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Activation of many enzymes is ascribed to formation of catalytically
active complexes of the enzyme-protein and a specific cation. Since
ligands are not highly specific in complexing cations, it is evident that a
number of cations may inhibit the enzyme by competing with the activat-
ing ions for available binding sites. In many systems, however, the
activating cation at higher concentrations causes inactivation of the
enzyme.1, 2 The effect of cation hydrolysis and the enzyme-protein
complexes with the resulting ionic species are considered in this paper. An
explanation is presented for the distinct cation concentration optimum
and its correct position is found without reference to measurement of
enzymatic activities.
The equilibrium between manganese and L-leucine aminopeptidase,3 for

example, has been represented as

Protein + Mn++ = (Mn++-protein),
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an apparently self-evident expression which needs to be examined in
detail with respect to Mn++. When the products of hydrolysis of a
metal are considered, the total concentration would include Mnt+, Mn-
(OH)2, (MnOH) + and (Mn protein).

[2;Mn] = [Mn++] + [MnOH+] + [Mn(OH)2] + [Mn.protein] (2)

so that the mathematical expression for equation (1) becomes:

(K) [Protein]{ [2Mn] - [MnOH+]- [Mn(OH)2]- [Mn *protein]} =
[Mn -protein ]. (3)

In view of these considerations, an explanation for specific cation activation
of enzymes is presented which considers complexing by an enzyme-protein
of the ionic species arising from the hydrolysis of the activating cation,
and self-competition of the polyvalent cations. The latter proved par-
ticularly important.

Derivation and Discussion of Equations.-The mass action expression
for the association of a divalent cation, M++, with an enzyme-protein,
E, where the binding sites are monovalent and independent, is shown by
equation (4); an enzyme with paired monovalent sites is expressed by
equation (5)

[E2M] 4

K = [El2 [M] (4)

K [EM] (5)-[ElI [Mf
The enzymatic activity in the presence of non-limiting substrate is pro-
portional to the concentration of the enzyme-cation complex, E2M or
EM. According to equation (4), for ideal solutions in which only [E]
is limiting, the logarithm of the enzymatic activity, [E2M], is proportional
to the logarithm of the enzyme concentration. With paired monovalent
sites, equation (5), the enzymatic activity, [EMj, is proportional to the
enzyme concentration. Paired monovalent sites are inferred from numer-
ous enzyme concentration curves.1 4, 5

According to equation (5), [EM] would increase with increasing con-
centrations of cation until the enzyme becomes saturated. Other possi-
bilities must be considered, however, since measurements1 2 show that
increasing concentrations of the activating cation produce an increase in
activity followed by inhibition. The nature of the curves suggests that
at increased concentrations, the cations compete for the positions required
for the formation of the active complex, EM, by increasing the probability
of formation of an inactive complex, E(M+)2, as described by equation (6)

E-- + M++ 2 i (EM)+ (EM)+ + M k2 E(M+)2. (6)
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The effective concentration of activating cation is limited by the hydrolysis
of the cation, as shown by equations (7) and (8).

M++ + H20 = (MOH)+ + H+

(MOH)+ + H20 = M(OH)2 + H+.

(7)

(8)
Formation of (MOH) + ion introduces the possibility that it, too, is bound
by the enzyme site to form a complex, E(MOH)2, equation (9).

E-- + (MOH) + kj (EMOH)- (EMOH)- + (MOH) + kU,
E(MOH)2. (9)

The uncharged hydroxide, M(OH)2, is not considered to be bound by the
enzyme site.
The several reactions ate shown in the following scheme:

1M+-X
I

+ M++
(EM)+ X

MOH - + (IOH)+
%I _

inactive
combination

'I
enzyme
(EM)

M+ M+
_I_

inactive
combination
MOH MOH

--Iinactive
combination

The enzymatic system at constant temperature, constant pH and non-

limited substrate is described by the following equations:

Cation Hydrolysis:

[MOH+][H+]

[M ++ ]

[M(OH)2] [H+]
[MOH+]

(10)

(11)'

Protein-cation Dissociation:

[E--] [M++] = [E1] [M+j] )[EM]]t k1k2 (12)

[EM] [EM==]f [M

'\I+ +

(,IOH)+ +

11

M(OH)

_l
protein
(E)--

protein
(E)--
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[E--] [M++]2 J [E--] [M++]) J[EM+] [M++]l
2d - [.E(M+)2] - [EM+] JX [E(M+)2] J

(13)

K [E--] [MOH+]2
[E(MOH)2]
{[E1-][MOH+]} [EMOHj] [MOH+]}-kk2.(4

[EMOH-] [E(MOH)2]
Enzyme Conservation:

[E] = [E--] + [EM] + [E(M+)2] + [E(MOH)2]- (15)

Cation Conservation:

[M] = [M++] + [MOH+] + [M(OH)2] + [EM] + 2[E(M+)2] +
2[E(MOH)2]. (16)

In equations (10)-(16) there are seven variables; [EM], [E(M+)2],
[E(MOH)2], [MOH+], [M(OH)2], [M++], and [E--j; and three param-
eters, [H+], [M] and [E]. These equations may be partially combined
and solved by mapping, or all variables except EM, the active complex,
eliminated. The latter gives the cubic equation:

a(EM)8 + ,B(EM)2 + y(EM) - = 0 (17)

where a, ,B, , and ; are the following functions of the parameters and the
several equilibrium constants:

a = 4(Kld) {(KIh)2(K2d) + (K3d)[H+]2}2 - (Kid)(K2d)(K3d)[H+I2 X
{ (KLh)2(K2d) + (Ksd) [H+]2}

= 2(Kld)(K2d)(Kd) [H+]2[E]{ (Klh)2(K2d) + (K3d) [H+]2} - (K2d)2 X
(K3d)2[H+]2{ [H+]2 + (Klh) [H+] + (Klh)(K2h) } + 4(Kld)2 X
(K2d)(K3d) {[H+]2 + (Klh) [H+] + (KLh)(K2N) } (Klh)2(K2d) +
(K3d) [H+]2}

7 = (Kld)(K2d)(KU)[H+]2[M]{ [M] - 2[E]} 1(Klh)2(K2d) + (Ku) X
[H+]2} + (K2d)2(K3d)2[H+]2{ [M] + [E]} { [H+]2 + (Klh)[H+] +
(Klh) (K2h) + (Kld) (K2d)2(Kd)2 { [H +]2 + (Klh) [H+] + (Klh) X
(K2h) I

A= (K2d)2(K3d)2[H+]2[E][M]{[H+]2 + (Klh) [H+] + (Klh)(K2h) .

Equation (17) shows that when [E] and [H+] are maintained constant,
[EM], the concentration of the active enzyme, increases to a maximum
and then decreases as the cation concentration is increased. One should
note that [E(M+)2] and [E(MOH)2] continue to increase and the sum of
the two asymptotically approaches complete enzyme saturation. Since
the coefficients a and , are not functions of [M], they are constant when
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[E] and [H+] are maintained constant. Initially, as cation concentration
is increased, [EM] increases because IA varies directly with [M] and the
terms in y containing [Ml and [M]2 are insignificant. With further
increases of cation, the [M] term in y is significant and [EM] becomes
constant. This describes the optimal concentration of EM. With even
greater increases of cation, the [M]2 term becomes significant and the
result is reduced concentrations of EM. The location of the peak of
maximum [EM] value is determined by the dissociation and hydrolysis
constants, with the sharpness of the peak depending on the relative values
of the dissociation constants.

In the expressions for a, ,S, and y the (Klh)2(K2d) term in equation (17)
reflects the effect of the formation of E(MOH)2, and the (Ku1) [H+]2 term,
the E(M+)2 complex. Thus, if (Klh)2(K2d) is insignificant in comparison
to (Ku1) [H +]2, inhibition of EM due to formation of E(MOH)2 is negligible,
and the inhibition is due to formation of E(M+)2.

TABLE 1

HYDROLYSIS AND DISSOCIATION CONSTANTS AT 25°C.
DIVALENT METAL

CONSTANTa MANGANESE MAGNESIUM COBALT

K1 hydrolysis 1 X 10-13b 5 X 1O-12 1 X 10-12
K solubility product 5 X 10-14 9 X 10-12 3 X 10-16
K2 hydrolysis (calc.) 1 X 10-2 5 X 10^ 1 X 10-2
K, dissociation 1 X 10-6 5 X 10-4 1 X 10-6
K2 and K3 dissociation 1 X 10-7 5 X 10-f 1 X 10-9

a All constants were rounded out to the nearest half power.
b The Ki,, of cobalt, nickel, and zinc change by two factors of ten from 1000 to 25°C.

The same extrapolation was applied to approximate the Kl, of manganese at 25°C.
The Ki,, of manganese at 100°C. is 2 X 10-11.7

Whenever the terms (Klh)[H+] and (Klh)(K22h) are insignificant com-
pared to [H +]2, and (Klh)2(K2d), as compared to (K3) [H +]2, the enzymatic
activity is independent of the hydrogen-ion concentration. This condi-
tion may hold only in a limited region. The general dependence of cation
activities on [H+] is given by equation (17), but the consequences of this
dependence on [H + 1, as a variable influencing enzymatic activity, requires
consideration of enzyme hydrolysis which is not considered here.

Hydrolysis and Dissociation Constants.-The Klh for each metal, table 1,
is an average of several values obtained from literature.6-8 Where the
value of K2j, was not available, an apparent constant,was calculated, and
designated as such, from the solubility product as follows:

K2h - (K.)2 [soluble M(OH)2] (18)
(Ksp)(Klh,) (8

Since the solubility of the undissociated metal hydroxides has not been
determined, it was assumed that these substances are completely ionized.
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From previous considerations, the enzyme-protein has been inferred to
have paired monovalent sites, with an imposed limitation on both positions
of equal association values. From statistical and electrostatic considera-
tions, however, the relative stability of the metal complex with the first
position would be expected to be greater than that with the second. An
internally unbiased scheme has been devised for an approximation of these
constants. A number of dissociation constants for each metal with
organic acids, amino acids, and peptides were calculated from an average
of chelate stability constants.9 In each case, the dissociation constant of
the enzyme-metal complex, Kld, K2d, and Ku, was assumed to be a factor

-0-
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FIGURE 1

Activation of glycylglycine dipeptidase by cobalt, at pH 7.8. The
solid line describes the curve derived from equation (17). The
points are taken from the experiments of Smith.'0

of ten smaller than this average, since it appears likely that the dissociation
of a protein-metal complex would be smaller than these averages. Only
orders of magnitude are important.

Since the two positions of the paired monovalent site exist in the same
molecule, they do not have independent freedom for orientation with
respect to the divalent cation. When the first position is occupied by a
divalent cation, the position of the second limits bonding to the same
cation and the relative value of k2 is greatly increased. The dissociation
constant of EM, Kld, in this treatment, is considered to be that of the first
position, kld.

Estimation of the stability of E(MOH)2 relative to E(M+)2 necessitates
consideration of the effect of hydrogen bonding. If the juxtaposition of
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groups which can form hydrogen bridges is unfavorable, or are blanked
out by interformation of hydrogen bonding between the ketoimino linkage
and amino and carboxyl side chains, no difference in stability would be
expected between the two complexes. From these, and from entropy
considerations, the simplifying assumption has been made that K2d and
K,u for the enzymes have the same order of magnitude, table 1. A different
situation is met in cation binding by clays where K2d> Ku which enhances
formation of the complex with the basic ion.
Agreement with Experimental Observations.-Agreement between ob-

served enzymatic activities and values calculated from equation (17)
are shown in figures 1, 2, and 3, at various metal concentrations. In
figure 1, and curve (a) of figure 2, further increases of metal would cause
the theoretical curve to descend in the manner shown by figure 3 and
curve (b) of figure 2; experimental results, however, were not available
beyond the metal concentration shown. The change in pH from 7.6 to
7.8, figure 2, translocates the curve to greater manganese concentrations.
Since higher pH values decrease [M++] relative to the concentrations
of (MOH)+ and M(OH)2, greater total metal concentration is required
to produce the same effect as at lower pH values. In all of the cases
studied, [MOH+] is insignificant as compared to [M++] up to pH 10;
consequently, unless the enzyme has an affinity for (MOH)+ greater by
several factors of ten (6 or greater, at pH 8, in most cases) than it has for
M++, the inactivation is caused by formation of E(M+)2. Although addi-
tional binding may be exerted by groups of the protein moiety on the
metal, it apparently is not limiting. Enzyme concentrations affect only
the absolute concentrations of the metal-enzyme complexes but not their
concentrations relative to each other. With the values of the constants
given, the slopes of the metal concentration curves would change only at
enzyme concentrations greater than 10-5 M. Therefore, concentrations
of 10-8 M were used for calculations. The agreement of equation (17)
with experimental results indicates that the effect of buffers is insignificant
in the systems studied, as was expected from their probable dissociation
constants. The theoretical metal concentration curves agree, so far as
tested, with experimental results on enzymes other than the examples
presented.
The assumption that EM is the active complex is supported by the fact

that [E(MOH)2] or [E(M+)2] never decreases with increasing [M]. If the
(MOH)+ affinity for the enzyme is greater than that of M++, then it must
be greater by a factor of 106, which is unlikely, in order to describe the
experimental results. In addition, experimental results do not support
the likelihood that the dissociation constant for EM is equal to, or smaller
than, the dissociation constant for E(MOH)2 or E(M+)2.
Although the system presented does not include all the possible inter-
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FIGURE 2

2

IOiLESLITER

Activation by manganese of prolidase, at pH 7.8 (curve (a), open
circles), from Adams, et al., I and of isocitric dehydrogenase, at pH 7.6
(curve (b), solid circles), from Adler, et al.' The solid lines describe
the respective curves derived from equation (17).

1E 4mg 3

'E2 MOLES / LITER
FIGURE 3

Activation of isocitric dehydrogenase by magnesium, at pH 7.6.
The solid line describes the curve derived from equation (17). The
points are taken from the experiments of Adler, et al.I
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actions of the components, the agreement with experimental results
indicates that it describes the mechanism for cation activation of enzymes.

* This investigation was supported in part by the U. S. Atomic Energy Commission.
t Although the active concentration of M(OH)2 in the solid phase is generally assumed

to be constant, as the entire mass per unit volume does not participate in a reaction,
this treatment has admitted the M(OH)2 as a variable in the equation.
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Clostridium acidi-urici ferments several purines including uric acid, xan-
thine, and guanine.' 2 The products of these fermentations are mainly
acetic acid, carbon dioxide, and ammonia. Experiments with cell suspen-
sions and C"4-labeled uric acid have established the source of some of the
carbon atoms in the products.' Also various types of evidence have been
obtained which indicate that glycine may be an intermediate in the purine
fermentation. Glycine is readily decomposed by cell suspensions when a
fermentable purine is simultaneously supplied, and it is formed from uric
acid by a physiologically similar bacterium, C. cylindrospo*um.2 These
and other lines of evidence indicate that the mechanism of purine decompo-
sition by these bacteria is somewhat similar to the mechanism of purine
synthesis in animals.4
Up to now all experiments on the purine fermentation have been done

with intact cells. This report describes the anaerobic conversion of xan-
thine to glycine, ammonia, carbon dioxide, and formate by dried cell
suspensions and cell-free extracts of C. acidi-urici. The enzymatic de-
composition of glycine, serine, pyruvate, and formate by extracts is also
reported.
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