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Abstract
In this review, an attempt 1s made to present comprehensively several new and interest

biological and cytochemical significance of metal coordination compounds with 2 particnlar stress towards their
ion of newer aspects of metal coordination com-

g properties of an. o

fuadamental and/or practical implicati With the
pounds as models of positively-charged biomolecules, many a new area of research pertatning to inorganse: physical

and analytical biochemistry has been opened up and as a result new information has emerged on vagious aspeets of
bile salts, chelators, dyes. drugs, inorganiciso-and hetero-polyacids, biopolymers. ete. This review is suppovied wizh
114 references.

metachromae
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1. Introduction
The living systems are dependent not only upon organic but also upon the inorganic meieties
and biomolecules of diverse structures and compositions which in turn are coupled with a
balanced interplay of various physico-chemical forces of the life processes. This has aroused
an intense curiosity amongst the investigators to nnderstand the deeper implications of the
role of inorganic chemistry in living systems*™. A closer examination of the eatlier literature
in biochemistry and physiology shows that inorganic compounds have been profitably
employed as models®™* for understanding and unravelling intricacies of various biochemici
and biological problems associated with the life processes. Accordingly, the present article is
not intended to cover the vast area of metal coordination compounds (MCUs) in inorganic
biochemistry, but is mainly concerned with presenting:

i) some new characteristics of ionic (F.e. positively-charged) MCCs with reference to their
chemical and biological implications.

il) comparative data on the interaction behaviour of diverse types of (poly-} cationic
biomolecules (to reveal some of their newer features) with urea, bile salts, EIYTA (and
congeners) dimethyl sulphoxide (DMSO), etc.. (by serving as analytical tools) for
characterizing the binary macroionic complexes.

Our interest in the use and in establishing the importance of ionic MCCs as models” in
understanding their interaction behaviour in some of the biological’ bicchemical systems
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stems out from a report on the precipitation ot an acid '* mucopolysaccharide by an ionjc
MCC, analogous to that of inorganic polyanions acting as models of anionic biopolymers %,
Based on this concept, our initial studies suggested that inorganic polyanions could serve
as simple and dependable models for understanding the interaction behaviour of anionic
biopolymers with positively-charged dyes, drugs, antibiotics and scores of other biologically
important materials. Hence in view of this fact, the review supported with relevant literature
is presented under the following major headings:

i) Interaction of MCCs with ninhydrin
ii) Macroionic complexations:

a) Interaction of cationic MCCs with anionic biomolecules/biopolymers.
b) MCCs simulating the cationic biomolecules.

iif) Conclusions.

Table 1

Detection of metal coordination compounds (MCCs) with ninhydrin"’

A. Positively-charged MCCs

No. Compound Colour and sensitivity (ug)
Spot test #E TLC rE
t. [Co(en); Clz] Cl Deep brown red 0.5 Violet brown 8
2. [Co(en)] Cls Purple red 0.5 Pink violet 8
3. [Cr{enh]: (SO Deep violet 0.5 Violet 8
4. [Co (NH3)}ClL QOrange brown 1.0 Yellow 15
5. [Ni{en)] Cl, Deep violet 0.2 Violet 5
6. [Co (NH3)s (H20)] Brs Orange brown 1.0 Yellow pink 15
7. [Cou {en)s (OH)s] Clg Dull red brown 0.5 Pink brown 8
8. [Cr4 (en)s (OH)] Cls Violet brown 0.5 Violet pink 8
9. CoClh Pink 10.0 Pink yellow 40
10. NiCly Yellow 0.0 Yellow 40
11, Crz: (804 * K:SO4 Green grey 15.0 Green grey 60

B. Detection of neutral MCCs with ninhydrin

L. [Pt{NHp] Cl Yetlow green 1.0
2. [Li(Sal):] Brown violet 0.5
3. [Cd (Sal)] Brown pink 0.5
4. [Zn (Sal);] Pink yellow 0.5

en: ethylenediamine
sal: salieylic acid.
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2.1. Interaction of MCCs with ninhydrin

Table I depicts the development of a simple and sensitive ninhydrin colour reaction '’ with
MCCs to assess their homogeneity, importance/involvement of metal cations for macroio-
nic binary complexation/interactions '™,

It is interesting to note that although the incorporation of metal ions in the ninhydrin
reagent has been in practice **for a long time, hardly any attempt seems to have been made to
understand the role of metal cations in this reaction . Hence in our recent studies we have
extended the use of ninhydrin to many MCCs (Table I), thereby confirming the importance
of metal cations in the ninhydrin colour reaction which indirectly implied its analogy to the
interaction of ninhydrin with amino acids and other reactive nitrogenous compounds ****
Further, it has been shown since the early fifties that ninhydrin gives colour reaction with
some of the non-nitrogenous compounds *** as well. In this respect, our investigations
(unpublished data) have offered some new information, viz., a non-nitrogenous compound
like salicylic acid became reactive with ninhydrin, when present as a constituent ligand in an
MCC, Incidentally, mention may be made of the development of a very simple and sensitive
chromatographic method for the detection of different metal cations with specific colour
shades and sensitivity ranges during our studies on ninhydrin interactions with MCCs (Table

1).
These observation offer a new area of applied and fundamental importance for research in
inorganic and analytical biochemistry.

2.2. Macroionic complexes

Macroionic interactions represent complexations between oppositely-charged species, one
or both of which could be macromolecular in nature, Though generally electrostatic linkages
represent the primary binding force in their formations, the non-ionic forces could also come
into play in the entity of such complexes, and quite prominently 25733 at times. The electros-
tatic, as compared with other types of interactions, are considered to be non-specific in
character,

Bile salts and some ionic detergents have been extensively employed for the solubilization
of enzyme systems and biological structures **"**, Likewise, EDTA has also been known to
affect the cellular structures®™*. But no systematic study seems to have been made in
understanding the influence of these reagents on macroionic complexes at molecular level.
Hence, we believe ours is the first attempt in this direction.

A comparative study of the behaviour of macroionic complexes formed betweena variety
of oppositely-charged biologically important substances, including MCCs as models,
reveals a new non-chelating'**’ property of EDTA® (and its congeners) of dissociating
binary complexes into their interacting components by rupturing the ionic linkages inYolved
in their complexation. Nonetheless, EDTA has its own limitations because ofits inability to
dissociate some of the complexes whenever the primary and secondary binding forces taken
together are probably too strong for this reagent to destroy them. The unusual property <:£
EDTA '™ has been made use of by us for reversing the polyanionic inhibition of RNase
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(which does not depend upon metal cations for its activity) and by two groups of investiga-
tors in other contexts***

Furiher, in a search for alternative decomplexers it was considered appropriate to study
the effect of deoxycholate (DEOC), dodecylsulphate " (SDS) and other bile salts on
binary macroionic complexes including those involving MCCs. Their interaction with
several hundred binary macroionic complexes attributed them the complex-breaking abil-
ity, however, with their own profile'*"” of competence and limitations. To exclude the
possibility of any incorrect interpretation, experiments were designed i) to rule out therole
of chelating action in the case of chelating agent(s) and ii) to distinguish the detergent action
from the complex-breaking action in the case of SDS, DEOC and congeners. Besides,

i) to know about the ability of cationic MCCs, like the basic biomolecules to form

complexes with various anionic biopolymers,

it} to understand the comparative behaviour of the binary macroionic complexes (involv-
ing MCCs and biomolecules) with the help of complex breaking agents and to character-
ize the latter as well in the process,

iii) to establish for the specificity and non-specificity of complex formation asa result of the

interaction of the MCCs with cationic biomolecules or bio-analogures. For instance,

ionic interactions are generally believed 1o be non-specific in character, whereas in the

living systems polyionic substances are established > to be a very specific and hence,

to see if the MCCs could simulate the biomolecular substances and processes insome of

their properties.

iv

<

Thus, like inorganic salts and bile salts, urea and dimethylsulphoxide** (DMSO) could
also dissociate some of the well-defined macroionic complexes including metachromasia
(for definition see section 2.2.2) though '*'® the two reagents were relatively weaker than the
other decomplexers. By expressing this property towards macroionic complexes, urea and
DMSO* are undoubtedly breaking up electrostatic linkages ****. This implies a new charac-
teristic attributable to them. However, these reagents are qualitatively and quantitatively

less efficient than EDTA and bile salts, each displaying its own peculiarity of competence
and limitations '*'°

Further studies have revealed that bile salts/anionic detergents, can themselves form
bmary complexes with positively-charged MCCs and a variety of other basic blomole
cules , thereby greatly adding the scope of this type of reaction to anionic detergems
These bmary complexes were observed to get dissociated in an excess of the interacting
anionic detergent as reported in the case of (poly-) anionic interactants'®?* Hence in the
light of our experimental data ' the precipitating action of bile salts by posmvely—charged
substances > (including MCCs) may be considered to bea non—specnﬁcmteractlon ® charac-
teristic of the anionic detergent(s). We believe, therefore, that these newly observed features
of bile salts, anionic detergents and chelators could have many biochemical and biomedical
ramifications for a better understanding of :

a) the side effects of EDTA and similar chelators** when employed as therapeutic agents
for the detoxification of heavy and radioactive metals ***’ and
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b) the deleterious action(s)***® of bile salts/acids in bile acid atresia and other pathological

conditions aﬁsoci.ated _with their elevated levels in the living systems **!; exploitation of
the concept in biological systems is under experimentation.

2.2.2. Interaction of MCCs with aniomic dyes and bio-molecules

Some of the positively - and negatively~charged dyes can interact with oppositely-charged
substances (called chromotropes) as a result, suffering shifts in their A maxs to lower
wavelengths. This phenomenon, a reversible physico-chemical process not dependent either
upon pH change or chemical reaction, is termed as metachromasia ****’. In this phenomenon
the anionic (bio-) polymers act as chromotropes for the cationic dyes, while some of the
(poly-) cationic biomolecules serve as chromotropes for the anionic dyes. By analogy to the
second type of chromotropes, the MCCs could be shown ****to induce strong metachroma-
sia in the appropriate anionic dyes stoichiometrically ', and serve as analytical tool(s) for
localizing metachromatic components in the dye after its paper chromatographic resolu-
tion*®, This technique has been exploited by other investigators '™ in the study of dyes. By
simulating the (poly-) cationic biomolecules, the MCCs have revealed new properties in the
case of urea, DMSO, EDTA (and congeners), bile salts (and anionic deter-
gents) 'B19333436.424648 Thece observations will open up many new areas of research.

The above studies suggest the interactability of the MCCs with varjous anionic (bio-)
polymers. In fact, the available literature on complex formation between nucleic acids, acid
polysaccharides, inorganic polyphosphates on the one hand, and proteins, protamine and
othér biomolecular substances on the other, point to the possibility of interaction of
positively-charged MCCs with various polyanions '%2*24%_ The formation of a complex and
its subsequent solubilization with a complex-breaking agent *****, KCl, as wellas EDTA or
bile salts for determining its titre value-an index of the mutual binding affinity and intensity
of complexation of the two interactants forming a complex were carried out in the light of
the methods of Scott®, Moskowitz®, Barber and Noble® with requisite modifi-
eations ‘%'%!° Accordingly, a study of these polyanions with MCCs showed that the intensity
of complexation of the acid polysaccharides increased in the order; hyaluronate, ChS,
heparin and dextrar sulphate. This profile was exactly similar to that reported earlier by
Scott* for these anjonic polyelectrolytes when complexing with another basic compound,
cetyltrimethyl ammonium halide. Commercial ChS (NBC, USA) was observed to be weaker
in its interaction behaviour than the well-defined polysaccharides, ChS —A, —B, —C, —D.
The various MCCs also differed among themselves in their interaction with the acid
polysaccharides; Cotapound 8 was most potent, which was followed by compound 4 or 7
(Table 1). The sterioisomeric character of an MCCalso influenced its interaction behaviour.
Thus, compound 1 (Table 1) in its cis-form could interact with ChS, heparin and DS, while
its trrans-form did not show any visible interaction or only a very weak interaction with these
polyanions; A more or less similar marked qualitative difference was also observed with
N-DNA®™® and in other experimental systems.

Inorganic isopolyacids, condensed phosphates, in which the monomer is the ino:égﬁagr;i‘c
phosphate, have the unique distinction of being synthetic as well as of biological origin™
As occurring in biological systems and being associated with certain biochemical roles
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including that of ‘phosphagen’, they have been categorised as ‘soluble’ and ‘insoluble’
polyphosphates depending upon the ease of their extraction into cold or hot trichloroacetic
acid respectively ****". Yoshida™ had suggested that the two categories of polyphosphates
might be resulting from the difference in their binding behaviour with proteins or other
compounds of the concerned biological system. This was put to test by us by making use of
the ability of inorganic polyphosphates to form complexes with MCCs and other (poly-)
cationic compounds %™, Accordingly, a profile of the binding behaviour of these polyan-
ions into two categories, namely, the lower and the higher ones, which correspond with the
‘soluble’ and ‘nsoluble’forms of polyphosphates as propounded by Yoshida ™ was observed
(and unpublished data with MCCs). This was the first experimental proof® of Yoshida’s
view about inorganic polyphosphates of biological origin. Several other studies employing
difference parameters also demonstrated a clear demarcation between lower and higher
polyphosphates”"™.

As in the case of acid polysaccharides, the trans-form of the MCC, compound 1(Tablel)
unlike its cis-form, was inert or poorly interacting /reactive with the inorganic polyphos-
phates " The Cr coordination compound (compound 8, Table 1) was found to be the
strongest of all the studied MCCsinits complex formation behaviour with these polyanions.
Between the two categories of the lower phosphates, the tri-and tetra-mers, the cyclic forms
(metaphosphates) were poorly reactive or non-reactive with the MCCs and other polycatio-
nic compounds as against the corresponding open chain polyphosphates’ ™.

Lastly, it is worth mentioning that the MCCs displayed some of the following novel
features in their interaction behaviour with the third category of the anionic biopolymers,
the nucleic acids®®’*"*

Clot formation: Only the double-stranded (Native, N-~) DNA formed clot with the
MCCs while all other tested polyanions, acid (muco-} polysaccharides, inorganic polyphos-
phates, RNA, synthetic polyanions such as polyanethol sulphonate, polymethylene salicy-
late, pc:ﬁlyestradiol phosphate, polyphloretin phosphate, etc., gave precipitate with the
MCCs™.

Cis-vs trans-form of an MCC: Only the cis-form of compound 1 {Table 1), [ Co(en):
Clz]" interacted with N-DNA as a clot, while the trans-form was non-reactive or poorly
reactive with this polyanion®®’®. In this respect, the interactive MCCs were behaving like
(poly-) cationic substances. This study describing a marked difference between the cis-and
trans-form ofan MCC*"% predates any such report in the literature ; it was only some years
later that cis-platinum compounds as against the corresponding frans/ones were shown to
interact with DNA and exhibit antitumor activity ’¢"®

DNA, RNA protection: From the noted novel features, it was, therefore, surmised that
like the (poly-) cationic substances !, the MCCs might also exhibit protection of N-DNA
against temperature denaturation, This was in fact found to be so with the help of a new
technique called heterogeneous phase system (HPS) which, as mentioned above, involves
the expression of unique characteristic property of N-DNA of clot formation with many
(poly-) cationic compounds including the MCCs. This brings N-DNA into a compact and
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highly concentrated state **”*”*, [n this form, this biopolymer. simulating its natural status as

complexes, was successfully employed for assessing its protection *>™*. This is quite unlike
the conventional method of Tm (temperature of melting of DNA) determmanon wherein
DNA is employed in its free form and in very low concentrations’ 83 which do not
commensurate with the natural status of the biopolymers **,

Another new feature of the approach is the protection of DNA even by those MCCs which
contained cations of Ag, Hg and Pb as their constituent components®*. These cations are
known to destabilize the double~stranded structure of the biopolymer®® probably by invalv-
ing the bases in their interaction with it, which leads to the weakening of the inter-strand
hydrogen bonds and hence destabilization of the double-stranded structure’ % The
stabilizing effect of the MCCs of Ag, Hg, Pb (cations), may be explained by their electros-
tatic interaction with N-DNA probably not involving any interaction(s) with the DNA
bases, which has an adverse effect on its stability **. The above results were further confirmed
by subsequent reports on the protective action *”* of transition metal MCCs towards DNA.
Lastly, a word about lanthanides which also exhibit protective action against N-DNA by
more or less a similar mechanism of clot formation as that of transition metal MCCs. An
extrapolation of these and similar studies afforded some clue towards ™" DNA protection
against other harmful agents”'*! like H,02, sonication, protonation, free radicals, etc., on
which it appears very meagre information is available in literature !

.~

Table I
Protection of RNA complexed with (poly-) cations
against the action of RNase

{Poly-) cations Total time of % Protection
hydrolysis (h)

Protamine 26 87.0
Lysozyme 26 81.0
Histone 26 79.0
Haemoglobin 26 820
[Cou (em)s (OH)s]™ 30 87.5
[Co (NH3))” 30 76.5
[Co (NH3)s (NO2)Y 30 80.0
‘Viomyein 26 88.0
Neomycin 26 83.0
Streptomycin 26 80
Kanamycin 36 83.0
Bovine serum albumin 36 86.0
Polymixin 36 84.0
Tofranil {Imipramine) 36 88.5
Samariom chloride 48 84.0
Propamidine 48 93.0

Phenylbutazone 48 76.5
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As a natural sequel to the above "™ ***, a comparative study of the insoluble complexe
q P plexes of

RNA with MCCs and other polycationic compounds clearly demonstrates the protectability
of this biopolymer against prolonged and repeated action of large amount of RNase ™ (and
unpublished data). The protective action of compounds 4, 7 and 8 (Table 1) is practically
equal to that of well-known protectors such as protamine, polymines, etc. (Table IJ) '

The optimum inhibitory effect of various (poly-) cationic compounds in the homogeneous
phase towards RNase is always less than that shown in the HPS system when RNA is present
as its insoluble complex with a positively-charged compound, whereas in the soluble form
the thermodynamic freedom of the substrate and hence its susceptibility to the enzyme
action is far greater such that its enzyme susceptible sites get masked to the maximum
possible extent by a complex forming compound *#"#7 8791102105

This suggests that:

i) the operation/existence of subtle difference in the complex formation process between
the nucleic acid and a polycationic compound.
il) the manner of (degradative) action of the different harmful agents (like H,O;, sonication
and nucleases) on RNA/DNA may be inferred to be not similar in nature.
iii) the new method is both quite sensitive and reproducible so as to be able to register the
above subtle differences in the behaviour of nucleic acids.

Thus, because of their altered entities 71" 343323381853 ¢ pled with an increase in their

stabilities (‘life’) the ‘native’ biomolecules may behave as ‘foreign’ ones invoking the serious
risk of ‘autoimmupe’ reactions, implying a new role for/effect of xenobiotics %",

2.2.3. MMCs simulating the cationic biomolecules

In the light of the data presented in the previous section in order to assess the MCCs
simulating cationic biomolecules, two experimental set-ups have been chosen:

i} in vitro antiheparin ability (since preliminary results had shown the MCCs to be
interacting with heparin), and

if) interactability with microbialcells and cellular organelles (because of the overall anionic
nature of their outer surfaces)''>!?,

The compound 8, [Crs (en)s (OHs)]* exhibited antiheparin potency '** equal to that of
toluidine blue but one fourth of that of protamine. This approach was extended to other
types of positively-charged MCCs, various cationic drugs of cationic metabolites for their
antiheparin potential, and thereby motivating this investigation for a better understanding
of the blood clotting system in relation to heparin'",

Now as regards the effect of MCCs on cells and cellular organelles, the positively-charged
MCCs behaved like protamine and polymines by bringing about agglutination of the living
cells and cellular organelles . It was further shown that the above cationic biomolecules and
MCCs could also prevent the efflux of materials absorbing at 260 and 280 nm from the rat
liver mitochondria in the hypotonic milieu'’. The MCCs could also serve as a sensitive tool
for differentiating E. coli from Vibrio cholerae cells '’ since the latter were found to be much



-
METAL COORDINATION COMPOUNDS AS BIOCHEMICAL MODEL 125

less susceptibl? to the agglutinating action of MCCs. An extention of this approach to other
types of cells including the normal and abnormal mammalian cells, therefore, appears to
shed more light on this topic.

The results of the above investigations on the positively-charged MCCs vis-g-vis widely
varied experimental systems have clearly demonstrated their ability to simulate the cationic
biomolecules in regard to all of their tested characteristics. It may also be inferred from the
above that the results of the in vitro studies may be applied to in vivo systems with a good
deal of confidence and reliability for a better understanding of biological/biochemical
processes at molecular level.

3. Conclusion

. 9~15,17-15,43,58-60,66,72-75,95, ), , 1911,
The present series of study®"> 86727595102 108114 14 sed upon nonconformistic but

simple approaches centering around MCCs as applied to modern biochemical and biological
problems has attributed several new properties not only to MCCs, but also to bile salts (and
other anionic detergents), EDTA (and congeners), urea and dimethylsulphoxide, revealing
new features of inorganic polyphosphates, and their implications in cytochemistry. This
approach has been shown to help in evolving new methods for determining the stoichiometry
of metachromasia, in the differentiation of native DNA from the denatured one, leadingtoa
new technique for the study of protection of RNA/ DNA aganist a variety of harmful agents,
in revealing the stereospecific macroionic interactability of cis form of an MCC as against the
trans one, in finding a new use for ninhydrin, in differentiating one type of bacterial cells
from another, etc.

It was considered to offer new possibilities and concepts in biomedicine, especially in the
modulation of drug action by bile salts, urea, DMSO, etc., in relation to pathological
conditions when elevated levels of these substances prevail in the living system. These
studies, establishing metal coordination compounds as model avenues for understanding
and modulating the effects and side effects of chemotherpeutic agents and xenobiotics will
facilitate in devising new approaches for counteracting their undesirable effects.

Acknowledgement

CS is grateful to the CSIR for financial support as Scientist Emeritus which enabled him to
complete this article. He feels most sincerely indebted to his teachers (Late) Prof. M.
Damodaran (NCL, Pune); (Late) Prof. M. Srinivasaya, I.1.Sc., Bangalore; (Late) Prof.
Acad. A.N. Belozerski (Vice-President, USSR Acad. Sci.), Moscow State University,
Moscow; (Late) Prof. Acad. V.A. Englehardt, Director, Institute of Radio-biol. and Mol.
Biology, USSR Acad. Sci., Moscow; (Late) Prof. F. Hercek, Director, Biofyz. Ustav.,
CSAYV, Brno, Czechoslovakia; Prof. V.N. Bukin, Bach Institute of Biochemistry, USSR
Acad. Sci., Moscow; Prof. P.S. Krishnan, Department of Biochemistry, Lucknow Univer-
sity, Lucknow (Now at the Department of Botany, Calicut University, Calicut, Kerala
State); Acad. Prof. Ivan Malek, CSAV, Praha, Czechoslovakia for much inspiration whose
inter-disciplinary knowledge and teachings encouraged and enabled him to take up multi-



,

126 CHANAN SINGH ann GYAN P, SRIVASTAVA

disciplinary, and challenging and unconventional researches, some of which are embodied in
this article.

Sincere thanks are also due to Dr. M. M. Dhar, Director, Central Drug Research Institute,
Lucknow for his constant encouragement and valuable discussions all through these studies.

GPS expresses his thanks to the CSIR for the award of Research Associateship to him
which made it possible for him to take part in some aspects of this work,

References

1. JoNES, MM,
2. EicHHORN, G.L,
3. HANZLIK, R.P.

4, EiCHHORN, G.L.
AND MaRziLLI, LG,
5. BALOWIN, E.

6. DEWAR, MLJ.S.
et al (Eds.)

7. Dunrtz, I.D.,
et af (Eds.)

8. SiGeL, H.
9. SingH, C.
10. SineH, C.

11. SiNGH, C. AND

KRISHNA MurTI, C.R,

12. SingH, C.
13. SINGH, C.
14, SNy, C.
15, SiNGH, C.

16. STACEY, M, AND
BARKER, S,A.

17. SiNGH, C.
18. SinNay, C.

19, SiNGH, C. AND
Misgra, J.

20. BLock, R.J,
DurraM, E.L. AND
Zwreis, G,

The elemenis of coordination chemistry, Prentice-Hall, New York, 1964,
Inorganic biochemistry Vol. 1 & 11, Ejsevier/ North-Holland Inc., New York, 1973,

Inorganic aspecis of bivlogical and organic chemistry, Academic Press, New York,
1976,

Advances in inorganic biochemisiry, Vol. 1, Elsevier/ North-Holland, Inc., New
York, 1979.

Dynamic aspects of biochemistry, Cambridge University Press, Cambridge, 1949,
1961 and 1967,

Topics in curreni chemnistry, Springer-Verlag, Berlin, 1976, 64; 1977, 69;1979,78,
83 and 84.

Structure and bonding, Springer-Verlag. Berlin, 1972, 11,1973, 17,1975, 22 and
23; 1976, 29; 1980, 40; 1982, 48, 1983, 83,

Metal ions in biological systems, Marcell-Dekker, 1973-1980, 1-13.

V Int. Congress Biochem., Moscow, August [0-16, 1961, Section 27, 529.
Indian J. Chem., 1964, 2, 67.

Indian J. Biochem., 1967, 4, 171.

Anal. Biochem., 1970, 38, 564.

J. Sci. Ind. Res. (India), 1959, 188, 249.
J. Sci. Ind. Res. (India), 1960, 19C, 78,

J. Sci. Ind. Res. (India), 1960, 19C, 306.

Carbohydrates of living tissues, Von Nostrand, London, 1962,

J. Chromatogr., 1965, 18, 194.
Indian J. Biochem, Biophys., 1971, 8, 45.
Arzneim.-Forsch,, 1978, 28, 1320.

Muanual of paper chromatography and paper electrophoresis, Academic Press,
Inc., New York, 1955 & 1958.



22

1N

2.

2

24.

R

25.
26.

>

27.
28.

=

2

30.

3
3

33,

«

34.

3

36.

3
3

3

4l.

4

43.

=

B

“

S

=

~

»

METAL COORDINATION COMPOUNDS AS BIOCHEMICAL MODEL 127

. McCarpiN, D.J.

SCHILLING, E.D.,
BURCHILL, P.I. AND
CLAYTON, R.A.

ZACHARIUS, R.M.
AND TALLEY, E.A.

SCHILLING, E.D.,
BurcHILL, P.1.,
CoFEMaN, J.R. AND
CLAYTON, R.A.

JIRGENSONS, B.

TOLSTOOUHOV, A.V.

JUCKER, E. (Bd.)
SELA, M.
MoOrA, P.T.
Scorr, J.E.

. Wess, J.L.

RATAJCZAK, H.
AND ORVILLE-
TaoMAas, W.J. (Eds.)

NEURATH, H. AND
BaiLry, K. (Eds.)

LEHNINGER, A.L.

WAINIO, W.W. AND
COOPERSTEIN, §.J.

HoFMANN, A F. AND
SMALL, D.M.

KAGawa, Y.

KaprLaN, D.M. anND
CrinDLE, R.S.

HAMILTON-MILLER,
JMT.

NEeu, H.C,,
ASHMAN, D.F. AND
Pricg, T.D.

ASBELL, M.A.
AND EaGeN, R.G.

SEVEN, M.J. aND
JonnsoN, L.A. (Eds.)

SINGH, C.

Chem. Rev., 1960, 0, 39,
Anal. Biochem., 1963, 8, 1.

J. Chromatogr., 1962, 7, 51.

Biochem. Biophys. Res. Commun., 1961, 5, 217.

Organic colloids, Elsevier Publishing Co., USA, 1958.

lonic interpretation of drug action in chemaotherapeutic research, Chemical Pub-
lishing Co., Inc., USA, 1955.

Progress in drug research, Birkhauser-Verlag, Basel, 1970, 14, 11 & 59.
J. Biol. Chem., 1962, 237, 418.
J. Biol. Chem., 1962, 237, 3210.

Methods of biochemical analysis (Ed. Glick, D.), Interscience Publishers Inc., New
York, 1960, Vol. 8, 145.

holic inhibi Acad

Enzyme and 3 ic Press, 1965, Vol. 11, 461.

Molecular interactions, John Wiley & Sons, New York, 1980, Vol. 1.

hods. Acad

Protein chemistry; Ph 1 chemisiry and ic Press, New
York, 1953, Vol. IB, 928 (also Vol I of the 1963-1966 Edition/ Series).

Biochemistry, Worth, 1975,

Advances in enzymology (Ed., EF. Nord,) Interscience Pubhishers Inc., New York,
1956, Vol. XVIL, 329.

Annual review of medicine, (De Graft, A.C_, Ed.), Annual Rev. Inc., Palo Alto,
1967, 18, 333.

Biochim. Biophys. Acta, 1972, 265, 297.
Physiol. Rev., 1971, 51, 249.

Biochem. J., 1966, 100, 675.

Biochem. Biophys. Res. Commun., 1966, 25, 615.

Biochem. Biophys. Res. Commun., 1966, 22, 6644.

Metal binding in medicine (Symposium Proceedings), J.B. Lippincott Co.,
Philadelphia, USA, 1960.

Indian J. Biochem. Biophys., 1971, 8, 72.



128

45.

w

46.

o

47,

48,

49,

st

-

52,

¥

53,
54,
5

w

b

56.

57

8.
39.

© @™

60.

61.

62.
63.

’

CHANAN SINGH anp GYAN P. SRIVASTAVA

. JosE, AM.

ANDRASKO, J. AND
FoRSEN, S,

TorrE DE La, J.C. (Ed.)

Hongg, H.C.,
STANNARD, J.N,, AND
Hursy, J.B.

Best, C.H., aND
TAYLOR, N.B.

MEHRROTRA, M.

. MEHROTRA, M.,

TRIPATHL, O.N., SiNGH, C.
AND DHAWAN, B.N.

TrIpaTHIL, O.N.,
MEHROTRA, M.,
BHATNAGAR, A.,
KUMAR, R,, anD
Duawan, B.N.

BERGERON, J.A. AND
SINGER, M.

SYLVEN, B.
KELLY, J.W.

Tewarl, K.K. AND
KRISHNAN, P.S.

ScaMIDT, G,

PaL, MK. aND
SCHUBERT, M.

SiveH, C.

SRIVASTAVA, V.K.
SINGH, C. AND
MisrA, B.B.

SRIVASTAVA, VK.,
TRIPATHI, A M.,
MisrA, B.B. AND
SmcH, C,

ANDERSEN, H. AND
EHLERS. N.

WULF VoON, E.

RAMALINGAM, K. AND
RAVINDRANATH, M.H.

Plania, 1977, 134, 287.
Chem. Scr., 1974, 6, 163.

Biological actions and medical applications of dimethyl suifoxide, Ann. N.Y.
Acad. Sei., 1983, Vol. 411.

7 . ;.

Uraniurn, plath transp Springer-Verlag, Betlin, 1973, XXXVI.

Physiological basis of medical practice, Churchill-Livingstone, London, UK.
1967 and 1979 Editions.

Calcium involvement in autonomic neurel regulation of mammalian heart, Ph.D.
Thesis, submitted to the Lucknow University, Lucknow, 1984.

Biomedica Biochemica Acta (in press)

Deoxycholate-induced changes in transmembrane ¢lectrical activity of G. pig
atrial trabeculate intracellular Ca®" regulation. Satellite symposium to the 9th
International Congress of Pharmacology (1984) held at Neu-Ulm, FRG, August,
6-8, 1984,

Cell Calcium, 1984, 5 (No. 3) p. 294,

J. Biophys. Blochem. Cytol., 1958, 4, 433.

Q. J. Micr. Sci., 1954, 95, 327.
Stain Technol, 1956, 31, 283; 1958, 33, 79 & 89,
Arch, Biochem. Biophys., 1959, 82, 99.

Phosphorus metabolism (McElroy, W.D. and Glass, B., Eds.), John Hopkins
Press, Baltimore, 1951, 1, 443.

J. Am, Chern. Soc., 1962, 84, 4384,

Srain Technol,, 1963, 38, 103,

Indian J. Biochem, Biophys., 1977, 14, 134.

Trans. Mei. Chem., 1978, 3, 38.

Histochemie, 1967, 8, 252.

Acta Histochem., 1973, 48, 38.
Stain Technol,, 1972, 47, 179,



65,

b

67.

3

8.

k-3

69,

-

70.

=]

71

72

73.

P

74.

75.

76.

-

7.

=

7
7

8

81

8

83.

@

84.

85.

=

b

=

N

bl
METAL COORDINATION COMPOUNDS AS BIOCHEMICAL MODEL 129

MOSKOWITZ, M.,

BARBER, R. AND
NOBLE, M.

. SINGH, C. AND

MISRA, J.
EICHHORN, G.L.
EicHHORN, G.L.

KuLagy, LS,

YOSHIDA, A,
VAN WAZER, J.R.

BHATTACHARYA, B.K.
AND SINGH, C.

BOHACEK, J. AND
SmeH, C.

SiNgH, C.

SiNeH, C.

GILLARD, R.D, AND
MiTcHELL, P.R.

ROSENBERG, B.,
VaN Camp, L.
TrOSKO, J.E. AND
MANSOUR, V.H.

THOMPSON, A.J.,
WiLLIAMS, R.J.P. AND
RESLOVA, S.

MARMUR, J., ROWND, R.

AND SCHILDKRAUT, C.L.

KoryLowa-
SVIRIDOVA, T.N.

TABOR, H. AND
TaBoR, C.W.

FELSENFELD, G.

MAHLER, H.R. aND
MEHROTRA, B.D,

KLEINWACHTER, V. AND
KouneiLka, J.

voN HAHEN, H.P.

Nature (London), 1963, 200, 335,
Biochim. Biophys. Acta, 1966, 123, 205.

Experientia, 1966, 22, 599.

Fed. Proc., 1961, 20, Suppl. No. 10, 40.
Adv. Chem. Ser., 1963, 37, 37.

Biochemistry of high molecular weight polyphosphates, Moscow University,
Moscow, USSR, 1975.

J. Biochem. (Jap.), 1955, 42, 163 & 381.

FPhosphorus and its compounds, Interscience Publ,, New York, 1958, Vols. [ & 2,
1961.

Arch. Int. Pharmacodyn. Therap., 1965, 155, 326.
J. Electroanal. Chem,, 1964, 7, 222.

Some analytical and biochemical aspects of interaction of biologically important
polyanionic, poly cationic and simpler pounds and oscillopol aphic
behaviour of some of them. Ph.D, Thesis, Punjab University, Chandigarh, 1968.

Indian J. Biochem., 1970, 7, 255.

Structure and bonding (Hammerich, K.P. er al Eds.), Springer Verlag, Berlin,
1970, Vol. 7, 46.

Nature (London), 1969, 222, 385.

Structure and bonding, Springer Verlag, Berlin, 1972, Vol. 11.

Progress in nucleic acid research {(Davidson, J.N. & Cohn, W.E., Eds.), Academic
Press, New York, 1963, Vol. I, 231.

Biorhysics (Russian), 1964, 9, L.

Pharmacol. Rev., 1964, 16, 245.

J. Sci. Ind. Res., (India), 1966, 25, 438.
Biochim. Biophys. Acta, 1963, 68, 211.

Biochim. Biophys. Acta, 1964, 91, 539,

Experientia, 1965. 21, 90.



130

86.
87.

88.
89.
90.

91

92.

93.

94,

95.

>3

96.

97.

9

@

99.

0

10

10

102.

10:

104,

105.

o

106.

=

=4

Rl

INOUE, S. AND ANDO, T,

GERSCH, N.F. AND
JorpaN, D.O.

LEITH (Jr.), J.D.
FroNnTALL C.

Miano, M.1. AND
Ferring, U.

KurnNIck, N.B.

BuscH, H. AND
SMETANA, K.

Nicorwt, C. {(Ed.)

TANAKA, 1., APPELT, K.,
Dux, J., WHITE, S.W.,
AKD WiLsoON, K.S.

SRIVASTAVA, V.X,,
SINGH, C. AND
Misra, B.B.

IzaTT, R.M.,
CHRISTENSEN, J.J. AND
RyrTING, J.H.

KARPEL, R.L.,.
BERTELSEN, A.H., AND
Fresco, J R.

> WIDOM, J. AND

BaLDwIN, R.L.
PrYOR, W.A.

CHANCE, B., SiEs, H.,
AND BOVERIS, A.

Mason, R.P. AND
CHIGNELL, C.F.

SINGH, C., RAMESH, V.,
ANJANEYULU, K. AND
Dua, R.D.

BaLazs, E.A. (Ed.)

ManDL, ., AND
NEUBERG, C.

LAzZARIDES, E. AND -
LINDBERG, U.

LunpaLap, R.L.
et. al. (Eds.)

-

CHANAN SINGH AND GYAN P. SRIVASTAVA
Biochim. Biophys. Acta, 1966, 129, 649,
J. Mol. Brol., 1965, 13, 138,

Biochim. Biophys. Acta, 1963, 72, 643.
N I del Supplemento Nuove Cimento, 1962, 25 (Series X), 91,
Biochim. Biophys. Acta, 1969, 174, 749,

Methods of biochemical analysis (Glick, D. Ed.) Interscei. Publ. Inc., New York,
1962, 9, 1.

The Nucleolus, Academic Press, New York, 1970, p. 212

Chromatin structure and function, Parts A & B, Plenum Press, 1979,
Nature (London), 1984, 310, 376.

Rev. Roum. Chim., 1978, 23, 377.

Chem. Rev, 1971, 71, 439,

Biochemistry, 1980, 19, 504,

J. Mol. Biol, 1980, 144, 431,

Free radicals in biology, Academic Press, New York, 1976, Vols. [ & I
Physiol. Rev., 1979, 59, 527.

Pharmacol, Rev., 1981, 33, 189.

J. Solid Phase Biochem., 1980, §, 245,

Chemistry and molecular biology of the intercellular matrix, Academic Press, New
York, 1970, Vols. 1-3.

Advances in enzymology, (Nord, F.F., Ed.), Interscience Publ. [nc,, New York,
1956, 17, 135,

Proc. Natn, Acad. Sci. (USA), 1974, T1, 4742,

Chemistry and biology of thrombin, Ann Arbor Science, 1977.



107.
108.

2

169.

110.

1L
112,

113

114,

L)

METAL COORDINATION COMPOUNDS AS BIOCHEMICAL MODEL 13t

ELBEIN, A.D,

RAMESH, V. AND
SmNeH, C.

SRINIVASAN, R.
et. al. (Eds.)

RiBBONS, D.W,
et al. (Eds.)

HaHN, F.E. et al. (Eds.)

GUNSALUS, 1.C., AND
StaMiER, R.Y. (Eds.)

GARATTINI, §. AND
Francal, G. (Eds.)

Smen, C. AND
BHATTACHARYA, B.K.

Advances in enzymology, (Meister, A., Ed.) John Wiley & Sons, 1974, Vol. 40, p. 29.
J. Mol. Catal., 1981, 10, 341.

Biomolecular structure, conformation, function and evolution, Pergamon
Press, 1981, Vols. 1 & 2.

Nucleic acid-protein interactions, North Holland Publishing Co., Amsterdam, 1971,

Progress in molecular and subcellular biology, Springer-Verlag, Berlin, 1971, Vol 2.
The bacteria, Academic Press, New York, 1960-1979, Vol. I-VII.

Chemotherapy of cancer and dissemination metastasis, Raven Press, 1973,

Arch. Int. Pharmacodyn. Therap., 1965, 154, 290.



