dimercaptosuccinate sodium 338/ 
2,3-Dimercaptosuccinic acid 343 
β,β-Dimethylcysteine 376 
Dimethylglyoxime (dmg) 107,338/ 
N-(2,6-Dimethylphenylcarbamoyl-

methyl)iminodiacetic acid 
(HIDA) 94/, 95 

Dinactin 5 
c/s-Dinitratodiammineplatinum (II) .... 213/ 
Diphenylophosphinebenzenesulfonate 

as antidote for HgCl 2 342/ 
2,3-Diphosphoglycerate 290 
Diphosphonate ligands 117 

bridging in 115/ 
Diphosphonate radiopharma

ceuticals 110-117 
Dipole-dipole repulsion 9, 11 
Dipoles, induced 7 
Dipolar interaction, induced 3 
Distal tubule 386, 402 
5,5'-Dithiobis(2-nitrobenzoic) 

acid (DTNB) 362 
Zn-MT reaction with 363/ 

Dithiocarbamates 341-342 
DNA 132, 144, 148-155, 159, 201, 209 

alkaline elution 150 
Alzheimer's disease, Al and 75-78 
bases 217-218 

complexes with 209-223 
cis-PtCl.,(NH3).> interaction 

with 210 
cellular 174 
closed circular 151-155 

PM2 247 
complexes, Al- 77/ 
crosslinking(s) of 145, 167, 218 
damage repair mechanisms 221 
degradation 239 
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DNA (continued) 
double helix 47, 76 
internucleotide bonds 78 
interstrand crosslinks in 167,234 
melting curves 79/ 

of derivative 77/ 
polymerase, fidelity of 48 
repair assays 227 
replication 145, 234 
synthesis 181 
transcription, fidelity of 48 

Dodecadepsipeptide 3 
Drug(s) 

activation 170 
cardiovascular 3 
latentiation 296 

DTPA 124,259,328 
DTPMP 124 

EtHPAuCl 351,357
Et 3PAupATG 350 
EDBHPA (ethylenediamine-iV,A/'-

bis(2-hydroxyphenylacetic acid)) 260 
EDTA 124, 126, 259, 280, 285, 

286, 290, 294, 315, 327/, 
362, 383-384, 386, 402 

hydroxyethyl derivatives of 287/ 
EDTMP 124 
EHPG 286,296,297 
Electrical potentials 3 
Electrolytes 5 
Electron-pair splitting 171 
Electron-transfer catalysts 157 
Electronegativity 294 
Electronic absorption spectra 268-269 
Electrophoresis, paper 271 
Electrophoretic mobilities 267-268 
Encapsulation, liposomal 298 
Endocrine glands 251 
Endocytosis 133 

adsorptive 132 
Endogenous thiol 351 
Enniatin Β 5 
Enteric malfunction 383 
Enterobactin 259, 263, 265, 267, 271, 286, 

294,313-315,316/, 320/, 327/ 
analogs 317-321 
coordination of 321-323 
deprotonation curve for 275 
ferric salts of 295/ 

Enterohepatic chelating agents 298 
Enthalpy-based chelate effect 292 
Entropy-related chelate effect 292 
Enzyme cofactor, Ni as 25 
Enzvmes, microsomal 60, 171 
Epithelial cells 144 
Epithetial membrane 296 

Equilibrium 
constants, thermodynamics 199-200 
curve of ferric enterobactin, poten

tiometric 316/ 
curve of Th(IV) 3,4,3-LICAMS, 

potentiometric 330/ 
displacement 360 
low spin-high spin 244 

Erythrocytes 15, 93/, 375 
Escherichia coli 151, 228, 259, 273, 275 
ESR 243-246 

spectrum of Fe(III)BLM 245/ 
Essential trace elements, excretion of 337 
Essentiality 

Cd 35-36 
Ni 23-24 
Pb 35-36 
Sn 35-36 
V 32-33 

Estradiol receptors 98 
Estrogen receptor 98 
Ethane-1 -hydroxy-1,1 -diphosphonate 383 
Ethylene bis-(/?-aminoethylether)-

Ν,Λ/,Λ/',Λ/'-tetraacetic acid 
(EGTA) 384 

Ethylenediamine 338/ 
Ethylenediamine-A/,A/'-bis(2-hydroxy-

phenylacetic acid) (EDBHPA) .. 260 
Ethylenediamine di-(o-hydroxyphenyl-

acetic acid) (EDDA) 273 
9-Ethylguanine 221 
Ethylnitrilotriacetic 389 
Etiologic agent 376 
Eukaryotic cell 148 
Excretion 

biliary 298 
Cu 344 

urinary 377, 378/ 
of essential trace elements 337 

Extracellular volume of distribution .. 96 
Extravascular spaces 194 

Fe 2 + 281 
Fe(Itelll) 227 
Fe(II)BLM 237-247 

vs. BLM difference spectrum 242/ 
Fe(II)BLM-Ao, 1 3 C NMR spectra of 240/ 
Fe(ILIII)BLM-A.,, dc polarograms of 242/ 
Fe(III)BLM 237-247 

vs. BLM difference spectrum 242/ 
ESR spectrum of 245/ 
hieh and low spin 245/ 

Fe(IID-BLM-A.>, 1 3 C NMR spectra of 240/ 
Fe(II)(C104)2 239, 246 
Fe(II)(C104>> · 6H,0 239 
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Fe(III)(C104)3 243, 244 
Fe(III)(C104)8 · 6H 20 239 
[Fe(MECAM)]3" 321 
Fe(OH)3 286 
[Fe(TRlMCAMS)]6- 323 
Fallopian tubes 190 
Fecal excretion of 1 9 5 mPt 198/ 
Fecal Fe excretion 303/-306/ 
Feed conversion, livestock 17 
Ferrie 

agrobactin 266/, 267-269 
A 268 

catecholates 267 
chloride 265,272 
enterobactin 268, 271, 315-317 

potentiometric curve of 316/ 
hydroxamate 267 
hydroxide solubilization 284-288 
ion 

complexing abilities ·..
exogenous 31
hydrolysis 284-288 

MECAM, visible spectra of 322/ 
nitrilotriacetate 268 
parabactin 266/, 268, 269 

A 269 
rhodotorulate 267 
TRIMCAMS, visible spectra of .... 324/ 
-c/s-l,5,9-tris(2,3-dihydroxybenz-

amido)cyclododecane 275 
tris-salicyloxazoline 269 

Ferrichrome ...263, 265, 267, 269, 275, 317 
A 265, 268, 273 
equilibration of 270/ 

Ferrioxamine Β 274, 317 
Ferritin 133,255,279,284,323 
Fetal globin 254 
Fibrinogen 93/, 125 
Fibroblasts, tissue culture 51 
Fidelity 

of DNA polymerase 48 
of DNA transcription 48 
ribosomal 85 
of mRNA transcription 47 

Flavoprotein 171 
Fluoride toxicity 126 
Fractionation of histone 81/ 

G 

Ga 3 +, ionic radius of 132 
G 7Ga 121/, 127-135 

-citrate 124,177 
localizing in abscess 129/ 
localizing in tumor 130/ 

6 8 Ga 121/, 125-127 
-colloid 127 
Fe colloid, tomography 128/ 
platelets, tomography 128/ 

7 2Ga 131 
6 8Ge breakthrough 126 
Gallium 

-binding agent, intracellular 134 
biokinetics, Ca and 132 
carrier 134 
oxalate 126 
-transferrin 131 

Gamma emission 92 
Gamma radiation 185 
Gastrointestinal compartment 386, 397 
Gastrointestinal tract 294 
Gel electrophoresis 150 
Gel-exclusion chromatography 351,355 
Generator 

6 8Ge-Ga 121-122,125-126 
9 9 M o _ 9 9 m X c 121 
1 1 3Sn- 1 1 3 mIn 121, 122, 124 

Genetic 

engineering 80 
information transfer, aging, and 

metal ions 78-88 
toxicity of metal ions 233/ 
toxicity of Rh(III) complexes 230/ 
toxicology of inert transition metal 

complexes 227-235 
Genitals 190 
Genitourinary cancers 143, 181 
Geometric constraints of chelates 294 
Globin chain synthesis 256/ 
Globin, fetal 254 
α-Globin chains 252, 254 
β-Globin chains 254 
rGlobin 254 
α-Globulin 373 
Glomerular filtrate 401 
Glomerular filtration 402 
Glomerulus 386 
Glutathione 351 
Glycolytic metabolism 171 
Glycopeptides 237 
Glycoprotein 373 
Gold 

-binding to metallothioneins 349-370 
biochemistry 350-355 
chelation of 360 
distribution, cytosolic 353/, 354/ 
metabolism 350 
protein-bound 357/, 360 
sodium thiomalate 349 

Growth pattern, disordered 58/ 
Growth pattern, ordered 57/ 
dGTP 51 
rGTP 51 
Guanine 144, 145, 167, 170, 217-218 

-cytosine base pairs 151 
Guanosine 164,209,221 
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H 

Hg2+ 49 
Hg(II) 335,351 

half-life 339 
HgBr2 233/ 
HgCl2, antidote for 342/ 
HgClo ingestion, survival rates for 341/ 
Hg-EDTA 343 
7-[(Hyp)(NH3)5Ru(III)] 160/ 
9-[(Hyp)(NH3)5Ru(III)] 160/ 
Hadacidin 255 
Hairpin information 78 
Half-life of Hg(II) 339 
Half-life, 9 9 mTc 92 
Half-times, biological 196, 199 
HBED 285/, 286, 297, 299 

analogs 309/ 
Head cancers 143 
Head-to-head arrangement 21
Heart 190,25
from iron overload death, cros

section of 412 
Heavy metals 373 
HEDP (see (1-Hydroxyethylidene)-

diphosphonate) 
HEDTA _ 288 

-Fe(III) chelate, hydrolyzed forms 
of 289/ 

Hematocrit(s) 26,30 
Hematuria 384 
Heme 254 

proteins 323 
Hemeostatic mechanisms 379 
Hemoglobin 30, 252, 254, 323 
0-chain 279 
Perutz model 411 

Hemolysis, Cu-induced 375 
Hemosiderin 255, 323 
Hemosiderosis, transfusional 254-255 
Hepatic 

Cu 373,377 
penicillamine therapy and 379/ 

cytosol 365/ 
Fe in transfused mice 300/-302/ 
tissue 355 

Hepatitis 375 
Hepatobiliary agents 93/, 97, 99/ 
Hepatobiliary function 92 
Hepatocytes 97, 375 
Hepatomas 133 
Hepatotoxicity 200 
Hexaaquoiron (III) 317 
Hexadepsipeptide 5 
Histone(s) 80 

crosslinked 150 
fractionation of 81/ 
proteins 149/ 

HIMDA 286 

HIDA (AT-(2,6-Dimethylphenylcarba-
moylmethyl)iminodiacetic 
acid) 94/, 95 

His" bacteria in Ames test studies 229/ 
Histidine 228 
HMDP, tridentate binding of 116/ 
Homeostasis 393,401 
Homozygous beta thalassemia 254 
HPLC separation of aqueous 

99Tc(NaBH4)-HEDP 105/ 
HSAB principle 351 
Hydrochlorides 265 
Hydrodynamic properties 151 
Hydrofluoric acid 126 
Hydrogen 

bonding 75,78,82, 159, 
210,217, 221,246 

head-to-tail 5 
intramolecular 7 

Hydrolysis, ferric ion 284-288 
Hydrolysis products of Pt anticancer 

drugs 209-223 
Hydroxamate(s) 263, 280, 325 

siderophores 314/ 
Hydroxamic acid(s) 255, 284, 

286, 299,313 
Hydroxide 280 

bridge 210 
ions 281 

Hydroxy acids 3 
Hydroxyapatite (HAP) 117 
A^A/'-bis((2-Hydroxybenzyl)ethylene-

diamine-A^'-diacetic acid) 
(BHBEDA) 259 

N,W-bis(o-Hydroxybenzyl-N,W-
ethylenediaminedi(methylene-
phosphonic) acid (HBEDPO) .... 285/ 

( 1 -Hydroxyethylidene)diphosphonate 
(HEDP) 104, 113 

complexes, biodistributions of 106/ 
Hydroxyl bridging 328 
Hydroxylation, microsomal 297 
Hydroxymethylenediphosphonate 

(HMDP) 113 
o-Hydroxyphenyloxazoline 265 
8-Hydroxyquinoline 126,299 

In-Ill labeled 125 
Hyperactive bone marrow 252 
Hypercalcuria 382 
Hyperoxaluria 383 
Hyperparathyroidism 382 
Hyperphosphatemia 383 
Hyperthyroidism 382 
Hyperuricosuria 383 
Hypercalcemia 387, 401 
Hypochromic red blood cells 254 
Hypoxanthine residues 47 
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I 
125I-labeled transferrin 132 
m I n 121/, 124-125 
1 1 3 η ι Ιη 12k, 122-124 
113,nIn-transferrin 122 
H 1InDTPA 122 
Iatrogenic antimony poisoning 343 
Imidazole 170,241 
Immune system 350 
Indium 

bleomycin 124 
- E D T A 123/ 
transferrin 124 

Infarct(s) 
avid agents 93/ 
imaging agents, mycardial 110, 113 
myocardial 124 

Infrared spectra 
of Fe(H,MECAM) 322
of Fe(MECAM) 3 - 322
of M E C A M 322

Infusion, continuous 298-299 
Inosine 47 
Inotropic response 13, 15 
Interactions, electrostatic 13 
Internucleotide bonds, DNA 78 
Intestinal concentration of food 

components 390/ 
Intestinal contents, NTA in simulated 400/ 
Intestine, small 190 
Intracellular receptor(s) 133, 134 
Intracellular volume of distribution ... 96 
Intramuscular injections 350 
Intrastrand DNA crosslinking 150 
Intravascular volume of distribution .. 96 
Ion 

affinity and selectivity 9 
carriers 5 
-exchange chromatography 164, 167 
gradients, transmembrane 3, 7 

Ionic equilibria in urine 385 
Ionic exchange, competitive 132 
Ionization constant, proton 164 
Ionophore(s) 4/ 

absorption, phramacokinetics of ...17-19 
carboxylic 5-7, 13-17 
-cation complexes 7 
general structure 3-6 
-mediated exchange-diffusion 

transport 15 
-mediated transmembrane transport 8/ 
neutral 6 
selectivity 13 
and transport properties, inotropic 

potency 16/ 
Iron 48,51,53,373 

binding site of bleomycin 239-243 
bleomycins 237-247 

Iron (continued) 
chelation 251-260 
content of organs 256/ 
extracellular 135 
-Ni interaction 26-31 
overload 254-255 

death, cross section of heart from 412/ 
treatment of 279-310 

removal from transferrin 324/, 326/ 
diferric 326/ 
human 323-327 

stain of cardiac tissue 413 
stain of pituitary gland 415/ 
transport in microorganisms, high 

affinity 262-276 
Iron(III) 

affinities of chelating agents . . 282/-283/ 
complex of desferrioxamine Β 287/ 
coordination compounds 263-276 

Isomorphous displacement 360 
(Isonicotinamide)(NH3)5Ru(II) 171, 

172/, 173/ 
Isoosmotic 401 
3-Isopropyltropolone 284, 299 
Isosbestic point 321, 323 
Isostructurality 205 
Isotherms, saturation 11 

K + 5,49 
K,Cr0 4 49 
K 2PtCl 4 196,204 

NMR spectra of 220/ 
K3fCr(CN)6] 231/ 
KH[Cr(Ox)3] 231/ 
[K,Rh (Ox)3] 230/ 
K[Pt(NH3)Cl3] 196 
Kayser-Fleischer ring 377, 416 
Kidney(s) 131, 190, 192, 335, 

336, 350, 355, 364, 365 
agent(s) 

function 93/ 
imaging 107 
structure 93/ 

cytosol 362 
nephron 388/ 
retention 194,199 
-21 system 52 
toxicity 204 

Kinase, protein 51 
Kinetics, aquation 199-200 
Kinetic physiologic regulatory system 385 

Li + 49 
{[Li(H20)3][TcIV(OH)(MDP)]JH20}n 113 
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Lability 201,204-205,234 
Lactic acid 171 
Lactoferrin 134 
Lasalocid 15, 16/ 

cardiovascular effects of 13 
LD50 values of chelating agents 338/ 
Lead 48,53,227,373 

essentiality 35-36 
poisoning 336 

Leichmaniasis 298 
Lens nuclei, elemental analysis 83/ 
Leucine 82, 85 
Leukemia cultured cells 150 
Leukocyte(s) 93/ 

cultures 51 
polymorphonuclear (PMN) 131, 134 

3,4-LICAMS 319, 320/, 325, 327/ 
3,4,3-LICAMS 319, 320/, 327/, 328 
Lidocaine analog 95 
Ligand(s) 

carboxylate 9
deprotonation curves 265-267 
exchanges 144,229,267,271 
-to-metal charge transfer 159 
Ν 170 
orientations 11 
protonation constants 319 
synthetic tetracatecholate 329/ 
synthetic tricatecholate 318/ 
thiol 95,351 
thiomalate carrier 351,360 

Liganding oxygen atoms 4/ 
Linkage isomerization 161, 164, 167 
Lipid(s) 3 

bilayer 3 
solubility 337 
-soluble cation complexes 3 

Lipoidal membrane 97 
Lipophilic molecules 31 
Lipophilicity 194,296 
Liposomal encapsulation 298 
Lithiasis, renal 381 
Lithium cation, hydrated 113 
Litholytic solutions 384 
Liver 92, 131, 190, 192, 251, 255, 298, 

328, 335, 350, 364, 373, 375, 414 
cytosol 364 

metal displacements in 365/ 
metal/protein ratios of 365/ 
retention 200 
9 9 m Tc-S colloid scan of 94/ 
visualization of 122 

Lung(s) 92, 190, 192 
cancers 143 
scanning 124 
tumors 46 

Lymphocytes 93/, 125 
Lymphomas carcinomas 237 
Lysocellin 16/ 

Lysosomes 133 
hepatocytic 375 

M 

4-[(lMeCyt)(NH3)n(Ru(III))] 163/ 
4,5-[(10MeIAlo)(NH3)4Ru]2+ 163/ 
7-[(Me2Xan)(NH3)5Ru(II and III)], 

ΔρΚ„ values of 166/ 
7- ( 1 , 3 - Μ ε ^ η ) ( Ν Η 3 ) ^ ( Π Ι ) 164 
8- (l,3-MeoXan)(H20)(NH3)4Ru(II) .. 164 
Mg 2 + 49,281,389 

ionic radius of 132 
MgNH 4P0 4 precipitation, NTA 

inhibition of 395/, 396/ 
Mn 2 + 49 
MnClo 233/ 
Mn(II*±III) 227 
Mo 6 + 49 

Macroglobulin, Ni-containing 24 
Macrophages 134 
Magnesium .34 , 47, 48, 76, 132, 382, 384 

ammonium phosphate 383, 393 
metabolism 381 

Malignancy 382 
Malonate 174 
Manganese 48, 53 

ions 80, 82, 85 
Mammary glands 131 

cells 132 
MDP ligands in [Tc(MDP)(OH)]n .... 114/ 
MECAM(S) 319, 320/, 321, 

323, 325, 327 
Melting curves for DNA 79/ 

derivative 77/ 
Membrane 

barriers 170 
interface 6 
partitions 6 
potential 6 
transport 196 

Metabolic 
activation for cancer induction 50 
degradation 308 
function of Ni 24 

Metabolism 
glycolytic 171 
Mg 381 
tissue 158 
tumor 170-171 
vanadium 33 

Metabolite(s) 30 
streptomyces 5 

Metal 
carcinogenesis 45--70 
complexes in blood plasma ...391/, 392/ 
complexes and cancer treatment 143-146 
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Metal (continued) 
coordination sites 159 
displacement(s) 361/ 

from Cd-induced metallothionein 367/ 
in liver cytosol 365/ 
from metallothionein 366/ 

distribution of 361/ 
ion(s) 

as age probes 85 
genetic information transfer, and 

aging 78-88 
genetic toxicity of 233/ 
-nucleic acid interactions 75-87 
poisoning 335-346 
removal with chelating agent 340/ 
-specific sequestering agents ...313-331 

-ligand equilibria 281 
mercaptide linkages 355, 359, 362 
migration 167 
mutagenic effects of 51-5
poisoning, chronic 33
-protein ratios of liver 363/ 
toxic effects of 51 

Metallobleomycins 241 
Metallodrugs 96 
Metallotallysomycins 241 
Metallothioneins 

Au-binding to 349-370 
-Au reactions 355-358 
-bound Cu 365 
-Na 2 AuTM reactions 359-362 

Metastatic cancers 143 
Mercaptides, organic 343 
2-Mercaptoethanol 358 
Mercuric chloride poisoning 341 
Mercury 51,53,373 

poisoning 339-343 
N-Methyl-A/-(2-hydroxybenzyl)-

glycine 297 
1-Methylcytosine 221 

NMR spectra of 220/ 
Methylene blue 383 
Methylenediphosphonate (MDP) 113 
Metyrapone 171 
Microbes 255 
Microbial Fe chelators 257/, 258/ 
Micrococcal nuclease 78, 148 
Micrococcus denitrificans 263 
Microorganisms, Fe transport in ...263-276 
Microsomal 

enzymes 171 
hydroxylation 297 
oxidation 297 

Microsome-catalyzed NADH 
reduction 172/ 

Microspheres, human serum 127 
Microvesicles 133 
Mitochondria 15, 174 

catalyzed succinate reduction 173/ 

Mitochondrial coupling factor 33 
Mitomycin C 232 
Mitosis 75 
Mitotic arrest 51 
Mitotic spindles 51 
Molar extinction coefficients 321 
Molybdenum 275 
Monactin 5 
Monensin 5, 13, 15, 16/, 17, 19 

assaying 20 
cardiovascular response to 14/ 
coronary flow and 14/ 
pharmacokinetics of 18/ 

Monocytes 134 
Morphological transformation 53, 54, 

56, 64 
NiS and 59/ 
Ni 8S 2 and 59/ 
phagocytosis and 67/ 

cardiac 255 
cells 144 
tumors 46 

Mutagenesis 
assay 55 
bacterial 49,157 
of Cr compounds 231/ 
by Ni 3S 2 60, 63/, 64 

Mutagenic 
activity of Ru complexes 175/ 
agents 55 
effects of metals 51-52 
properties 174 

Mutagenicity 227 
Mycobactin 274 
Myocardial infarcts 124 

imaging agents 110,113 
Myocardium 298 
Myochrysin 349 
Myoglobin 279 
Myosin 15 

Ν 

N>H4 · 2HC1 185 
Na+ 5, 49 

intracellular 15 
Na,[Au(S,03)2] 343 
Na 2AuTM 350, 351, 357/, 358, 359 

co-administration of CdCl 2 and 364 
Na>CaEDTA 338/ 
Na>Cr04 49 
NaoHoHEDP 115/ 
Na.H>MDP Π 7 
Na>HÀs0 4 51 
Na 4EDTA 338/ 
NaAsO, 233/ 
NaAuCl4 351,358 
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NaAuTG 358/ 
NaBH 4 reduction 103 
(NH3)2Pt2+ 221 
(NHo)2Pt(base)2

2+ 217 
[(NH3)2Pt (1-MeC) (9-EtG)][(NH3)2-

Pt(l-Mec)(9-EtG-H)](C104)3 .... 221 
[(NH3)2 Pt(l-methylcytosinate-

N3,N4)2 Pt(NH3)2]2+ 220/ 
[(NH3)2 Pt(l-methylthyminate-

N3,04)2Pt(NH3)2]2+ 219/ 
[(NH3)2 Pt(l-methyluracilate-

N3,04)2 Pt(NH3)2]2+ 219/ 
[(NH3)2Pt(OH2Pt(NH3)2]2+ 210/ 
[(NH3)2Pt(OH)2Pt(NH3)2](N03)2 218 
[{(NH3)2Pt(OH)}3F 212/ 
(NH3)5Ru(II and III) 166/ 
(NH3),Ru(III) 165/ 
[(NH3)5Ru(III)]n-DNA 167-169/ 
(NH3)5Ru(III)-nucleoside complexes 164 
(NH3)5Ru(III)-purine complexe
Ni 5
Ni3S-> 45, 46, 56, 59/ 

half-life of 68/ 
induced transformation 60 
mutagenesis by 60, 63/, 64 
particles, phagocytized 66/ 
toxicity of 60, 65/ 

NiCl 2 233/ 
NiS and morphological transformation 59/ 
NiS, toxicity of 65/ 
NO ligand 110 
[N02(NH3)oPt( 1 -methylcy tosinate-

Λ^3,Λ/4) 2Ρί(ΝΗ 3) 2Ν0 2] + 222/ 
Nactins, macrolide 5 
NADH 171 

-dehydrogenase 171 
Neck cancers 143 
Necrosis of primary functional cells .. 375 
Necrotic hepatocytes 375 
Neoplasm 48, 135, 158 

epithelial and lymphoreticular 131 
of the respiratory tract 45 

Neoplastic tissues 171 
Neoplastic transformation 50, 53, 56 
Nephron 386,401,402 

kidney 388/ 
Nephrotic syndrome 335 
Nephrotoxic 384 
Nephrotoxicity 200, 344 
Neuromuscular junction 15 
Neurospora crassa 276 
Nickel 46-48, 53, 227 

biological function of 24-31 
deprivation 23-24 
as enzyme cofactor 25 
essentiality 23-24 
medical significance of 31-32 
monosulfide 54 
subsulfide 51,54 

Nickeloplasmin 24-25 
Nigericin 5, 16/ 
Nitratodiethylenetriamineplatinum(II) 

nitrate 210 
Nitrato(diethylenetriamine)platinum-

(II) cation 213/ 
Nitrato(diethylenetriamine)platinum-

(II) dinitrate, Raman spectra of .. 214/ 
Nitrilotriacetate 267 
Nitrilotriacetic acid (NTA) ...286, 290, 387, 

389, 393, 395/, 397, 399 
hydroxyethyl derivatives of 287/ 
inhibition of calcium oxalate 

precipitation 394/ 
inhibition of MgNH 4P0 4 

precipitation 395/, 396/ 
in simulated intestinal contents 400/ 

Nitrogen ligands 170 
Nitrosyl Ru(II) 177 

C 239-241 
shift 218 
spectra of 1-methylcytosine 220/ 

and K 2PtCl 4 220/ 
Nonactin 5 
NTA (see Nitrilotriacetic acid) 
Nuclear medicine 91-100,103-118 
Nuclear magnetic resonance 

spectroscopy 209 
Nuclease, micrococcal 78, 148 
Nucleic acid(s) 144, 157 

binding 177 
interactions, metal ion- 75-87 
strand interaction 82 

Nucleosides 157 
Nucleosome core particle 148-151 

rc-Octanol/saline mixtures 196 
Octant Rule 11 
Oligomerization 217 
Oncogenic transformation 53 
d^-Orbital 161, 170 
pMDrbital 161 
Organ(s) 

Fe content of 256/ 
imaging 158 
toxicity 200 
uptake 193/ 

Organoarsenicals 345 
Organomercurials 345 
Organomercury compounds 341 
Ovarian cancers 143 
Ovarian tumors 190 
Ovary 190 
Oxalate 383 
Oxazoline 263,267,269 
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Oxidation, microsomal 297 
Oxo ligand 107, 110 
Oxyanions 280 
Oxygen(s) 

atom, bridging 110, 113 
atoms, liganding 3, 4/, 5 
liganding system 7 
phenolic 317, 323 
utilization by tumor cells 171 

Pb2+ 49,281 
1 9 5 wPt, biodistribution of 186-190, 195/ 

half-time of 185 
-labeled Pt(NH3)4Cl2 194 
radiolabel 185 
-radiolabeled chloroammineplati-

num(II) complexes, biodistri
bution of 191

-radiolabeled chloroammineplati
num(II) complexes, syntheses 
of 184/ 

urine and fecal excretion of 198/ 
Pt(II) 227,335,351 

anticancer drugs 157 
antitumor drugs, second-generation 200 

[PtCl4]2" 192,196,199,201 
Ken)PtCl2] 151, 153 
[(terpy)PtCl]Cl 150 
PtCl,(NH3).> 209,218 
cw-PtCl2(NH3)2 217 

interaction with DNA bases 210/ 
[Pt(CN)4r 150 
Pt(dien)2+ 215 
[Pt(dien)N03]N03 216 
[Pt(En)3]Cl4 233/ 
[Pt(NH3)4] 190, 192, 196 
[Pt(NH3)4]Cl2 196 
[Pt(NH{)Cl3]- 190,201 
[Pt(NH3>,Cl2] 192 
[Pt(NH3)3Cl]+ 190 
c/s-[Pt(NH3)oCl2] 181-206, 233/, 344 
/raAi5-[Pt(NH3),Cl2] 196, 200, 204, 233/ 
d5-Pt(NH3).>(N03)2 216 
Pu(IV) 327, 328 
Pancreas 190 
Paper electrophoresis 271 
Parabactin 263-276, 264/, 273/ 

A 264/, 268, 273/ 
titration of 266/ 

Paracoccus denitrificans 263, 213,215 
Partition coefficient(s) 186, 196, 197/ 

lipid-.water 19 
Partitions, membrane 6 
Passive 

absorption 26 
diffusion 97 

Passive (continued) 
permeation 144 
transport 31 

Pemiphigus 349 
Penicillamine therapy and hepatic 

Cu 379/ 
D-Penicillamine 338/, 344, 376, 377 
Pentammineruthenium (II—III) ions 159 
Pertechnetate 97, 103, 104 

ion 96 
Peryone's Chloride 143 
pH lability 134 
pH, physiological 263 
Phagocytosis and morphological 

transformation 67/ 
Pharmacokinetics 

of ionophore absorption 17-19 
of monensin 18/ 
of uptake 194 

o-Phenanthroline ligands 174 
Phenylalanine 82, 185 
o-Phenylenebis(dimethylarsine) ...110, 111/ 
Phenolate 284 
Phenolic oxygens 323 
Phenoxide 280 
Phospaturic bladder stone 399 
Phosphate 383 

buffer 244 
Phosphohydrolase, ATP 33 
Phospholipids 132 
Phosphonate 280 
Phosphorus 48 
Phosphorylation 51 
Phytopathogen 263 
Pinocytosis 177 
Pituitary gland 255 

Fe stain of 415 
ΔρΚη values of 7-r(Me2Xan)(NH3)5-

Ru(II and III)] 166/ 
Plasma 

binding ligands in 385 
Ca 389,395/ 

ion 397 
ceruloplasmin 377 
compartment 385, 389 
Cu, free 375 
enzymes 290 
esterases 296 
Fe level 284 
metal complexes in blood 391/, 392/ 
proteins 134,177 
transferrin 125 

Plasmid, ampicellin 234 
Plasmid, pSMl DNA 154/ 
Platelets 93/, 125 

labeled 127 
tomographic section of 6 8 Ga 128/ 
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Platinum 53 
anticancer drugs, hydrolysis 

products of 209-223 
antitumor drug 147-155 
complexes 234 
- N bond lengths 216 
-platinum antibonding orbital 218 
-pyrimidine blues 209,218 
-uracil blue 218 

Platinum(II) 344-345 
compounds 227 

Platinum-195m 181-206 
ds-Platinum drugs 174 
Plutonium 298 

citrate 328 
pM2 151 

DNA, closed circular 247 
DNA molecule 152/ 

Poisoning, mercuric chloride 341 
Poisons, cellular 14
Polarizability 29
Polarograms of BLM-A 2 , dc 242/ 
Polarograms of Fe(II, III)BLM-A2, 

dc 242/ 
Polarography, dc 239 
Poly A 47 
Poly A · Τ 48 
Poly C · A 47 
Poly C · U 47 
Poly(dG) · poly(dC) 151 
Poly I 47 
Poly U 82,85 

-directed protein synthesis with 
ribosomes 86/ 

Poly (acrolein) 298 
Poly(acrylic acid) 298 
Polyantimonic acid 126 
Polyethers, crown 5 
Poly(A^methacryloyl-£-alanine 

hydroxamic acid) 298 
Polymolybdate 233* 
Polymorphonuclear leukocytes 

(PMN) 131, 134 
Polynucleotides, synthetic 47 
Portal vein 296 
Positron 

emission transaxial tomography ... 122 
-emitting radionuclide 126 
-emitting radiopharmaceuticals 122 

Potassium 33 
Potential(s) 

electrical 3 
transmembrane 6 

electrochemical 6 
membrane 6 

Potentiometric 
curve of ferric enterobactin 316/ 
curve of Th(IV) 3,4,3-LICAMS .... 330/ 
titration 241,246,315 

Prostate cancers 143 
Prosthetic Cu 373 
Protein(s) 132 

-bound 
Au 357/, 360 
Ca 385-386,401 
Cd 360 
Zn 360 

complexes, nonspecific 285 
Cu 373,374/ 
cytoplasmic 355 
heme 323 
kinase 51 
plasma 134, 177 
storage 323 
synthesis 174 

with ribosomes, poly(U)-directed 86/ 
Proton 

competition 281 

stoichiometry 265-267 
Protonation constants 315-317 

ligand 319 
Protonation state 164 
Proximal tubular regions 386 
Proximal tubule 401 
pSMl DNA, closed circular 153 
Pulmonary embolus 127 
Pulse pressure 13 
Purine 164,209,221 

nucleosides 159 
Pyridine 170 
α-Pyridone blue 218 
Pyrimidine 164,209,221, 

241,244, 246 
Pyrophosphate (PP) 113, 382, 383 

R 
Rh(I) 227 
Rh(III) complexes, genetic toxicity of 230/ 
9 7 R U 158 
1 0 3 Ru 158 

complexes, tissue distribution of .... 176/ 
1°6R U 158 

Ru(ID 227 
Ru(III) prodrugs 170-174, 177 
Radiochromatograms 192 
Radiodiagnostic agents 158 
Radioisotopes, Ga and In 121 
Radionuclide generator 121 
Radiopharmaceutical(s) 

diphosphonate 110-117 
In-Ill 124/ 
positron-emitting 122 
synthesis 103-107 
Tc-99m 91-100 

Radius-ratio principle 132 
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Radioscintigraphic agents 158 
Raman spectra of nitrato(diethylene-

triamine)platinum(II) dinitrate .. 214/ 
Raman spectroscopy 210 
Red blood cells in Cooley's anemia .... 253/ 
Red blood cells, hypochromic 254 
Redox mechanism 237 
Reducing agents 247 
Reduction activation 170-174 
Regulatory systems, kinetic 

physiologic 385 
Renal 

cytosol 365/ 
addition of cysteine to 354/ 
coritcal 351 

cytosolic thiol groups and Au 
distribution 352/ 

dissociation 393 
failure 335 
filtration 29
function(s) 92
lithiasis 382 
metallothionein, amino-acid 

sequence of equine 356/ 
stones 381 
tissue 355 
tubular deficiency 382 
tumors 46 

Repair deficient bacteria strains in 
repair assays 228/ 

Respiratory tract, neoplasms of 45 
Reticulocytes 132 
Reticuloendothelial system 92 
Retrodative bonding 161 
Rheumatoid arthritis 349 
Rhodium 

bridging 234 
complexes 229 
compounds 232 

Rhodotorulic acid 259, 265, 
267, 299, 320/ 

Rhombic crystal field 243 
Riboflavin deficiency 35 
Ribonucleotide 80 
Ribosomal fidelity 85 
Ribosomes 85 

poly(U)-directed protein synthesis 
with 86/ 

RNase 34 
RNA 132 

chains, initiation of new 49 
degradation of 82 
messenger 82 

transcription, fidelity of 47 
synthesis 80, 82 

Rotational strength(s) 9 
of salinomycin 10/ 

Rotifers 82 
lifespan of 84/ 

Rough endoplasmic reticulum 133 
Rubidium 48 
Ruthenium 

in anticancer pharmaceuticals .. .157-178 
-nucleic acids interactions 167-170 
-nucleoside interactions 159-167 

Ruthenocene complexes 158 

S 
SN2 mechanism 7 
Sb(III) 335 
SbCl3 233/ 
Se (4+) 49 
Se(VI) 227 
Sn(II) 103 

reduction 104 
Sn(IV) 107 

Salicyclic acid 186,338/ 
Salinomycin 8/, 16/ 

CD spectra of 10/ 
computer models of 11 
conformational studies 7-10 
rotational strengths of 10/ 

Salivary glands 131 
Salmonella strains 228, 234 
Sarcoidosis 382 
Sarcoma cells 132 
Scatchard analysis 132 
Screen, inactive compounds in 307 
Screening programs 381 
Selective affinity 299 
Selenium 51 
Senile dementia 75 
Septamycin 16/ 
Sequestering agent(s) 288 

for actinide(IV) ions 327-331 
metal-ion-specific 313-331 

Serine 259 
residues 51 

Serum 
albumin, bovine 351 
Ca 384 
Fe 313 
proteins 97, 127 

Sialic acid 375 
Siderophores 134,313 

hydroxamate 314/ 
Silver 48, 53 

nitrate reaction 210 
Simian adenovirus 52-53 
Skeletal imaging agents 104, 110 
Sodium 48 

arsenate 51 
pump 34 

Solganal 349 
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Solubilizing constant, effective 285-286 
Solubilization, ferric hydroxide 284-288 
Solution 

conformation, equilibrium 9 
equilibria, ferric enterobactin ... 315-317 
stabilities 293/ 

Solvation sphere 9 
Solvent Ζ value and cation 

selectivity 10/, 12/ 
Specificity, optical 276 
Spectroscopy, nuclear magnetic 

resonance 209 
Spectroscopy, x-ray photoelectron .... 209 
Spermidine 271,275 
Spin dialysis 153 
Spin state of FeBLMs 243 
Spindles, bipolar 51 
Spindles, mitotic 51 
Spleen 190, 192,252,298 

Fe 300/-302
visualization of 12

Squamous cell carcinomas 237 
Stability(ies) 

constant(s) 122, 170, 275, 280-284, 
288-290, 299,315, 
338, 342/, 385, 389 

proton-dependent 319 
of Fe complexes 244-246 

products 280-281 
Stabilization, functional group 9 
Stannous chloride 103 
Stereoselectivity 144 
Steroids 297 
Stibine 345 
Stoichiometric coefficient 321 
Stoichiometry, proton 265-267 
Stomach 190 
Streptokinase 93/ 
Streptomyces 237 

metabolites 5 
Strontium 48 
Struvite stones 383 
Subculturing 52 
Succinate 171, 174 
Succinic acid 313 
Sulfhydryl groups 337, 339, 344, 376 
Sulfonation 317-319 
Sulfonyl chloride 246 
Surface receptor 276 
Survival rates for HgCl 2 ingestion 341/ 
Synovial fluid 350 
Synthesis(es) 

chirally selective organic 3 
DNA 181 
globin chain 256/ 
protein 174 
of 195A72Pt-radiolabeled chloroam-

mineplatinum(II) complexes 184/ 
radiopharmaceutical 103-107 

Synthesis (es) (continued) 
with ribosomes, poly(U)-directed 

protein 86/ 
RNA 80,82 

Synthetic iron chelators 258/ 

Τ 
Tc(IV) heptacoordinate 107 
TcBr 6

2 107 
Tc 2 Cl 8

3 - 110,112/ 
[Tc(diars)2Cl2]+ 110, 111/ 
Tc(dmg)3(SnCl3)(OH) 107, 109/ 
Tc(HBPz3)Cl20 104, 107, 109/ 
Tc(HIDA)2 99/ 
[Tc(MDP)(OH)-]n 114/ 

MDP ligand in 114/ 
Tc(NaBH4)-HEDP 104 
[Tc(NH3)4(NO)(OH2)]2+ 112/ 

4

TcOCV 107,108/ 
Tco(OOCC(CH3)3)4Cl2 110,112/ 
Tcb(SCHoCHoS)2" 108/ 
TcO(SCH2C(0)S)2- 108/ 
TcOX, 104 
Tc(Sn)-HEDP 104 
T c * 6 104 

-dimercaptosuccinic acid 107 
-essential radiopharmaceuticals ...93/, 95 
generator, "Mo- 121 
-HEDP 95, 106/ 
-(HIDA) 2 95,97 
-phosphate 92,95 
radiopharmaceuticals 91-100 
-S colloid 92 
-S colloid scan of liver 94/ 
-tagged radiopharmaceuticals .92, 93/, 95 

9 9Tc(NaBH 4)-HEDP, HPLC separa
tion of aqueous 105/ 

9 9 mTc(NaBH 4)-HEDP imaging 106/ 
9 9 mTc(Sn)-HEDP imaging 106/ 
Te (4+) 49 
Te (6+) 49 
Te(IV) 227 
Th(IV) 327, 328 
Target lesions 204 
TEA 286 
Technetium 

chemistry of 103-118 
complexes, hexacoordinate 110 
-estradiol analog 98 
-glucoheptonate 104 
-HEDP 104 
-radiopharmaceuticals, bifunctional 98 

Telephase 51 
Tellerium 51 
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Testes 190,336 
Testicular 

cancers 143 
carcinomas 237 
tumors 46 

5- 2,3,4,6-Tetraacetyl-l -0-D-thioglu-
cose(triethylphosphine)gold(I) ... 349 

Tetracatecholate ligands, synthetic .... 329/ 
Tetrahydropyranol 5 
Tetranactin 5 
Thalassemias 251 
^Thalassemia 251-260, 313 
Thallium 53 
Therapeutic agents 343 
Therapy, Fe chelation 251 
Thermodynamic 

activity 376 
constants 280 

and chelate ring size 293/ 
equilibrium 199-20

equilibrium 35
Thiazide 382 
Thin layer chromatography 265 
6- Thioguanine 60 
Thiol 
endogenous 351 
groups and Au distribution, renal 

cytosolic 352/ 
ligands 95,351 

Thiomalate carrier ligand 351, 360 
Threonine residues 51 
L-Threonine 263,269 
Thrombosis 125 
Thymidine 209 
Thymine 145,209,217-218 
Thyroid 97 
Tin essentiality 35-36 
Tiron 321, 328 
Tissue(s) 

blood ratios 192 
culture 

cell transformation in 52-54 
fibroblasts 51 
systems 45-70 

distribution 298 
1 0 3Ru complexes 176/ 

neoplastic 171 
uptake 201 

Titanium 227 
Titration 

of agrobactin 266/ 
direct 265,267,271-272 
of parabactin 266/ 
potentiometric 241, 246, 315 

Tomography 
with 68Ga iron colloid 128/ 
of 68Ga platelets 128/ 
positron 127 

emission transaxial 122 

Toxic effects of metals 51 
Toxicity 201,204 

acute 202/, 203/ 
of benzopyrene 60 
cellular 177 
of chelating agents 337 
of cisplatin 143 
Cu, cavity produced by 378/ 
dose-limiting 190 
fluoride 126 
kidney 204 
of NiS 65/ 
of Ni 3S 2 60, 65/ 
nutritional V 35 
organ 200 
of Rh(III) complexes, genetic 230/ 

Toxicology of inert transition metal 
complexes, genetic 227-235 

Toxicosis  Cu 373  377 

significance 23-24 
Tracer principle 92 
Transferrin 122, 127, 133, 

134, 259, 279, 284 
Fe removal from 323-327 
human 320/ 
In 124 
plasma 125 
receptor 132 

Transformation assay 52 
morphological 54-55 

Transition, electronic 9 
Transition metal complexes, genetic 

toxicology of inert 227-235 
7 Γ - 7 Γ * Transition 241 
Transport 

electrogenic 6 
electrophoretic 6 
ionophore-mediated 6 

exchange-diffusion 15 
transmembrane 15 

properties, inotropic potency of 
ionophores and 16/ 

Transuranium actinide contamination 327 
Triacetylfusarinine C 299 
1,5,9-Triaminocyclododecane 275 
TRICAMS 320/ 
Tricatecholate ligands, synthetic 318/ 
Tridentate binding of HMDP 116/ 
Triethanolamine 286 
Triethylenetetramine 338/, 344 
TRIMCAMS 323 
Trinactin 5 
Tris buffer 244 
Tris(ethylenediamine)cobalt(III) 

cations 232 
Tropolonate 280 
Tropolones 284 
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Trypsinization 54 
Tumor(s) 127, 131 

-blood ratio 133 
cells, Erlich-Ascites 355 
cells, oxygen utilization by 171 
6 7 Ga localizing in 130/ 
-imaging agent 177 
lung 46 
metabolism 170-171 
muscle 46 
ovarian 190 
renal 46 
scanning 121 
specificity 132, 158 
testicular 46 
venereal 132 

Tyrosine 284 

V 
V 4 + 50 
Valinomycin 3 
Vanadium 51 

biological function of 33-34 
deprivation 32-33 
essentiality 32-33 
medical significance of 34-35 

Vascular space 127 
Venereal tumor 132 
Vicinal dimercaptides 343 
Visible spectra of ferric M E C A M 322/ 
Visible spectra of ferric TRIMCAMS 324/ 
Volume of distribution 

extracellular 96 
intracellular 96 
intravascular 96 

U 

Unsaturated iron binding capacit
(UIBC) 133 

Uptake, brain 193/ 
Uptake, tissue 201 
Uracil 47,209,217-218 
Urease 25-26,383 
Urinary 

calculi 381 
citrate 382 
compartment 384-385, 393-397 
Cu excretion 377,378/ 
Fe 300*-302* 

excretion 303*-306* 
phosphate 383 

Urine 
Ca speciation in simulated 398/ 
composition, simulated 390* 
and fecal excretion of 1 9 5 mPt 198/ 
ionic equilibria in 385 
supersolubility of calcium oxalate in 384 

Urokinase 93* 
Urolithiasis therapy 381-403 
Uterus 190 
UV-visible chromophores 359 
UV-visible spectroscopy 209 

W 

Window of reactivity 204-205 

8-[(l,3,7Xan)(Cl,)(NH3)3Ru(III)] 162/ 
X-ray(s) 

crystallography 3, 159 
diffraction studies 209 
of patient with Cooley's anemia .... 253/ 
photoelectron spectroscopy 209 
structure analysis, single crystal ... 107 

Xanthines 161 

Zn 2 + 49,281, 389 
Zn(II) 237 
ZnCl, 233* 
Zinc 47, 48, 53, 227, 337, 355, 365, 373 

antagonisms 355 
- M T reaction with DTNB (5,5'-

dithiobis (2-nitrobenzoic acid)) 363/ 
protein-bound 360 
-thionein 362 

Zwitterion 5,6 
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