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The significance of metal ions in biological systems is 
currently obvious. For example, the functioning of 
many enzymes is metal ion dependent.’t2 Enzymes 
contain metal ions a t  their active sites, for example, 
Zn2+ in dihydro~rotase,~ carboxypeptidase, and car- 
bonic anhydrase, Mn2+ in isocitric dehydrogenase and 
malic enzyme, and Mg2+ in enolase and a variety of 
 kinase^.^ Other enzymes appear to require the presence 
of an ion, frequently a monovalent one such as Na+, 
K+, or NH4+, for stabilization of the particular con- 
formation responsible for maximal catalytic a ~ t i v i t y . ~  

Recently, Gillard5 summarized the possible reactions 
at  an active site of a metal ion potentiated enzyme in 
the following way. (a) The metal ion may induce, by 
coordination, a specific “lock” geometry of the apo- 
protein metal binding site so that only certain sub- 
strates are able to become attached to the framework 
produced. (b) The metal ion may activate a bond or 
bonds of the substrate (or the protein) through co- 
ordination. This is quite feasible, since i t  may well 
be that the metal binding site of the apoprotein has a 
constant geometry, whether or not the metal ion is 
present. (c) The metal ion may induce by coordination 
a specific “key” geometry of the substrate so that i t  
will fit the “lock” of the apoprotein specifically. 

Besides the question about the functions of the 
metal ion, there are others such as: which are the 
factors that determine the coordination of metal ions to 
ligands, for example, in biological fluids or enzyme- 
metal ion-substrate complexes? For the special case 
of the latter, some of the general questions6 that arise 
can be formulated in the following way. (I) What are 
the reasons for the “right” metal ion coordinating a t  the 
“right” enzyme (or substrate)? 
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(11) How great is the coordination tendency of the re- 
maining coordination positions of such a bound metal 
ion? Does the first coordinated ligand influence the 
type of ligand which may be coordinated at  further 
coordination sites? 
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(111) Why does the “right” substrate, i.e., the substrate 
that can be converted to products by a special enzyme, 
coordinate to  the “right” enzyme-metal ion complex 
(or the “right” enzyme to the “right” substrate- 
metal ion complex)? 

f ’ s  
All these questions are closely connected with each 

other and can be summarized in one question: what 
are the control mechanisms that determine the co- 
ordination and coordination tendency of metal ions? 
This article is an attempt to answer this question as far 
as our current understanding and available space 
allow. 

Kind of Metal Ions and Their Availability. Metal 
ions that all living organisms require are sodium, 
potassium, magnesium calcium, manganese, iron, 
cobalt, copper, and zinc. In addition, there are small 
quantities of vanadium, chromium, molybdenum, 
niobium, and cadmium in particular  organism^.^ 
According to  william^,^ these metal ions can conve- 
niently be divided with regard to their functional differ- 
ence: the heavy metal ions, with the possible exception 
of manganese, have more or less fixed chemical neigh- 
bors9 in a biological system, while sodium, potassium, 
magnesium, and calcium are usually mobile as cations. 

The availability of metal ions was discussed by Wil- 
liams.* The abundance restricts the available metals 
to those of atomic number below 40. Among these, the 
insolubility of the metal hydroxides makes aluminum 
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and titanium virtually unavailable. Furthermore, the 
virtual absence of nickel and chromium from living 
things probably results from the special stability of 
these cations in the octahedral binding provided by 
soil silicates. The usually irregular geometry of pro- 
tein chelating sites lowers the stability of the protein 
complexes of these cations, so that their distribution 
between soil and living things favors the soil.* 

Oxygen, nitrogen, and 
sulfur are the donor atoms of greatest biological interest. 
For complexes, formed between ligands containing 
these donor atoms and the divalent metal ions of the 
second half of the first transition series, with a given 
ligand, the stability is in the order predicted by Irving 
and Wi1liams:lO &In2+ < Fez+ < Co2+ < Ni2+ < 
C U ~ +  > Zn2+. This sequence can be somewhat ex- 
tended by including the ions Ba2+, Ca2+, Sr2+, and 
Mg2+ (cf. ref 2 ) .  

Shown in Figure 1 are the log stability constants, 
log K M h l ~  (K% = [ML]/[i\I][L]),11,12 for the 1:1 
complexes of oxalic acid, glycine, ethylenediamine, 
mercaptoacetic acid, and mercaptoethylamine and the 
metal ions Ba2+ through Zn2+. For all the complexes 
with these ligands, the above-mentioned sequence is 
fulfilled. A comparison of the stability of the com- 
plexes with oxalic acid, glycine, and ethylenediamine is 
informative. With Fe2+ the complexes of these ligands 
show about the same stability. For the metal ions on 
the right side of Fez+ in Figure 1,13 vi%., Go2+, Ni2+, 
Cu2+, and Zn2+, nitrogen is the preferred binding atom, 
while for the metal ions on the left, vi%., Ra2+, Sr2+, 
Ca2+, h9g2+, and n!In2+, oxygen is preferred. As a 
result of this behavior, the values for the complexes 
with the “mixed” ligand, glycine, lie between those of 
ethylenediamine and oxalic acid (Figure 1). Thus, 
it is obvious that different metal ions preferentially 
bind to different ligand atoms and, furthermore, the 
qualities of several donor atoms can be accumulated 
in one ligand leading to a “mixed” quality. Biological 
systems are no exception to  this statement. 

The relatively flat shape of the curve representing 
the stabilities of the oxalic acid complexes (Figure 1) 
is generally found with oxygen ligands. This behavior 
is especially marked for phosphate ligands, like adeno- 
sine 5’-mono-, di-, and triphosphate, where the differ- 

The Irving-Williams Series. 
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Figure 1. Logarithms of the stability constants for the 1:l 
complexes13 between Bas + through ZnZf and the bidentate ligands 
oxalic acid, glycine, ethylenediamine, mercaptoacetic acid, and 
mercaptoethylamine. 

ence in stability between different metalions and a given 
ligand is relatively small; sometimes i t  is even hard to 
decide if the Irving-Williams sequence is still fol- 
l o ~ e d . ~ ~ - ~ e  From Figure 2 it can be seen that the 
order of stability for the phosphate complexes is 

Co2+ - Ni2+ < Cu2+ > Zn2+. It is of interest that 
this quality is independent of the number of phosphate 
groups which form one ligand. Furthermore, the 
phosphate groups are the stability-determining factors 
of the ligands, i.e., the nucleic acid base has no significant 
influence,l6--’8 as can be seen from the constants given 
in Figure 214,16,19-z2 for the HP04’-, methyl phosphate, 
and hydrogen triphosphate complexes. This quality 
may be one of the reasons why phosphate ligands occur 
and can be used in nature in widely different reactions 
and together with a great variety of different metal 
ions. 

Ba2+ N Sr2+ N Ca2+ N Mg2+ < Mn2+ N (Fez+) N 
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Figure 2. Logarithms of the stability constants for the 1:l 
complexes between Ba2+ through Zn2 + and the nucleotides 
AMP,lQ ADP,20 and ATP;“ for comparison, the values of HPO2- 
(O),I6 methyl phosphate and hydrogen triphosphate (0)2a 
are also given. 

One of the possible reasons for the relative equality 
in stability of the mentioned phosphate complexes 
may be the formation of inner sphere and outer sphere 
complexes, ie., complex formation with the “free” 
or hydrated metal i0n.23 The important thing to note is 
that the complexing abilities of metal ions toward 
nitrogen and probably also sulfur donors (Figure 1) 
are very different, whiIe the complexing abilities toward 
oxygen donors (Figures 1 and 2) are more constant. 

“The principle of 
hard and soft acids and bases,” a rule suggested by 
Pearson,Z4 is: “Hard acids prefer to bind to hard bases 
and soft acids prefer to bind to soft bases.” Ex- 
amples of hard bases are H20, OH-, F-, P042-, 
S042-, NH3, and soft bases are RzS, RS-, CN-, CO; 
hard acids are H+, Li+, Na+, E(+, Mg2+, Ca2+, Sr2+, 
Mn2+, Fea+, and soft acids are Cu+, Hg+, Hg2+, Cd2+; 
borderline bases are CbHsN, Br-, Nz; and borderline 
acids are Fe2+, Co2+, Ni2+, Cu2+, Zn2+. 

The shape, ie., slope, of the curves resulting from 
the Irving-Williams sequence (cf. Figure 1) can be 
considered, a t  least in part, as a result of the hard 
and soft qualities of the donor atoms and the metal 
ions. For example, the softness will decrease in the 
series CH3-, NH2-, OH-, and F-, while going across 
the 3d transition series from Ca2+ to Zn2+ the elements 
become softer as a consequence of the increasing num- 
ber of d electrons.24 In  other words, nitrogen donors 
are considered to  be somewhat softer than oxygen 
donors; therefore, the curve with ethylenediamine has 
a greater slope than that with oxalic acid. Hence, 

Pearson’s Hard and Soft Rule. 

(23) It is suggested that with Cu2+ and Zn2+ the inner-sphere, 
and with Mn2+ and Cot+, the outer-sphere complexes are predom- 
inant.21 For an equilibrium study with Ni2+ between these two 
species, cf. H. Brintzinger and G. G. Hammes, Inorg. Chem., 5, 1286 
(1966). 

(24) R. G. Pearson, J. Chem. Educ., 45,581, 643 (1968). 

the softer are the donor atoms, the steeper the slope of 
the curve (Figure 1). 

It is also obvious that a sulfur donor in a protein will 
be a better ligand for the 3d metal ions, Mn2+ through 
Zn2+, than for the earth alkali ions, Mg2+ through 
Ba2+; the same is true for the imidazole group. In  
addition, the hard Mn2+ will complex with hard oxygen 
donors better than with soft sulfur donors, while the 
borderline Cu2+ will complex well with both donors.25’26 
For example, the Mn2+ and Cu2+ 1 : 1 complexes with 
hydroxyacetic acid are both more stable than expected 
on the basis of the basicity of the carboxylic acid group 
alone as a result of the participation of the hydroxy 
group which leads to a chelate, but with S-carboxy- 
methyl ethyl mercaptan, an increased stability is 
found only with Cu2+, which shows that the inter- 
action between Mn2+ and the thioether group is weak.25 

According to  Pearson12* pyridine is borderline. The 
same can be assumed for the “pyridine” nitrogen in 
imidazole, and nucleic acid bases. Thus, the border- 
line metal ions, Cu2+ (cf. ref 27, 28) and Cd2+ (cf. 
ref 28), prefer to bind to the bases of DNA, while the 
hard ions, Mgz+ (cf. ref 27, ZS), Lif, Na+, and I<+ 
(cf. ref 27), prefer the phosphates, 

Competition between Metal Ions and Protons. 
Since most metal ion coordinators are also proton 
bases, the degree of complex formation for a special 
case will depend not only upon the magnitude of the 
stability constant of the complex but also upon the 
pH of the solution. One way to take into account the 
competition between protons and metal ions for a given 
binding site is to calculate “standardized stability 
values,” X ‘ ~ ~ ,  which are no longer universal constants 
and are correct only for the pH for which they are cal- 
~uIated.2~ The relationship for monobasic ligands 
among the stability constant of the complex, the 
acidity constant of the ligand, and the pH of the solu- 
tion is given by eq 1. 

I n  the upper half of Figure 3, the stability constants 
of the M2+ 1: 1 complexes with acetic acid, ammonia, 
and imidazole are give11.~~JO The carboxylate, the 
amino, and the imidazole groups are important as 
possible binding sites in proteins. Therefore, it is 
informative to compare the influence of pH on these 
three isolated binding sites; this is done for pH 7 
according to  eq 1 in the lower part of Figure 3. Due 
to the great differences in basicity,la the stabilities of the 

(25) H. Sigel, R. Griesser, B. Prijs, D. B. McCormick, and M. G. 

(26) D. B. McCormick, H. Sigel, and L. D. Wright, Bioehim. 

(27) H. Erlenmeyer, R. Griesser, B. Prijs, and H. Sigel, ibid., 157, 

(28) G. L. Eichhorn and Y. A.  Shin, J. Amer. Chem. SOC., 90, 7323 

Joiner, Arch. Bwchem. Biophus., 130, 514 (1969). 

Biophys. Acta, 184, 318 (1969). 

637 (1968). 

(1968). 
. (29) S. Fallab and H. Erlenmeyer, Arch. Exp. Path. Pharmakol., 
230,205 (1957). 
(30) A. Chakravorty and F. A.  Cotton, J. Phgs. Chem., 67, 2878 

(1963). 
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Figure 3. Logarithms of the stability constants, log K M m  
(upper part), for the 1: 1 complexes between Ba2+ through Zn2+ 
and the monobasic ligands acetic acid,lz ammonia,’* and imid- 
azole (Ca2+, bIgz+, Go2+ cf. ref 13; others ref 30), and the loga- 
rithms of the “standardized stability values,” X %  (lower part), 
calculated according to ey 1 for the same systems. 

imidazole complexes are only slightly influenced, while 
those of the ammonia complexes are influenced very 
strongly. This shows that the imidazole group is, 
under physiological conditions, a much more effective 
binding site than the amino group. Since acetic acid 
is completely deprotonated a t  pH 7, there is no com- 
petition between protons and metal ions. It is of 
interest to note that a t  pH 7 both the imidazole and 
the carboxylate groups show about the same coordina- 
tion tendency toward the biologically significant metal 
ion, Mn2+, and that those toward Mg2+, Fez+, and 
Zn2+ are probably not much different. Thus, under 
these conditions, i t  is easy to shift the equilibria and 
favor the one or the other binding site by small changes 
in pH, or even ionic strength, hydrophobic interactions, 
etc.; for enzyme actions, these matters are surely 
important. 

The coordination tendency of the essential phosphate 
ligands is only very slightly influenced by the com- 
petition of the proton at  pH 1 7 .  These groups, 
therefore, are available for coordination with nearly 
all metal ions. This is not true for binding sites which 
contain, for example, the SH group. Because the 
~ K A  of this latter group is very high,la the competition 
of the proton is very strong; therefore, only metal 
ions with a high coordination tendency toward this 

group, like Cu+, can coordinate. The same is true 
for phenolic hydroxyl groups and, e.g., Fe3+. 

That the influence of the proton is able to favor one 
or the other binding site within the same molecule, 
depending on the pH of the solution, can be shown in the 
following examples: adenosine 5’-monophosphate Nl- 
oxide is an “ambivalent” ligand; i t  offers to metal 
ions two different binding sites which cannot complex 
simultaneously, viz.,  the phosphate group ( ~ K A  = 
6.13) and the o-amino N-oxide group ( ~ K A  = 12.49).19 
Since the acidity constants of the two groups are quite 
different, the coordination of a metal ion to  one or to 
the other binding site is strongly pH dependent. 
Thus, for example, affinity of the phosphate group for 
Ni2+ is about 1.6 log units greater a t  low pH values 
(cs. Figure 4; calculated according to eq 1) than that 
of the o-amino N-oxide group; i .e.,  under these con- 
ditions, Ni2+ is bound practically completely to the 
phosphate group. Increasing pH favors the metal ion 
affinity of the o-amino N-oxide group more than that 
of the phosphate group: a t  pH 7.7, the affinity of 
both groups is equal, and a t  higher pH values the 
coordination tendency of the o-amino K-oxide group 
dominates strongly. A similar behavior is observed 
for A h 2 + ,  CO*+, and Zn2+, where the intersections 
between log X curves occur a t  pH values of about 8.9, 
7.8, and 6.9, respe~tive1y.l~ In  contrast, the log X 
curves for Cu2+ show no intersection (Figure 4); Cu2+ 
is bound to the o-amino N-oxide group in the whole 
pH range. 

The acidity constantsa1 of the ambivalent ligand, 
inosine j’-monophosphate ”-oxide, 32 are of similar 
order. Therefore, the influence of the pH is much 
less, and the metal ions in AIL are distributed more 
equally to the two binding sites.32 Of interest in this 
connection is that the formation of macro chelatesa3 
in the metal ion complexes of ATP, ITP, GTP, CTP, 
UTP, and TTP is influenced by the competition of the 
protons for the nucleic acid bases.34 Furthermore, the 
acidity constants and, therefore, the metal ion affinities 
of these bases are different;34 this surely results in 
different complex structures at a given pH. 

Ligand Structure and Stereoselectivity. The im- 
portance of kind and quality of donor atoms in ligands 
for complex formation was discussed, a t  least in part, 
in the previous sections; however, of similar importance 
is the “frame” of the ligand. It is well known that five- 
and six-membered chelate rings are stabler than those 
with a smaller or greater number of atoms in the ring. 
How incisive such matters can be becomes obvious 
from the following examples. In  the Cu2+-glycin- 
amide 1 : 1 complex, the amide group is deprotonated 
at  pH approximately 7 ( p K H c u ~ ~  = 7.01), forming a 
five-membered chelate. I n  the Cu2+-@-alaninamide 

(31) Phosphate group: ~ K A  = 6.31; o-hydroxy-N-oxide group: 
PKA = 5.43 (cf. ref 32). 
(32) H. Siael, X e h .  Chim. Acta, 48, 1513, 1519 (1965). 
(33) Coordination of the metal ion to the phosphate group and 

(34) H. Sigel, Eur. J. Riochem., 3,530 (1968). 
(35) H. Sigel, Angew. Chem., 80, 124 (1968); Angew. Chem. 

nucleic acid base at  the same time. 

Int. Ed. Engl., 7,137 (1968). 
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Figure 4. Metal ion affinities (standardized stability values, 
log X l f y ~ )  of the o-amino N-oxide binding site and the phos- 
phate binding site of adenosine 5’-monophosphate N1-oxide a t  
different pH values for Ni2+ and Cua+. Calculated according to 
eq 1 with the values of ref 19. 

system, where a six-membered ring has to be formed, 
no such deprotonation occurs in the physiological pH 
range.36 The Cu2+ systems with oxalic acid mono- 
amide or N-acetylglycine also show no deprotonation 
of the amide group under these  condition^.^^ This 
demonstrates that the proper kind of second donor atom 
and a very specific ligand structure are necessary for the 
deprotonation of the amide group in Cu2+ complexes. 
With regard to Cu2+-proteins, it is worth noting that 
there is evidence that in the Cu2 +-acetylglycylhistidine 
complex the amide group can be deprotonated by form- 
ing a six-membered chelate with the “pyridine” nitro- 
gen of the imidazole group.37 Also of interest in this 
connection is that from the bivalent 3d metal ions, 
besides Cu2+, only Ni2+ (cf. ref 38) can deprotonate the 
amide group, while with adenosine 5‘-monophosphate 
N’-oxide,’g Mn2+, Co2+, Ni2+, Cu2+ (cf. Figure 4)) and 
Zn2+ can form complexes which are deprotonated 
a t  the amino group. 

Another example which demonstrates the significance 
of the “frame” of a ligand on the structure of the re- 
sulting complexes is that of d-biotin shown below. By 

means of nmr spectroscopy, i t  was shown39 that Mn2+ 
interacts with the sulfur atom of the tetrahydrothio- 
phene ring in a very stereospecific way; the interaction 
occurs from below the plane of the tetrahydrothio- 
phene ring (cf. formula), since the signals of proton 
H(A) but not H(B) are broadened. 

(36) P. Hemmerich, Th. Kaden, and H. Sigel, unpublished results. 
(37) G. F. Bryce, R. W. Roeske, and F. R. N. Gurd, J. Bid. Chem., 

240,3837 (1965). 
(38) R. B. Martin, M. Chamberlin, and J. T .  Edsall, J. Amer. 

Chem. Soc., 82, 495 (1960); M. K. Kim and A. E. Martell, ibid., 91, 
872 (1969). 
(39) H. Sigel, D. B. McCormick, R. Griesser, B. Prijs, and L. D. 

Wright, Biochemistry, 8, 2687 (1969). 

In  enzymes and other proteins, the end groups pro- 
vide for the coordination of metal ions, and possibly 
for ions like Cu2+ the amide groups may so function. 
However, probably more important for the active 
sites of enzymes which coordinate metal ions are the 
binding sites created within a protein by the occurrence 
of trivalent amino acids. The latter possess, besides 
the amino and carboxylic acid groups which are tied 
up in a protein by the formation of peptide bonds, a 
third function which remains available for the coordina- 
tion of metal ions. The potential trivalent amino 
acids can be divided into those that offer a strong third 
binding site and those that offer only a weak one. 
To the first group belong cysteine, histidine, lysine, 
arginine, glutamic acid, and aspartic acid which have 
as their third functions the sulfhydryl, imidazole, amino, 
guanido, and carboxylate groups, respectively. To the 
second, much less investigated, group belong methi- 
onine, S-methylcysteine, serine, and threonine which 
have the thioether and hydroxy groups as their poten- 
tial third binding sites. The strong binding sites of 
the first group have often been suggested as essential 
for the active site of an enzyme. The same, however, 
can be assumed for the weak binding sites of the second 
group. From investigation of 0-oxy- and cr-thio- 
substituted carboxylic a c i d ~ , ~ 6 , ~ ~  it is known that hy- 
droxy, ether, and thioether groups can coordinate to 
metal ions. Also, it has been shown for some amino 
acid complexes that the third function, a thioether 
or hydroxy group, participates in complex formation. 26 

Such weak interactions often do not manifest them- 
selves in the stability of complexes, i e . ,  the questioned 
group coordinates only about as strongly as did the 
dislodged water molecule, and therefore no visible 
gain of free energy occurs. Nevertheless, from the 
complexes with d - b i ~ t i n , ~ ~  adenosine 5‘-triphos- 
phate,‘6~’8~41 and other nucleotidesla4 it is known that 
such interactions can be strong enough to  create a 
specific structure. In  this connection, the formation 
of outer sphere complexes, the chemistry of which 
recently was summarized by Beck,42 should also be 
mentioned : the interactions with the second coordina- 
tion sphere of a metal ion are usually weak, but again 
they may be sufficient to  induce specific structures. 

The significance of such low-symmetry coordination 
spheres in enzymes has lately been discussed by Wil- 
liams* and Vallee and Williams,43 and the features of 
metal ion complexes with amino acids and peptides 
(of low molecular weight), their stereoselectivity, and 
reactivity, by Gillard .5 

Formation of Ternary (Mixed) Complexes. Ternary 
complexes, Le . ,  complexes formed by a metal ion and 
two different ligands, can be considered as models for 
enzyme-metal ion-substrate complexes. Investiga- 

(40) H. Erlenmeyer, R. Griesser, B. Prijs, and H. Sigel, Helv. 

(41) H. Sternlicht, D. E. Jones, and K. Kustin, J. Amer. Chem. 
Chim. Acta, 51,339 (1968). 

SOC.. 90.7110 (1968). 
(42) M. T. Beck: Coord. Chem. Eeu., 3 ,  91 (1968). 
(43) B. L. Vallee and R. J. P. Williams, Proc. Nut. Acad. Sci. U. S., 

59,498 (1968); Chem. Brit., 4,397 (1968). 
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a 

b 

C 

d 

e 

f 

g 

h 

i 

j 

k 

HELMUT SIGEL AND DONALD B. MCCORMICK 

Table I 
Stabilities of Binary and Ternary Cu2 + Complexes and Their Respective Stability Differences, 

A log K (cf. eq 4) 

Equilibrium 

cu2+ + PyrZ- $ Cu(Pyr) 
Cu(Bipy)2+ + Pyr2- Cu(Bipy)(Pyr) 
cu2 + + Gly- 5 Cu(Gly)+ 
Cu(Bipy)2+ + Gly- -S Cu(Bipy)(Gly)+ 
cu2 + + E n  -+ 
Cu(Bipy)2+ + En Cu(Bipy)(En)a+ 
cu2+ + PyP-  $ Cu(Pyr) 
Cu(En)2+ + Pyr2- ~ Cu(En)(Pyr) 
Cu2f + SSa13- S Cu(SSa1)- 
Cu(Bipy)z+ + S a l 3 -  $ Cu(Bipy)(SSal)- 
c u t  + + SSa13- s Cu(SSa1)- 
CLI (NH~)Z~+ + SSa13- S C L I ( N H ~ ) ~ ( S S ~ ~ ) -  
cu2+ + Gly- $ C~i(Gly)+ 

cu2+ + SSal3- Cu(SSa1)- 
C~i(Gly)+ + SSa13- F! Cu(Gly)(SSal)2- 
CU2+ + HP0d2- $ CLI(HPO~) 
Cu(Bipy)2+ + H P W -  S Cu(Bipy)(HPO4) 
cu2 + + AMP2- $ Cu(AP1P) 
Cu(Bipy)2+ + AMP2- S Cu(Bipy)(AMP) 
CU2+ + ATP4- + Cu(ATP)a- 
Cu(Bipy)2+ + ATP4- + Cu(Bipy)(ATP)2- 

C U ( N H ~ ) Z ~ +  + Gly- S Cu(NH3)z(Gly)+ 

log K'"C~L 

13.96 

8.27 

10.44 

13.96 

9.41b 

9 .  04b 

8.33 

8.91b 

3 . 4  

3.22 

6.38 

log K'%,AL 

14.39 

7.88 

9 .15  

13.20 

9.86 

7.88 

7.10 

7.71 

3 . 8  

3.72 

6.91 

A log K 

+0.40 

-0 .4  

- 1 . 3  

- 0 . 8  

+ 0 . 5  

-1 .2  

- 1 . 2  

-1 .2  

+ 0 . 4  

+0.5  

$0.5 

VOl. 3 

Ref 

48 

46 

48 

49 

44 

50, 6 

6, 50, 51 

6, 51 

16< 

16" 

16 

a L'Heureux and Martel144 determined A log K = 0.36. The different values for log K C U C ~ L  in systems e, f ,  and h are mainly due to 
Since the influence of p&/a 

These 
the different values of PKA/3 used by the different authors for the calculation of the stability constants. 
on the calculation of the stability constants is the same for the binary and ternary complexes, A log K is independent of PKA/3. 
values were determined in water containing 10% dioxane. 

tjons of the stability of ternary complexes may result 
in some general knowledge about the formation and 
function of metalloenzymes as biological mixed com- 
plexes. With regard to enzyme-metal ion-substrate 
complexes and our questions I1 and 111, it is informa- 
tive to compare the stability of the binary complex 
(eq 2) with that of the ternary complex (eq 3). The 

I L I + B e M B  

PIA + B MAB 

(3) 

difference in stability between the binary and ternary 
complexes (eq 4) is a way to characterize the ten- 
dency toward formation of ternary complexes.6 Since 

more coordination positions are available for bonding 
of the first ligand to a given multivalent metal ion 
than for the second ligand, the stability constant for 

(44) G. A. L'Heureux and A.,E. Martell, J .  Inorg. Nucl. Chem., 28, 

(45) R. Griesser, B. Prijs, and H. Sigel, Inorg. Nucl. Chem. Lett., 4, 

(46) H. Sigel and R. Griesser, Helv. Chim. Acta, 50, 1842 (1967). 

481 (1966). 

443 (1968). 

(47) H. Sigel and B. Prijs, ibid., 50, 2357 (1967). 
(48) R. Griesser and H. Sigel, Inorg. Chem., 9, 1238 (1970). 
(49) P. R. Huber, R. Griesser, €3. Prijs, and H. Sigel, Eur. J .  Bio- 

(50) M. Bonnet and R. A. PBris, Bull. Soc. Chim. Fr.,  747 (1966). 
(51) R.-P. Martin and R. A. Pbris, ibid., 80 (1964). 

chem., 10, 238 (1969). 

the formation of a 1 : 1 complex is usually greater than 
that for the 1 : 2 comp1ex,l3 i.e., log K M > i ~  > log KMLhlL1, 
and one expects to find negative values for A log K, 
according to eq 4. The difference, log KnfLhlLz - log 
KnfM~, is about -0.5 log unit for monodentate ligands 
and about -1 to -2 log units for bidentate ligands.13 

In  Table I the A log K values for several Cu2+ 
systems are given. A surprising fact is that positive 
A log K values occur, i.e., the ternary complexes are 
more stable than the binary ones. This is true for 
all systems (cf. a, e, and i-k in Table I) which contain 
2,2'-bipyridyl and a ligand with oxygen atoms as donors, 
such as, for example, phosphate and carboxylate 
g r o ~ p s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The 0 ligand is essential for a positive 
A log K value, as can be contrasted with the 2,2'- 
bipyridyl-Cu2+-ethylenediamine system (c) which 
has A log K = -1.3. The "mixed" ligand, glycine, 
containing an 0 and N donor, forms a mixed complex 
with Cu2+-bipyridyl (b); A log K = -0.4 is between 
those observed for the ternary systems, 2,2'-bipy- 
ridyl-Cu2 +-0 donor and 2,2'-bipyridyl-Cu2 +-N donor. 
This discriminating behavior of the Cu2 +-2,2'-bipy- 
ridyl 1: 1 complex toward other ligands seems to be a 
general f e a t ~ r e ~ ~ ~ 6 ~ ~ 6 ~ ~ 7  and is of relevance to our ques- 
tions I1 and 111. 

Investigation of the ethylenediamine-Cu2+-pyro- 
catechol system (d) shows that not each ternary N- 
ligand-Cu2+-O-ligand system has a positive A log K 
value. An essential condition is obviously the T 

system of the nitrogen l igand;6~4b~46~48~49 that is also 
suggested from the results obtained with systems e 
through h. 

Since one might expect that the imidazole group has 
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Table I1 
Stability Increasing Effect of the Imidazole Group: Comparison of the Stability of Some 

Ternary Complexes (cf. eq 5 and 6)  

No. Equilibrium log x a  I Temp, OC Ref 

a Cu(Bipy)?+ + Cu(Pyr)Z2- $ 2Cu(Bipy)(Pyr) 6 .15 0 . 1  25 48,49 

C Cu(Ha)%Z+ + Cu(Ser)z e 2Cu(Ha)(Ser)+ 2.95 0.15 37 b 
d Cu(Ha)ZZ+ + Cu(En)zz+ e 2Cu(Ha)(En)%+ 1.54 0.15 37 b 

b Cu(Ha)Z2+ + Cu(Pyr)Z*- $ 2Cu(Ha)(Pyr) 4.86 0 . 1  25 49 

e Cu(En)zz+ + Cu(Pyr)S2- 2Cu(En)(Pyr) 2.65 0.1 2 <5 49 
f Cu(En)Z2+ + C U ( O X ) ~ ~ -  $ 2Cu(En)(Ox) 1 . 3  1 . 0  25 C 

a Statistical value: log X = 0.6 (cf. ref 53 and 54). I, The values were calculated according to eq 6, using the results of Perrin, Sayce, 
0 Calculated according to eq 6 with the values given by Schaap and McMasters;66 values determined by other authors and Sharma.'15 

for this equilibrium are 1.4 (cf. ref 57), 1.1 (cf. ref 54), and 1.0 (cf. ref 53). 

bipyridyl-like qualities, and since the former often 
has been suggested as a binding site for metal ions in 
proteins, it is of interest to compare the results for 
some mixed complexes containing the imidazole group 
as binding site. The data of some ternary Cu2+ 
systems containing histamine as an imidazole ligand 
are given in Table 11. In  this case, eq 5 was used for 
the characterization of the stability of the ternary com- 
p l e x e ~ . ~ ~  Log X can be calculated according to eq 6. 

MA2 + MB2 e 2MAB 

(5 )  

log x = 2 log PNMA13 - 
(log P M M ~ 2  + 1% PMhiB,) (6)" 

A comparison of systems a through e of Table I1 
shows that the imidazole group has indeed a stability- 
increasing effect. Systems b through d demonstrate 
that the Cu2+-histamine 1 : 1 complex forms stabler 
ternary complexes with 0 donors than with N donors. 
I n  addition, from systems a, b, e, and f ,  it becomes 
obvious that the ir system not only of the N ligand 
but also of the 0 ligand has an influence on the stability. 
This shows that cooperative effects occur between the 
ligands in the coordination sphere of the same metal 

The acidifying qualities of Cu2+, bound in a Cu2+- 
2,2'-bipyridyl 1 : 1 complex, are still quite ~ t r o n g ; ~ , ~ ~  
thus, the amide group in 2,2'-bipyridyl-Cu2 +-glycin- 
amide35 is deprotonated (pKHCu(Bipy)~~ = 7.71). This 
observation suggests that the same might be possible 
in ternary C U ~ +  complexes of Cu2+ proteins containing 
an imidazole group as binding site. 

Another point that should be mentioned here is the 
creation of "new" and specific structures by formation 

ion.48,49 

(52) P"MLZ = [ - l / rL~I/([~f l [Ll ,~) ;  B M ~ ~ ~  = [MABl/([Ml[Al[Bl). 
For the determination of stability constants of ternary complexes, 
computers are an essential tool; cf., e.g., ref 48 and 51, and I. G. 
Sayce, Talanta, 15, 1397 (1968); D. D. Perrin and V. 5. Sharma, 
J. Chem. Soe., A ,  446 (1968). 

(53) R. DeWitt and J. I. Watters, J .  Amer. Chem. Soc., 76,  3810 
(1954) I 

(54) S. Kida, Bull. Chem. Soe. Jap. ,  29, 805 (1956). 
(55) D. D. Perrin, I. G. Sayce, and V. S. Sharma, J .  Chem. SOC., A ,  

(56) W. B. Schaap and D. L. McMasters, J .  Amer. Chem. Soc., 83, 

(57) J. I. Watters, ibid., 81, 1560 (1959). 

1755 (1967). 

4699 (1961). 

of ternary complexes. For example, in the Cu2+-ATP 
complex, the metal ion coordinates to the nucleic acid 
base and the 0- and y-phosphate groups forming a 
macro chelate. 18 '58  Through the formation of the 
mixed 2,2'-bipyridyl-Cu2 +-ATP complex (cf. Table I) 
the base is pushed out of the coordination sphere.lG 
The same is true for the ternary 2,2'-bipgridyl-Cu2+ 
nucleotide complexes with ITP, GTP, UTP, and TTP,34 
as can be seen from the deprotonation of the nucleic 
bases: free base (pKHHL - 9.5), Cu2+ complex 
( P K ~ C ~ H L  - 7.71, and ternary Cu2+ complex 
(PKHcu(Bipy)HL - 9.0) (Cf. ref 34). It can be assumed 
that such matters are of importance for the organiza- 
tion and reorganization in enzyme-metal ion-substrate 
complexes during and after the reaction. 

Ternary complexes containing Cu2 + are relatively 
well investigated. Much less is known about other 
metal ions. With Co2+, XiZ+, and Zn2+, the differ- 
ences between binary and ternary complexes seem to 
be not so significant as with Cu2+ (cf. ref 6, 16, 45). 
However, before one will be able to draw definite con- 
clusions over these and other metal ions, much more 
work will be necessary. 

Polarity of Solvents and Ionic Strength. A factor 
of great influence on the stability of complexes is the 
nature of the solvent. The acidity constants of both 
N and 0 ligands are very strongly dependent upon the 
polarity of the solvent; however, the basicity of N 
ligands decreases as the polarity of the solvent decreases. 
The change in the stability of complexes is in accord 
with the change in basicity, but with N ligands the 
stability decreases only slightly as the polarity of the 
solvent decreases, while with 0 ligands the increase in 
stability is about the same as that of the basicity as 
the polarity decreases.6$13j lG 

The ternary complexes, too, are influenced by a 
change in the polarity of the solvent. The stability 
of acetylacetone-Cu2 +-ethylenediamine and acetyl- 
acetone-Cu2 +-8-quinolinol increases as the polarity 
of the solvent (water-acetone mixtures)jg increases. 
If the formation of the ternary complex is connected 
with a change in charge, compared with the two binary 
complexes, the solvent dependence is greater (Cu- 
(Acac)z + Cu(En)?+ -Z 2 Cu(Acac)(En)+).jg The 

(58) hl.  Cohn and T. R. Hughes, J .  Biol. Chem., 237 ,  176 (1962). 
(59) Ya. D. Fridman and N. V. Dolgashova, Zh. Neorg. Rhim., 12, 

1206 (1967); Russ. J. Inorg. Chem., 12, 639 (1967). 
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Table I11 
Dependence of the Stability of Ternary Complexes (eq 5 and 6)  on the Ionic Strengtha 

---Cu(PA) -&(En) (PA)-- - Cu(En)(PDA) -- - Cu(PDA)(PA) -- 
r log x I log x I log x I log x 

-.O 0.31b -0 0. 98b -0 1. 15b -0 3.94 
0.057 0.28” 0,054 0.97c 0,054 1. 14c 0.017 2.87 
0.558 O.2gc 0.556 1. 15° 0.556 1.200 0.100 1.83 
1.057 0. 23c 1,057 1.200 1.055 1. 17° 0,550 0.57 
2.057 0.53c 2.056 1.5g0 2.055 1.48” 2.000 -0.25 

a Z was adjusted with NaClOl; temperature 25’ ; values taken from Nasanen, et al.6°-62 Values from ref 60. Values calculated 
according to eq 6 with the results from ref 61. d Values from ref 62. 

influence of solvent on the structure and stereoselec- 
tivity of complexes was further discussed by Gillard.6 

Another way to influence the water activity is 
to change the ionic strength (cf. Table 111). If 
there is no change in the charge between the binary 
complexes, the influence on the stability of the mixed 
complex is small, besides the fact that the stability 
increases somewhat with increasing ionic strength, i.e., 
decreasing water activity. However, this influence 
is considerable when changes of charge occur, as in the 
equilibrium C U ( P A ) ~ ~ +  + c~(SSa l )2~-  + 2Cu(PA)- 
(SSa1)- (Table 111). I n  this case, the stability of the 
ternary complex decreases enormously with increasing 
ionic strength. 

It is reasonable to assume that changes in the polarity 
of biological fluids and especially in regions near en- 
zymes and their active sites can occur, for example, 
through the creation of a structured water region, 
 et^.^^ Thus, it seems possible that the features de- 
scribed in this section are (‘tools” used by nature in 
favoring one or the other side of a given equilibrium. 

General Conclusions 
I n  the previous sections, we discussed the factors that 

influence the coordination tendency of metal ions and 
ligand groups. A well-balanced control of these factors 
within nature allows coordination a t  the “right” 
metal ion with the “right” ligand or ligands. A given 
kind of donor attracts a special group of the available 
metal ions more than others.63 The remaining possible 
partners for coordination can be further selected by the 
more subtle use of changes in polarity or pH, the 
creation of asymmetric coordination positions which are 
not equally suitable for all metal ions, and the influence 
of two kinds of ligands on each other within the co- 

ordination sphere of the same metal ion. These subtle 
qualities are provided by proteins which can offer 
different donor atoms and originate special symmetries, 
create hydrophobic regions, and influence the water 
structure. Since metal ions are widely used in nature 
as catalysts, the factors mentioned have, in part, to 
be changed during the reactions to guarantee recycling 
of functional enzyme. 

That two different ligands in the coordination sphere 
of the same metal ion influence each other was em- 
phasized by the mentioned investigations over the 
stability of ternary complexes. The same is evident 
from kinetic studies. The Cu2+-catalyzed decomposi- 
tion of hydrogen peroxide is strongly dependent on the 
kind of ligand bound to the metal Also, the 
rate of the metal ion catalyzed decarboxylation of 
acetonedicarboxylate, oxaloacetate, or dimethyloxalo- 
acetate is increased by coordination of the metal ion 
to an aromatic ligand, e.g., 2,2‘-bipyridyl, compared 
with the aqueous metal ions, while no enhancement is 
observed with aliphatic aminesUB6 R/Ioreover, the hy- 
drolysis of diisopropyl fluorophosphate is catalyzed 
through several Cu2+ complexes, among which the 
Cu2 +-2,2’-bipyridyl 1 : 1 complex is especially effective; 
in addition, the complexes of L-histidine, 1,lO-phenan- 
throline, and imidazole are better catalysts than that 
of glycine.66 These examples show that a protein 
can exert a direct influence on the rate of a reaction 
not only through the kind of metal ion i t  binds but also 
through the kind of donor groups i t  provides for the 
binding of the metal ion. 
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