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I. INTRODUCTION 

Cations and anions derived mainly from rock materials in the earth's 
crust are found in soluble form in the environment of microorganisms, 
plants, and animals. They play a profound part in maintaining osmotic 
pressures within cells and are required for growth processes and metabo
lism of living things. Thus, a number of mineral nutrients are specifically 
required for the growth of plants and animals, and by definition a 
shortage of an essential element cannot be remedied by supplying an
other. Not only are absolute amounts of these elements important, since 
below certain levels deficiency effects result in upset metabolism and 
diminished growth, but the ratios in which they occur in the environment 
influence cell metabolism. Thus, toxicity effects can be produced by too 
high a concentration of one nutrient relative to others. 
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In this chapter, some of the salient points in regard to cationic and 
anionic interactions will be considered in microorganisms, plants, and 
animals, but no attempt will be made to catalogue the very exhaustive list 
of inhibitions and competitions that are recorded in the literature. 

II. PHYSIOLOGICAL INTERACTIONS 

A. Essential Elements 

An adequate supply of cations and anions in the correct proportions is 
indispensable for the normal growth of plants and animals. Thus, in the 
plant kingdom (in bacteria, fungi, and green plants), the following min
eral nutrients have been shown to be essential for growth: Ν, Ρ, K, Mg, 
Ca, Na, S, Fe, Cu, Zn, Mn, Mo, B, CI, Co, and V. Not all of these have 
been shown to be essential for all plants, but all of them have been shown 
to be required for some species. An essential element is one that cannot 
be replaced by another (1). Cobalt has been shown to be required by some 
bacteria, e.g., Rhizobia (2-5), and vitamin B 1 2 by bacteria, e.g., Lacto
bacillus leichmanii (6), and by algae (7) but not by higher forms. Vana
dium is known thus far to be essential for the alga, Scenedesmus obliquus, 
only (8), although it is a well-known constituent of the blood of tunicates 
(9). Another factor that has a bearing on interaction of the nutrients is 
the different amounts required for optimum growth. Thus, Ν, Ρ, K, and 
Mg are usually required in larger amounts by plants, whereas trace 
quantities of the other nutrients suffice. Although Ca is required in macro 
amounts by higher plants, traces only are necessary for algae, fungi, and 
bacteria (10). Boron, although essential for higher plants, has not been 
shown, unequivocally, to be required by fungi and bacteria. The animal 
requirements for nutrients differ from those of plants in that inorganic 
nitrogen is not utilized; boron is not essential, but iodine is indispensable 
for higher forms. 

B. Nutrient Interactions in Microorganisms 

1. R E P L A C E M E N T I O N S 

It is well established that microorganisms require markedly different 
amounts of inorganic salts for maximum yields. A few examples of these 
different requirements, shown in Table I, probably reflect differences in 
their metabolism. Instances are known where one metal ion can replace 
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T A B L E I 

VARIATIONS I N METAL I O N REQUIREMENTS OF DIFFERENT BACTERIA GROWN 
I N SIMILAR MEDIA 

Requirement for 
Metal ion Organism maximum growth 

(ppm) 

Mg + a Pseudomonas aeruginosa 2 
Aerobacter aero genes 3 
Azotobacter chroococcum 32 

Mn + 2 Lactobacillus arabinosus 0.1 
Lactobacillus casei 0.03 
Streptococcus faecalis <0.03 

K + Lactobacillus casei 30 
Streptococcus faecalis 15 

another completely. Thus, a K + requirement for growth of Streptococcus 
faecalis can be replaced by Rb+ (11-14). I t has not been established, 
however, whether there is a small minimal requirement for K + even in 
the presence of Rb+. A similar effect has been observed in algae, e.g. 
Chlorella (15). Although calcium is required for growth of green algae 
(15) and some fungi (16), there is evidence that strontium can substitute 
for it. Again, critical experiments, in which the medium is rigorously 
freed from the nutrient to be replaced, have not been done. Thus, more 
work is required to establish whether or not there is a complete replace
ment of one element by another for growth in these bacteria. 

A much more common phenomenon, however, is the partial replace
ment or sparing action of one mineral nutrient for another. The man
ganese requirement of Lactobacillus arabinosus was decreased when 
magnesium was present in the medium, and calcium and strontium have a 
smaller sparing action, as shown in Fig. 1 (12). In Leuconostoc mesente-
roides, although rubidium reduced the requirement for potassium, it did 
not substitute for it completely (12). Presumably, in these instances the 
"sparing" nutrient cannot take over all the functions of the element it 
replaces. Vanadium can partially replace molybdenum in nitrogen fixa
tion in some Azotobacter species (17-19). 

There are instances where a requirement for a mineral nutrient is 
much reduced when the nitrogen source in the medium is changed. Thus, 
Steinberg (20, 21) showed that when Aspergillus niger was grown in 
media containing ammonium salts instead of nitrate the molybdenum 
requirement was markedly reduced. The reason for this has now been 
clarified, since the enzyme nitrate reductase contains molybdenum 
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M n + , pprn K + , pprn 
(a) (b) 

FIG. 1. a, The effect of Ca 2 + and Mg 2 + on the Mn + 2 requirement of Lacto
bacillus arabinosus. 6, The effect of Rb + on the K + requirement of Streptococcus 
equinus (Leuconostoc mesenteroides P-60) . Redrawn by permission of the 
Journal of Bacteriology. From MacLeod and Snell (12). 

(22-26). Molybdenum is essential for nitrogen fixation in bacteria, and 
this requirement is also reduced when the organisms are grown on am
monium salts when atmospheric nitrogen is not utilized (27). Holland 
and Meinke (28) reported that more iron was required by S. faecalis 
when serine was omitted from the medium. 

2. I O N A N T A G O N I S M S 

Perhaps the first report of the antagonistic effect of trace metals on 
growth of a microorganism was that of Pfeffer in 1895. He was impressed 
by the fact that only minute amounts of trace metals resulted in rela
tively large increases in yields of A. niger and concluded wrongly that 
these substances stimulated abnormal growth. He based his argument on 
the old Arndt-Schultze concept of the stimulatory effect of poisons on 
animal cells. He did not realize that the good growth of the fungus ob
tained in unpurified culture medium was due to trace metals present as 
contaminants. Thus, he assumed that trace metals added to the cultures 
stimulated growth above the expected normal level. 

It was left to Bertrand and Javillier (29) and Steinberg (SO) to show 
that trace metals were in fact essential for the growth of A. niger. The 
results of their pioneer experiments with pure culture techniques have 
been confirmed by others, so that the concept of an essential nutrient for 
growth is now firmly established. 

The counteraction of the effects on growth and metabolism of one ion 
by another is often referred to as ion antagonism. MacLeod and Snell 
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(11,31) suggest that ions that suppress growth do so by interfering with 
one or more of the essential metabolic functions in which the nutrient is 
involved. They showed that in S. faecalis when potassium or rubidium 
was the essential nutrient it was antagonized by sodium or cesium. They 
suggest that this be explained by assuming that the enzyme protein can 
combine with potassium or rubidium to form an active metal-enzyme 
complex, but that sodium or cesium forms an inactive complex with the 
same protein. Thus, sodium and cesium would be inhibitory metal ions 
as follows: 

Enzyme + K + -» K-enzyme 

Enzyme + Rb* -> Rb-enzyme A c t l v e metal-enzyme 

Enzyme + N a + -» Na-enzyme 
Enzyme + Cs* -» Cs-enzyme Inactive metal-enzyme 

which depicts the possible mode of action of activation and inhibition 
of enzymes in Streptococcus faecalis by alkali metals (14)-

Depending on the reversibility of the association of the ions with the 
enzyme, the inhibition could be noncompetitive, should the ions be tightly 
bound, or competitive, if the inhibitory elements are readily released from 
the protein by the active ions. Examples are discussed later with regard 
to cationic inhibition of dual metal-activated enzymes. 

In Lactobacillus casei, the antagonistic sodium ion increases the potas
sium requirement, as shown in Fig. 2, and the ammonium ion is even more 

F I G . 2. The effect of N a + on the K + requirement of Lactobacillus casei. 
Redrawn by permission of the Journal of Biological Chemistry. From MacLeod 
and Snell (11). 

inhibitory in this and in other organisms (11). These effects are often 
complex, since one ion may replace the related ion for some metabolic 
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function but inhibit it for others, and these effects may occur at the same 
or at different concentrations. Thus, MacLeod and Snell (11, 12) found 
that rubidium substantially decreased the requirement of L. mesenteroides 
for potassium, but at higher concentrations it inhibited growth by com
peting with potassium for sites that specifically require the latter element. 
Similar phenomena occur between essential cations and related non
essential ones in many microorganisms and in higher plants described 
later. 

Lavollay and Laborey (32-34) have studied the relation between the 
concentration of an essential element and the yield of A. niger. They 
derived an equation [Eq. (1) ] for the effect of increasing magnesium 
concentration in the medium from deficiency to sufficiency levels on the 

yield curve, where Ρ is the weight of felt corresponding to the concentra
tion χ of the limiting nutrient in the medium. When a value of 100% 
was used for A, the activity coefficient C was calculated to be 2.53. The 
value of C for a given element in the medium gives a measure of its 
importance as a factor in the development of the organism. Where 
χ = 1/C, the basic equation becomes 

It is thus possible to determine C graphically by determining the 
abscissa xc of the point corresponding to Ρ = A (63/100) on the yield 
curve. The activity coefficient is inversely proportional to the concentra
tion which gives 63% of the maximum yield. 

Lavollay and Laborey showed that concentrations of a nutrient that 
result in fractions of maximum yield are all proportional to xc. They (32) 
showed that yield curves, as a fraction of the concentration of an essential 
element in the medium, are considerably modified with changes in the 
composition of the media. The interaction is illustrated in Figs. 3a, b, and 
c from Lavollay (34a), where a family of yield curves as a fraction of Mn 
or Zn can be considerably modified when the over-all composition of the 
basal medium is changed. In the top figure the amounts of Mg in milli
grams that give 50% of maximum yields (abscissas) are plotted for each 
of the media dilutions on the ordinate axis. Steinberg's basal medium was 

Ρ = A(l — C~2-5 3*) (1) 

Ρ = A(l - e-1) (2) 
or 

(3) 
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0.10.2 0 .4 0 .8 1.2 2 .4 
Mg ( m g / I O O m l ) 

(c) 

FIG. 3. a, Action of Mg in media of different over-all concentrations. Con
centrated or diluted Steinberg medium. 6 , Interaction of Mn and Mg. Excess of 
Mn. Steinberg medium, c, Interaction of Zn and Mg. Steinberg medium. From 
Lavollay ($4a). 
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used as the normal (N). It is clear that the Mg requirements are directly 
proportional to the over-all concentration of other nutrients in the me
dium. Similar results were found for other micronutrients; thus, the 
amount of Zn resulting in 50% maximum yield in each of a series of 
dilutions of Steinberg's basal medium, from 1 to 0.2, are similarly propor
tional to the over-all constitution of other constituents of the medium. 
The intersections of the yield curves reveal that toxic concentrations of 
Zn or Mn at low Mg levels are beneficial at higher levels. Similar experi
ments have been described by Abelson and Aldous (34b, 34c), Sivarama 
Sastry et al. (34c), and Adiga et al. (34d) for several fungi and yeasts. 
Magnesium or iron was able to antagonize to varying degrees the effects 
of excesses of cobalt, nickel, or manganese on such activities as growth, 
acid formation, and glucose utilization. Thus, in A. niger (34d) mag
nesium reversed the effects of zinc and nickel on acid production but 
not those of cobalt. Magnesium, however, reversed the effects of all 
three metals, as glucose utilization and growth had no effect on inhibition 
of acid production in the presence of any of the three metals but reversed 
the effects of all of them on growth. Adiga et al. (34d) suggested that 
cobalt excess induced iron deficiency, while zinc excess induced magne
sium deficiency. 

3. C H E L A T I O N OF M E T A L S 

The absorption of ions by microorganisms varies greatly and is often 
dependent on the composition of the culture medium (15). Thus, with 
some Lactobacilli (e.g., L. casei and L. arabinosus) the addition of citrate 
to the medium inhibits growth, since it complexes with manganese and 
magnesium so that uptake is reduced as shown in Fig. 4a (13). The effect 
can be reversed, however, by adding more of the cations. The uptake of 
magnesium and manganese by S. faecalis was not, however, affected by 
citrate (15). Hutner et al. (6) consider that the absorption of metal ions 
involves chelate formation with constantly renewed chelating groups on 
the cell surface. Absorption of metal ions involves a competition between 
ligands on the cell membrane and those in the culture medium. It may be 
that chelates of manganese and magnesium formed with S. faecalis have 
a higher stability than those formed with L. casei. Hutner et al. have 
exploited the use of chelating agents including E D T A to demonstrate 
requirements of trace metals by some organisms (6). The effects of citrate 
on the uptake of magnesium by S. faecalis and uptake of calcium by 
Chlorella in the presence and absence of E D T A are illustrated in Fig. 4b 
(35). In both instances the growth is reduced when either chelate is 
present. Not all metals behave in this way, since in Chlorella the uptake 
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FIG. 4. ( a ) , The comparative response of Streptococcus faecalis to Mg2+ 
in the presence and absence of citrate (20 mg citrate i o n / m l ) . Redrawn by 
permission of the author and publisher. From MacLeod (IS). ( 6 ) , The com
parative requirement of Chlorella for Ca 2 + in a glucose-urea-salts medium 
versus a glucose-urea-ethylenediaminetetraacetate (2.5 m g / 5 ml) -sa l ts me
dium. Redrawn by permission of the author and publisher. From Walker (35). 

of iron from iron combined with E D T A or ferricyanide in the culture 
medium was better than when ferrous sulfate was used (36). 

Albert (37) has considered in some detail the chemistry of metal-
binding agents, including oxine (I) and pteridines, in relation to their 
selective toxicity on microorganisms. He suggests that the antibacterial 
action of oxine is due to metal binding. Albert et al. (38) prepared six 
isomers of oxine which have no way of chelating since they cannot form 

OH 

8-Hydroxyquinoline (oxine) 

(I) 

5- or 6-membered rings to include the metal, for obvious spatial reasons. 
These had no antibacterial action. Oxine, however, chelates readily and 
at Ι Ο - 5 Μ inhibited the growth of Staphylococci and Streptococci. Thus, 
the connection between chelation and antibacterial action was estab
lished. The mechanism could be due to the removal of essential metals 
resulting in deficiency effects, as had been suggested by Zentmyer (39), 
or else caused by the toxic action of metal-oxine complexes formed in the 
medium. The results of Albert et al. (40, 41) with Staphylococcus aureus 
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suggest that the latter theory is probably correct. An unusual phenome
non was observed by them, namely, that toxicity effects decreased as the 
concentration of oxine increased. Their results (Table II) show that 

T A B L E I I 

T H E EFFECT OF INCREASED CONCENTRATIONS OF O X I N E I N CULTURE BROTH ON 
GROWTH OF Staphylococcus aureusa 

Concentration of oxine 
1/M 

Growth after exposure b 

Concentration of oxine 
1/M 0 

(hours) 
1 

(hour) 
3 

(hours) 
24 

(hours) 

800 + + + + + + + + + + 
1600 + + + + + + + + + + 
3200 + + + + + + + 
6400 + + + + + + — 

12,800 + + + + + — 
25,000 + + + — — 
50,000 + + + + — — 

100,000 + + + — — — 
200,000 + + + + + + + + + + + + 

aS. aureus in meat broth at pH 7.0-7.3 (20° ) . 
6 The bactericidal test in this and the following tables is based on that of 

A. Miles and S. Misra. At the end of the given time, samples were withdrawn, 
diluted, and inoculated on a dried blood agar plate. The plates were read after 
48 hours at 37°. Symbols: —, no growth; + , up to 50 colonies; + + , 50-150 
colonies; + + + , uncountable. [J. Hyg. 38, 732 (1938) . ] 

Staphylococci, killed in an hour by Ι Ο - 5 Μ oxine, were unaffected by 
Ι Ο - 3 Μ oxine even after 3 hours, and even a saturated solution failed to 
inhibit them. This effect is known as "concentration quenching." Since 
this phenomenon occurred in culture medium only and not in distilled 
water, it was suggested that the oxine might act by chelating with metals 
in the broth. Thus, the bacteria suspended in distilled water were not 
affected by Ι Ο - 5 Μ oxine; but when a similar amount of iron was added, 
it was bactericidal, although iron alone was without effect. The toxic agent 
appears to be the oxine-iron complex. When complex media were used, 
there was sufficient iron present as a contaminant to form the oxine com
plex. Albert et al. claim that the toxic action is due to formation of either 
a 1:1 complex (II) or the 2:1 complex, both of which are "unsaturated," 
but not to the formation of a 3:1 complex (III) which is obtained when 
oxine is in excess, since it has no residual combining power, a necessary 
feature for reactivity. 
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It has been shown (by the use of C 1 4 -labeled oxine prepared from 
aniline-C 1 4 and glycerol-C 1 4) that oxine enters the bacterial cell without 
causing harm. This is also true in the fungus A. niger and in yeasts where 
toxicity occurs only when cupric ions are present in the medium in asso
ciation with oxine (4®)* The data of Albert (87) given in Table III show 

T A B L E I I I 

P R O T E C T I V E A C T I O N OF CO B A L T A G A I N S T T H E B A C T E R I C I D A L A C T I O N OF 
I R O N - Ο Χ Ι Ν Ε A N D C O P P E R - O X I N E " ' * 

Cone, of metal added (1/M) Growth after exposure (hours ) 0 

Tube 
FeSOi CuSO. CoSO. 0 2 4 24 

1 Nil Nil Ni l + + + + + + + + + + + + 
2 50,000 Nil Nil + + + — — — 
3 50,000 Nil 50,000 + + + + + + + + + + 
4 Nil 50,000 Nil + + + — — — 
5 Nil 50,000 50,000 + + + — — 
6 Nil 50,000 10,000 + + + + + + + + + + + + 

' F r o m Albert (37). 
h S. aureus in metal-depleted broth at pH 7.3 ( 2 0 ° ) ; ilf/25,000 oxine present 

in every tube. 
c Symbols are the same as those used in Table I I . 

* Ο . T. G. Jones showed that copper was specifically required for the inhibi
tory effect of oxine on the synthesis of bacteriochlorophyll by Rhodopseudo-
monas spheroides. The production of a copper-pheophorbide complex was sug
gested as a possible mechanism of action for the copper-oxine chelate. [Bio
chem. J. 88, 335 (1963) . ] 

1:1 F e r r i c complex of oxine 3:1 F e r r i c complex of oxine 

(Π) (m) 
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that ferrous, ferric, and cupric ions are equally toxic in association with 
oxine in S. aureus, where as nickel, zinc, cobalt, cadmium, manganese, 
and calcium have no cotoxicant action with oxine-iron, provided the 
stability constant of the new complex is greater than or similar to that 
of oxine iron. Experiments have shown that cobalt is unique in that it 
protects the bacteria from iron-oxine inhibition even at low concentra
tions. The results of Rubbo et al. (40) show that as little as 4 X 1 0 ~ 5 Μ 
cobaltous sulfate prevents the bacteriostatic effect of either oxine or iron-
oxine, each at 10~ 5 i l f . Nordbring-Hertz showed that cobalt protected 
yeasts against copper-oxine (43). Molybdenum can partially reverse the 
toxic action of copper-oxine in some fungi (44)- I t is unlikely that the 
protective action of cobalt is due to its combining the oxine in preference 
to iron, since the amount of cobalt that is effective is much less than the 
iron present. I t is known that the stability constant of nickel-oxine is 
higher than for the cobalt-oxine, yet nickel has no protective action at low 
concentrations. Albert suggests that mercapto compounds and ascorbic 
acid in cells are readily oxidized by atmospheric oxygen, especially when 
traces of iron or copper are present, to yield hydrogen peroxide, which in 
turn oxidizes more substrate (37). Thus, small amounts of these metals 
set up a chain reaction within the cell that oxidizes substrates. Albert sug
gests that cobalt acts as a chain breaker in this reaction, thus reducing 
substrate oxidation in the bacterial cells. Further biochemical work is, 
however, necessary to decide whether this is the mechanism by which 
cobalt reverses the iron-oxine inhibition in bacterial cells. 

Many derivatives and analogues of oxine have been tested against the 
tubercle bacillus (121). Provided that the 2-position of the molecule is 
kept intact, all are inhibitory. The copper complexes of the analogues are 
also more inhibitory than the iron complexes, and cobalt reverses the 
toxic effect. The substituted azoxines with short side chains (N) and 
the iV-oxides of pyridine, quinoline, and benzoquinoline are antibacterial 
provided a hydroxy group is in the 2-position (IV) to make chelation 
possible, and a mercapto group in this position, e.g., 2-mercaptopyridine-
iV-oxide, (V) has been found to be as intensely antibacterial as oxine (I ) . 

C S H 7 

Although the chelated complex (VI) has a different structure than that 
of oxine ( I ) , the mode of action is probably similar, since both materials 
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are bactericidal only when iron is added, and this effect is reversed either 
by cobalt or by an excess of the substance itself (37). 

The fungicide copper-dimethyldithiocarbamic acid (VII) , also used as 
the sodium (NaDCC) , iron, or zinc salt, has a triphasic effect on the 
growth of A. niger (45). The first zone of inhibition is at 1 ppm but only 
when cobalt, or preferably copper, is present, whereas iron is ineffective. 
Increasing the concentration of N a D D C to 1 0 ppm reverses the inhibi
tion, due to the conversion of the 1 : 1 complex (VII) to a saturated 2 : 1 

S 
II 

(CH 3 )2N.CS—Cu + 

Cupric dimethyldithiocarbamate (1:1) 

(VII) 
complex. At 5 0 ppm a third toxic phase is apparent, and this is believed 
to be the inhibitory action inherent in the material, independent of the 
metals. It is of interest that Goks0yr (46) and Sijpesteijn and associates 
(47) showed that copper but not iron is a cotoxicant of oxine in A. niger 
and that cobalt did not offset this effect. The inactivity of cobalt may be 
related to oxidation-reduction potentials of the complexes. Weinberg (48) 
reported that antibacterial and antifungal action of kojic acid is in
creased by metallic ions, but the mechanism involved is not known. 

Isoniazid [the hydrazide of isonicotinic acid (VIII) , R = H ] is effec
tive against the tubercle bacillus, and, because it chelates metals, it was 
thought that this might be its mode of action [Eq. ( 4 ) ] . 

R = H , R = C H 3 

(vra) (ix) 
Albert (49) showed that the affinity of isoniazid for heavy metals is 

similar to that of glycine. A number of workers (50) have suggested that 
because isoniazid must first form the anion (IX) to chelate metals and 
because 1-isonicotinoyl-l-methylhydrazine (VIII, R = CH 3 ) is inactive 
and cannot form an anion, the inhibitory mechanism involves metal 
chelation. Albert points out that this theory is unlikely to be correct, 
since neither of the two isomers of isoniazid has any marked action on 
M. tuberculosis although they have a very high affinity for metals (51). 
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It is now known that the mode of action of isoniazid is due to its com
bining with pyridoxal and replacing nicotinamide in D P N , thus inhibiting 
vital metabolic processes in the cell. 

The tetracycline antibiotics (X) terramycin and aureomycin also 
chelate divalent metals with the same avidity as glycine. (Substituent 
groups, CI and OH, occur at X and Y in different members of this group.) 

O H Ο O H Ο 

(X) 

They form stable complexes with F e 3 + and Al 3 + (52). The action of 
tetracyclines on bacteria is much slower than that of oxine, and they are 
active even in the absence of iron. Saz and Marmur (53) and Saz and 
Sue (54) found that aureomycin could effectively remove manganese by 
chelation from enzyme proteins, as will be discussed in the next section. 
Thus, there is some evidence that this antibiotic inhibits enzymes by 
chelation with the metals required to activate them. 

4 . T O X I C I T Y E F F E C T S OF M E T A L S 

a. Physicochemical Character. Interest in the toxic effects of metal 
ions on microorganisms has stemmed from attempts to control pathogens, 
whether they be bacteria, fungi, or algae. Early investigators tried to 
assign the toxicity effect to some special chemical or physical property 
of the cation or anion. Thus, Matthews in 1 9 0 4 (55) thought that the 
electrode potential of a metal was an important feature, and Jones (56) 
considered that the logarithm of the toxic concentration for 1 8 or so 
metals that he used to inhibit a planarian, Polycelis nigra, was a linear 
function of their standard electrode potentials. Danielli and Davies (57) 
have suggested that the intensity of the covalent binding of a particular 
ion with ionogenic groups, e.g., imidazole, carboxyl, phosphate, or sulfhy
dryl, on the cell surface is primarily responsible for metal toxicity effects. 
They discount the oxidation-reduction theory proposed by earlier workers 
and claim that the electronegativity value of the metal is a measure of 
its chemical reaction. By determining the energy of covalent bond for
mation between metal ion and oxygen-containing groups on the cell 
surface, they derived an exponential relation between the logarithm of 
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toxic concentration of the metal ion and its electronegativity value. 
Somers (58-60) has examined in vitro the fungistatic activity of some 
24 metal cations against spores of Altenaria tenuis and Botrytis fabae. 
The metal salts, mainly nitrates, were tested in aqueous solution without 
an added stimulant for spore germination. The logarithm of the metal ion 
concentration at the E D 5 0 value (50% spore inhibition) was found to 
conform to the exponential relation with electronegativity of the metals, 
as proposed by Danielli and Davies. The data of Somers, illustrated in 
Fig. 5, have been viewed differently by Miller (61), who considers the 

0 5 ' 1 1 1 1 1 t ι 
0 2 .0 4 .0 6.0 

- L o g metal ion concentration (moles/ l i ter) a t f Z ? 5 0 

FIG. 5. Graph of toxicity of metal cations to Botrytis fabae against electro
negativity of the metal. From Somers (58). 

interpretation that the site of inhibitory action is associated primarily 
with the surface of fungal cells to be incorrect. Miller and his co-workers 
(62, 68) have shown that conidia of pathogenic fungi readily take up 
labeled ions in a matter of minutes after exposure to the tracer solution 
and that there is free movement into the spores. They found no evidence 
for toxic elements accumulating at cell surfaces. They consider that the 
metal toxicant acts on receptor sites within the spores and that the in
hibitory mechanism is more complex than can be explained by a simple 
difference in the electronegativity of the elements. Further work is re
quired to resolve the two viewpoints, and it may well be that toxic metals 
inhibit active sites at membrane surfaces as well as within the cells. 

b. Fungitoxicity. Several books and reviews have covered various 
aspects of the toxic action of metals on fungi, since this topic is of great 
economic importance (16, 64-66). After an* extensive study of existing 
data, Horsfall (65) concluded that the following order of toxicity applies 
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to a range of fungal species: Ag > Hg > Cu > Cr > Ni > Pb > Co 
> Zn > Ca, but the position of nickel is variable. The tests are usually 
carried out with germinating spores in the absence of culture media be
cause of the complications of metal chelation discussed in the previous 
section. Silver, mercury, and copper are probably the most toxic metals 
for microorganisms at equivalent concentrations. Inorganic salts of the 
same metal may vary in their toxicity effects on microflora. Thus, copper 
as cupric ammonium sulfate is bound more firmly to fungal spores than is 
copper sulfate (67), and silver iodide is usually less inhibitory than are 
other silver halides (68). 

Amino acids and hydroxy acids are secreted by fungal spores, and these 
readily complex metals, which then penetrate rapidly into the cells 
(64-66). Results of radioactive tracer techniques using S 3 5 , A g 1 1 0 , H g 2 0 3 , 
Cd 1 1 5 , Zn 6 5 , and C e 1 4 4 show that these ions are taken up rapidly by fungal 
spores from dilute solutions (1-10 ju ,g/ml). Usually, over 50% of the total 
uptake occurred within a few minutes and reached a maximum of 10,000 
times the external concentration. The dose required to inhibit the germi
nation of 50% of the spores ( E D 5 0 ) ranged from 85 to 11,500 μg/gm 
spore weight, as shown in Table IV (64). Silver is the most toxic metal 
at equivalent concentrations. 

T A B L E I V 

E D b o VALUES I N MICROGRAMS PER GRAM ( P P M ) OF SPORE WEIGHT OF VARIOUS 
FUNGITOXICANTS FOR SPORES OF SOME REPRESENTATIVE F U N G I * 

Alternaria Monilinia Neurospora Venturia 
Fungi toxicant oleracea fructicola sitophila pyrina 

Sulfur (based on H 2 S evolution) 6800 6 11,500 
Cerium > 7 1 0 0 e 4600 >970° 
Cadmium 1200 
Mercury 2830 5030 
Silver 360 250 165 85 
2-Heptadecyl-2-imidazoline 5800 9300 
2,3-Dichloro-l,4-naphthoquinone 400 385 560 

•McCallan, S. E . A . (1957) in "Crop Protection Conference 1956," p. 90. 
Butterworths, London. 

6 ED95. 
0 No effect on germination at these doses. 

Silver and cerium do not interfere with the uptake of one another by 
fungal spores and are likely, therefore, to have different receptor sites, 
whereas the closely related rare earths, e.g., cerium and neodymium, 
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inhibit one another, indicating common adsorption centers. When silver 
and mercury are applied together, more mercury is absorbed, presumably 
because silver increases the permeability of the cell membrane. Radio
active phosphorus and sulfur leach out readily from fungal spores 
immersed in water. 

The response of fungal spores to a metal toxicant depends on the con
centration of metal, on the ratio of toxicant to spores, on interactions with 
other metals present, and on complex formation with spore exudates 
(64,6S). 

There are instances where organometal complexes are more toxic than 
individual cations, as discussed earlier for oxine complexes. Thus, organic 
mercurials are more toxic than inorganic mercury to bacteria and fungi. 
(65, 69), and stannous or stannic ions are nontoxic, whereas tri-n-butyltin 
acetate inhibits fungal growth at 0.1-0.5 ppm (70). 

The uptake of copper and mercury by Tilletia tritici was found to be 
nonlinear with respect to external concentration of the metals and thus 
follows the Freundlich adsorption isotherm (68, 71). Copper supplied as 
a salt was readily removed in acid from the spores, but the metal of 
cupric ammonium sulfate, a coordination complex, was retained despite 
acid treatment. There is evidence that uptake of ionic copper by the 
fungus spores is quantitatively compensated by release of hydrogen ions, 
ferrous iron, and magnesium. Divalent cations reduce the uptake and 
toxicity effects of heavy metals in fungal spores (68). Thus, the uptake 
of silver is reduced by adding copper and, more effectively by mercury. 
The effect of hydrogen ions in counteracting copper toxicity in spores of 
A. tenuis by removing the metal is shown in Fig. 6 (72). 

FIG. 6. The effect of pH on the toxicity of copper chloride to spores of 
Alternaria tenuis. Curve 1 (solid l ine) , control; curve 2 (broken l ine) , 0.0001 
Μ CuCl 2. Drawn from data of Biedermann and Muller (72). 
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Inorganic sulfur and its organic derivatives have been used as fungi
cides from early times. It was suggested that the toxic action of sulfur 
was due to the formation of hydrogen sulfide in the fungus spore (65, 73, 
74), since the reduced compound is known to be fungistatic (75) and 
fungicidal (76"). The results of Miller et al. (77) show that toxicity of 
elementary sulfur on a weight basis is greater than an equivalent amount 
of hydrogen sulfide for a range of fungi, as shown in Table V. Thus, it is 

T A B L E V 

T H E RELATIVE TOXICITIES OF SULFUR AND HYDROGEN SULFIDE*'* 

Wettable Colloidal Hydrogen 
Species sulfur sulfur sulfide 

Monilinia fructicola 5 4 0 . 5 2 . 8 * 
Cephalosporium acremonium > 1 0 0 0 0 . 3 1 2 ° 
Aspergillus niger > 1 0 0 0 0 . 3 1 5 ° 
Glomerella cingulata > 1 0 0 0 0 . 4 2 0 ° 
Neurospora sitophila > 1 0 0 0 1 .0 3 8 E 

Rhizopus nigricans > 1 0 0 0 2 . 7 5 . 9 
Alternaria oleracea > 1 0 0 0 1 8 1 5 
Stemphylium sarcinaeforme > 1 0 0 0 3 1 8 . 8 

a From Miller, McCallan, and Weed (77), by permission of the Boyce Thomp
son Institute for Plant Research, Inc. 

6 Toxicity is expressed as the dose, in parts per million, required to kill 5 0 % 
of spores in an exposure of 2 4 hours; concentrations are of the external solu
tion or suspension. 

c Highly significant difference between colloidal sulfur and hydrogen sulfide. 

unlikely that the toxic effect is caused by hydrogen sulfide only, and 
it is now agreed that sulfur vapor is the active principle in inhibiting the 
spores. Selenium and tellurium are much less toxic to fungi than is sulfur, 
although selenium accumulated in the mycelia of A. niger in competition 
with sulfur. Reduced sulfur compounds counteracted selenium toxicity 
effects (78). Similar data obtained for Chlorella vulgaris can be ex
plained as competitive inhibition of metabolite analogues of selenium 
and sulfur (79). 

C. Higher Plants 

Inhibitory effects of cations and anions on the growth and metabolism 
of plants are revealed as deficiency conditions induced by excesses of 
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other elements, and as toxicity symptoms apparently not related to this 
type of mechanism. Some examples of the more outstanding physiological 
effects are considered here. 

1. I N H I B I T I O N OF C H L O R O P H Y L L S Y N T H E S I S B Y I N D U C E D I R O N D E F I C I E N C Y 

a. Metal-Induced Deficiency. The early work on this problem was 
stimulated by the observations of effects of manganiferous soils on the 
growth of pineapple (Ananas comosus) by Kelley (80), McGeorge (81), 
and Johnson (82, 83) in Hawaii and on the growth of beans (Phaseolus 
vulgaris) in Puerto Rico by Hopkins, Pagan, and Ramirez-Silva (84), 
who found that excessive concentrations of manganese induced typical 
iron deficiency in these plants. Several other metals, including copper, 
cobalt, nickel, chromium, zinc, and cadmium, may also induce iron defi
ciency in various plants, as shown by the rapid response in terms of 
renewed chlorophyll production on spraying or painting the foliage with 
ferrous sulfate or an iron chelate compound. The effects of these metals 
have been reviewed or described by Wallace and Hewitt (85), Hewitt 
(86-88), Millikan (89, 90), Twyman (91, 92), Nicholas (93-95), Forster 
(96), Nicholas and Thomas (97, 98), D e Kock (99), and Vergnano and 
Hunter (100). 

One of the first attempts to provide a physiological basis for the inter
action between iron, which is directly involved in chlorophyll synthesis, 
and other metals, particularly manganese and cobalt, was made by 
Somers and Shive (101), Somers et al. (102) in work with soybean 
(Glycine max). They concluded from the visible appearance of the plants 
and the respiratory carbon dioxide output that manganese excess and iron 
deficiency were practically synonymous for the same physiological dis
order, caused by a too high manganese/iron ratio in the plant. Manganese 
deficiency was also suggested less emphatically to correspond with iron 
excess. The mechanism suggested to be responsible for the effects of the 
ratio was that excess manganese was present in the trivalent state, and 
on account of the high redox potential produced the manganese was able 

Mn 2 + -> Mn 3 + + e~; (E0 = 1.51 volts) (5) 

to oxidize ferrous to ferric iron, which was immobilized by some means. 
As ferrous iron was commonly assumed at that time to represent the 
"active" or functional state in the cell, the mechanism of induced defi
ciency was thereby explained. The immobilization of ferric iron was 
thought to occur by precipitation with phosphate or by formation of 
unavailable ferric phosphoprotein complexes, a reaction regarded as 
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likely by Noack and Liebeck (103). Phosphoprotein compounds such as 
ferritin may contain up to 23% of iron according to Granick (104). 
According to Shive and his associates cobalt, which has a correspondingly 
higher redox potential value, should be more effective than manganese, 
and this was experimentally confirmed. 

This simple hypothesis raises several points which have been the sub
ject of further work. The first requirement for the idea to be acceptable 
would be a biochemical mechanism for the oxidation of manganese from 
M n 2 + to M n 3 + in vivo. At the time the hypothesis was presented, none 
was known. The later work of Kenten and Mann (105-107) has, however, 
provided evidence that such a mechanism is feasible. These workers have 
shown that peroxidase systems can cause the enzymic oxidation of man
ganese from 2 + to 3 + or 4 + states. Numerous simple and complex mono-
phenols and resorcinol can serve as essential cofactors for this system. 
The mechanism may be represented by the following reactions, in which 
the notation of George (108) is used for peroxidase action: 

Peroxidase (Per) + H 2 0 2 -» Per I 
Per I + ROH (monophenol) -> Per II + R O e (free radical) + H 2 0 
Per II + ROH -> Per + R O # + H 2 0 

2 R O e + 2Mn 2 + + 2 H + -> 2ROH + 2Mn 3 + 

Sum: H 2 0 2 + 2 H + + 2Mn 2 + -» 2Mn 3 + + 2 H 2 0 (6) 

Free M n 3 + ions cannot exist long and are rapidly reduced by o-diphenols, 
such as catechol, pyrogallol, guiacol, and caffeic acid. The oxidation is 
also brought to a standstill by polymerization of the free radicals: 
nRO* -» (RO) n . Trivalent manganese may, however, be stabilized as a 
chelate by pyrophosphate, which is produced in reversible pyrophos
phorylase reactions, or possibly by naturally occurring organic com
pounds, such as citrate. The oxidation of manganese has been observed 
to occur in the presence of illuminated chloroplasts (109) and has been 
identified as an in vivo reaction in peas (110). 

The hypothesis of Shive and others discussed above was criticized by 
Leeper (110a) and independently by Hewitt (86-88, 111) at the time, 
partly on account of the need to invoke a mechanism not then known for 
the prior oxidation of manganese or cobalt to higher valence states, and 
partly for another reason, namely, that manganese and cobalt are not 
unique in their capacity to induce iron deficiency, which occurs also in 
the presence of an excess of copper, chromium, zinc, cadmium, and other 
metals. It was pointed out that the order of relative effectiveness of 
several metals given at equivalent concentrations was not consistent with 
the relative values of the redox potentials produced by couples involving 
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the simple ionic states. Thus, whereas copper was found to be especially 
effective as an inhibitor of chlorophyll, the couple involving ionic copper 
has a low potential (112). For the reaction Cu+ -> Cu 2 + + e~, E 0 = 0.17 
volts, while the value for manganese, already given, is much greater; but 
manganese is far less effective than copper for inducing chlorosis. More
over, the value E 0 = 0.77 volts for the reaction F e 2 + -> F e 3 + + er is 
intermediate between the other two. Hypotheses based on electrode poten
tials of simple ionic systems are therefore not compatible with the facts. 

A more serious difficulty is that metals such as zinc and cadmium, 
which do not undergo valence changes of the type under consideration, 
are nevertheless, respectively, moderately or highly active as inhibitors 
of chlorophyll synthesis in beet (86-88, 111) and in other plants where 
zinc has been more widely tested. 

An alternative hypothesis was first suggested by Hewitt (86-88), 
namely, that the action of the metals which inhibit chlorophyll synthesis 
may be explained by the relative stability of their combination as chelate 
compounds. The stability constants K8 for organometal complexes are 
represented in the simplest form by the expression 

K _ [MC] m 

where C is the chelating compound. The relative values of Ks are often 
independent of the nature of the chelating ligand and are principally a 
function of the metal. This relationship has been studied for several 
chelating compounds by Pfeiffer et al. (113), Mellor and Maley (114, 
115), Irving and Williams (116), Ackerman et al. (117), Yamasaki and 
Sone (118), Albert (119), and Maley and Mellor (120) and has been 
termed the "avidity series" by Albert (87, 121). There are exceptions to 
this relationship, which is discussed again later in connection with com
petitive effects of metals, but the general order of increasing avidity (K8) 
for many ligands may be given (116-119) as: 

Mg 2 ί + < Mn 2 + < F e 2 + < Cd 2 + < Zn 2 + < F e 3 + < N i 2 + < Co 3 + < Co 2 + < Co 2 + 

K8 for F e 3 + may exceed that for Cu 2 + where porphyrins, 8-hydroxy-
quinoline, or ethylenediaminetetraacetic acid are concerned, and the 
values for F e 2 + and F e 3 + may be reversed, as for α,α'-dipyridyl and 
o-phenanthroline. Stabilities for cobalt complexes may be relatively low 
or high (117, 121). Steric factors or ease of oxidation or reduction may 
cause abnormal orders of relative stabilities (116-118). 

The order of effectiveness of metals as inhibitors of chlorophyll syn-
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thesis by sugar beet (Beta vulgaris) [ (86-88) and data for chlorophyll 
in Table VI] is in increasing order: 

Mn 2 + < Cr 3 + < Zn 2 + < C r ( V < Cu 2 + < Co 2 + < Cd 2 + 

N i 2 + was rated between Zn 2 + and Cr 3 +. This metal is extremely toxic 
in other respects, and it is likely that its effects on inhibiting chlorophyll 

T A B L E V I 

EFFECTS OF HEAVY METALS AS CATIONS AND A N I O N S FOR DIFFERENT PERIODS ON 
CHLOROPHYLL PRODUCTION (MG/100 GM F R E S H W E I G H T ) BY SUGAR BEET P L A N T S 

GROWN WITH NITRATE OR U R E A AS SOURCES OF NITROGEN* 

Metal 
treatments 

and Mo level* 

Period of metal treatments: 

4 Weeks 9 Weeks 

Nitrate Urea Nitrate Urea 

Moi Mo 2 Mox Mo 2 Moi Mo 2 Moi Mo 2 

Basal 158 151 110 100 132 87 113 99 
+ Cr 3 + 146 95 84 32 110 26 86 14 
+ Cr e + 71 137 18 14 31 45 17 3 
+ Mn 2 + 139 53 78 20 119 31 71 13 
+ Co 2 + 8 10 10 9 18 11 14 14 
+ Cu 2 + 28 10 11 14 7 4 8 8 
+ Zn 2 + 104 47 94 34 113 46 85 23 
+ Cd 2 + 6 14 4 4 11 16 7 7 

L S D (5%) 15 12 

a F r o m Hewitt (128). 
6 Mo given as Mo e + (MoOr 2 ) at 5 χ 10~7 Μ (Moi) or 5 X 10' 5 Μ (Mo 2 ) . 

Metals in basal level: Mn 2 + , 10~5 M; Cu 2 + , Zn 2 + , 10~β M. Metals given at 3 Χ 10"4 

eq/liter when in excess, namely, Mn 2 + , Co 2 + , Cu 2 + , Zn 2 + , Cd 2 + at 1.5 Χ 10"4 M; 
Cr 3 + at ΙΟ"4 M, and Cr e + (Cror 2 ) at 5 χ ΙΟ"5 M; and Fe given as F e 3 + (citrate) 
at 2.5 Χ ΙΟ"5 M. 

synthesis were tested at too high a concentration to permit a reliable 
estimate of the effectiveness. Later work on the effects of metals on 
chlorophyll production by oat plants (Avena sativa) by Hunter and 
Vergnano (122) indicated the following increasing order of effectiveness: 

Mn 2 + < Zn 2 + < Cro*2" < Co 2 + < Cu 2 + < N i 2 + 

In other experiments with oats, Hewitt (88) found cobalt to be by far 
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the most active of all the metals listed, but with sugar beet the differences 
between cobalt and copper are probably not significant. The position of 
cadmium is at present anomalous in terms of a stability complex hy
pothesis, since the avidity orders of Ackerman et al. (117) and Albert 
(121) place cadmium much lower in the series. The activity of cobalt 
in chlorophyll inhibition has been reported to be high or moderate for 
the same species (88, 122). At present, in spite of some exceptions, the 
hypothesis that metal inhibition of chlorophyll synthesis is related in 
general to the relative stability constants (K8) of organometal ligands 
appears the most satisfactory, but other factors or mechanism may be 
concerned with effects of certain metals. Shaw (122a) has recently drawn 
attention to the general application of the relationship already pointed 
out in connection with the work on plants. The general order of toxicity 
of heavy metals in metabolism of several animal microorganisms was 
shown to be Cu > Ni > Co > Fe > Mn. The position of Zn was variable 
but usually between Co and Ni, or Ni and Cu. 

The effect of valence or of whether the metal is present as a cation or 
as an anion is apparently of importance, as shown by the different re
sponses to chromium (Table V I ) ; lower concentrations as Cr 6 + ( C r 0 4

2 ~ ) 
are more effective than higher concentrations as Cr 3 +, a feature early 
observed by Koenig (128). 

The extent of inhibition induced by a given metal is also altered by the 
nitrogen nutrition and by the level of interacting metals, as shown by 
work of Millikan (89,124), Warington (125-127), and Hewitt (128, 129), 
and by Table VI. The data given here show that inhibition of chlorophyll 
production by M n 2 + , Cr 3 +, and Zn 2 + is greatly increased by an inter
action with the M o 6 + present, which exceeds additive effects and is inde
pendent of the method of nitrogen nutrition. M o 6 + alone had little effect 
in the younger plants but was inhibiting later. Effects of Co 2 +, Cu 2 +, 
and Cd 2 + were so severe that no interaction with Mo can be inferred from 
the data, but the condition of the plants and their yields indicated that 
some interaction did in fact occur. There was also a significant interaction 
between M o 6 + and Cr 6 +, but whereas M o 6 + accentuated effects with the 
other metals regardless of nitrogen source, the reverse effect clearly 
occurred with Cr 6 + and nitrate; this has been confirmed in separate 
experiments. No explanation is available at present to account for these 
results. I t is not clear how far species, climatic, or other effects may enter 
into these interactions, since results obtained from Millikan (89, 124) 
with flax (Linum usitatissimum) showed an opposite effect of M o 6 + to 
that reported here for M n 2 + and Zn 2 + on beet, while results described 
by Warington (125) with soybean and flax are in agreement with the 
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work described above. A further complication is that in Millikan's 
(89, 124) work ammonium molybdate was used, while Warington (125-
127) and Hewitt (128, 129) used sodium molybdate. Hewitt (128, 129) 
found that urea or ammonium nitrogen increased the inhibitory effects of 
M n 2 + , Zn 2 +, and Cu 2 + with sugar beet or spinach beet, respectively, but 
in the presence of M o 6 + and ammonium nitrogen the interaction, which 
was independent of nitrogen source and large with sugar beet (128), was 
small for Zn 2 + and nil with M n 2 + for spinach beet (129). Millikan (124) 
concluded that ammonium nitrogen decreased the toxic effects of M n 2 + , 
Zn 2 +, etc. in the presence of M o 6 + , as compared with the large effects 
observed with urea or nitrate. Differences between the results reported by 
Millikan on oi\e hand and Warington on the other are best explained at 
present in terms of the amount of N H 4 + nitrogen introduced by the use 
of ammonium as opposed to sodium molybdate, but some irreconcilable 
points still remain to be resolved in further work. I t must also be remem
bered, as already pointed out by Hewitt (87, 88,129), that the mechanism 
of chlorophyll inhibition by different metals, although showing a sugges
tive relationship with stability constant values, may be different for 
different metals, but no evidence on this point is available. 

The idea that stability constants explain the relative effectiveness of 
different metals implies that the mechanism of the inhibition is that of 
competition between metals at an active site. There is some evidence from 
the work of Somers et al. (101, 102), Twyman (91, 92), Crooke, Hunter, 
and Vergnano (130), and Crooke (131) that the ratio of iron to the 
inhibiting metal, when measured as total content in the plant, determines 
in part, and sometimes very considerably, the extent to which the inhibi
tory effect is produced. This would be consistent with a mechanism of 
competitive inhibition. The differences which are apparent in Table VI 
with respect to duration of treatments are also explicable on the same 
basis, since Crooke and Knight (132) have shown similar effects for 
nickel in oats and have related these to the relative changes in iron and 
nickel content during the course of growth and the progress of inhibition 
as revealed by chlorophyll production. 

The site or sites at which inhibition or competition may occur are un
known. Specific absorption sites may be involved, and ion antagonism 
effects will occur. Thus, Crooke et al. (130), Crooke (131), and D e Kock 
(99) showed that heavy metals in the ionic state depress iron uptake 
into roots and leaves. D e Kock further observed that the order of toxicity 
to growth of mustard plants of several metals presented in ionic form 
namely, Cu 2 + < N i 2 + > Co 2 + > Zn 2 + > Cr 3 + > M n 2 + , closely fol
lowed the order of chelate stability constants. When these metals were 
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present in a chelated form with ethylenediaminetetraacetic acid they were 
much less toxic, induced little chlorosis, and had no depressing effect on 
iron uptake. 

Twyman (92) originally put forward a hypothesis that iron must be 
combined at certain active sites in the cell before being introduced into 
the states (enzymes, etc.) which are functional in metabolism. He con
sidered that inadequate concentration of iron, or competition by another 
metal, viz. manganese, led to an irreversible change in the iron-receptor 
site, which was unable to function as required. This view has never been 
proved or disproved but still has merit. D e Kock (99) concluded that 
in the roots, where injury was most marked, the metals in the ionic form 
competed with the iron for sites possibly of a protein nature. Competition 
with ribonucleic acid (RNA) or ribonucleoprotein complexes would be 
likely, as R N A is often heavily contaminated with metals when isolated. 
D e Kock (99) has postulated a role for phosphorus as a chemical site in 
phosphoprotein binding of metals. This would possibly resemble the 
physiological function of the ferric phosphoprotein ferritin described by 
Granick (132a). 

The possibility that inhibition of chlorophyll formation involves com
petition between heavy metals and some molecule related to chlorophyll 
has been put forward, especially by Sideris and Young (133). Following 
the finding by Granick (134) that protoporphyrin I X accumulated in a 
chlorophyll-deficient mutant of Chlorella, they (133) suggested that 
manganese competes with iron in a porphyrin precursor of chlorophyll 
for which the natural ferrous iron compound was supposed to be a requi
site for the insertion of magnesium. Magnesium protoporphyrin is also 
found in chlorophyll-deficient mutants of Chlorella (135). This idea is 
attractive but as yet without evidence to support it. Recently, however, 
Labbe and Hubbard (136) have found that the insertion of iron into 
protoporphyrin to produce hem in rat liver is an enzymically controlled 
process. Since iron must presumably be combined with the enzyme before 
insertion into the protoporphyrin, an analogous reaction might occur with 
insertion of magnesium into ether-soluble magnesium-containing pre
cursors of chlorophyll obtained by Smith (137). I t is conceivable that 
heavy metals might compete at the enzyme surface, especially if hematin, 
which is quite abundant in plant cells and is closely related to chlorophyll 
content (138) is an enzymically formed prerequisite for magnesium 
protoporphyrin production. Eyster (139) found a close correlation be
tween catalase activity and chlorophyll content of genetic strains of 
albino and green corn. I t appears that while catalase activities are similar 
in both types when grown in darkness, where high values occur, transfer 
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to light causes a marked depression of catalase in the albino strains, due 
to destruction or inactivation by light. D e Kock, Commissiong, Farmer 
and Inkson (140) found a similar result for mustard. Recent work by 
Agarwala, Kumar, and Sharma {141) suggests however that hematin 
formation may not be the limiting step at which heavy metals inhibit 
chlorophyll production. This conclusion is reached because, whereas Co 2 +, 
N i 2 + , and Cr 3 + are known to inhibit chlorophyll production, their pres
ence resulted in greatly increased catalase production in the embryo of 
germinating barley but in depressed peroxidase production. Thus, the 
synthesis of different compounds which contain porphyrin structures and 
of two which are iron porphyrin compounds is affected differently by the 
heavy metals. In contrast to the results with barley (141), D e Kock et al 
{140) found that a nickel excess slightly depressed catalase activity in 
mustard and markedly decreased hem and chlorophyll but markedly 
increased peroxidase activity. They suggested that peroxidase is syn
thesized preferentially. Healy, Cheng, and McElroy [141a) reported 
similar experiments with metal toxicities, especially of cobalt, on changes 
in enzyme patterns in Neurospora crassa, which contains no chlorophyll. 
Excess cobalt depressed catalase, peroxidase, indophenol oxidase (cyto
chrome oxidase), succinic dehydrogenase, and also isocitric dehydro
genase, but increased nitrate reductase, DPNase , and glucose-6-phosphate 
dehydrogenase. They suggested that cobalt competed with iron and that 
additional iron partially but not wholly reversed the effects of cobalt. 
Simple competition was not, therefore, the only mechanism involved. The 
differences in the effects of cobalt on the activity of two hematin enzymes, 
catalase and peroxidase, in two plant and one fungal species are note
worthy. The situation is further complicated by the observations of Wang 
and Waygood (142), who concluded that nickel not only inhibits forma
tion of chlorophyll by etiolated wheat tissues but also inhibits chlorophyll 
breakdown in excised leaves in light or darkness and increases the chloro
phyll a/b ratio. The idea of competition at the surface of an enzyme 
which either inserts magnesium in place of iron into a protochlorophyll 
precursor or which is involved in synthesis of precursor of protochloro
phyll seems, nevertheless, to fit the facts best at present. 

A second paper by Labbe and Hubbard (143) has now shown that 
manganese at 5 Χ Ι Ο - 5 Μ inhibits to the extent of 50% the incorporation 
of iron into protoporphyrin by the enzyme and that the effect is noncom
petitive. Cobalt, however, is incorporated into protoporphyrin by the 
enzyme; but as the cobalt complex would be more stable than that of 
magnesium, inhibition could also be by this mechanism. The search for a 
metal-inserting enzyme for porphyrin metabolism in plants would be a 
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worthwhile pursuit, and a study of its properties might explain the known 
facts of metal-induced chlorosis. 

b. Bicarbonate-Induced Deficiency. The presence of bicarbonate ions in 
nutrient media often leads to typical iron deficiency. I t is not clear at 
present whether or not this effect comprises an inhibition of the type 
relevant to this chapter. The subject has been reviewed, and recent work 
has been presented in a symposium edited by Bear (144). Miller (145) 
reported that cytochrome oxidase activity was decreased in preparations 
obtained from soybean plants grown with bicarbonate. When split-root 
methods were used, so that bicarbonate and phosphate were separated 
from iron, bicarbonate did not affect cytochrome oxidase activity directly; 
but when phosphorus supply was increased, cytochrome oxidase activity 
was decreased. The role of bicarbonate when presented to the intact plant 
appears to be indirect and may differ from the in vitro inhibition. The 
general conclusion seems to be that bicarbonate increases the uptake of 
phosphate. Hale and Wallace (145a) obtained evidence of competitive 
inhibition of bicarbonate on iron uptake when iron was given as an 
anionic chelate. 

Miller and Evans (146, 14?) found that 0.1 mM bicarbonate was 
inhibitory to cytochrome oxidase of plant roots in vitro. Whether these 
observations bear any direct relation to the role of iron in chlorophyll 
synthesis is unknown. The presence of bicarbonate may influence the 
valence state of iron in cells, since ferrous bicarbonate is both weakly 
dissociated and readily autoxidizable. Bayer (148) has proposed this 
mechanism as the means of iron assimilation into the ferric combination 
with ferritin in animals. Warner and Weber (149) have pointed out the 
extreme stability of the transferrin complex in animal iron metabolism. 
This ferric iron protein involves a bicarbonate group in the chelating 
center and is very stable. 

Rhoads and Wallace (150) put forward an interesting idea which 
depends on the role of bicarbonate in C 0 2 fixation. It is suggested that 
fixation of C 0 2 by phosphoenolpyruvic acid, which results in the libera
tion of an equivalent of inorganic phosphate, may provide the mechanism 
for bicarbonate-induced chlorosis, which acts indirectly on iron availa
bility by the increased liberation of inorganic phosphate. This idea is 
consistent with the views of D e Kock (99) regarding the role of phos
phorus in iron availability and with the occurrence of high citric acid 
concentrations under conditions of lime-induced or bicarbonate-induced 
chlorosis (151-154)- Bicarbonate may therefore inhibit iron metabolism 
in plants, as revealed by effects on cytochrome oxidase activity or by 
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chlorophyll production, in two separate ways. Bicarbonate inhibition is 
discussed again in the section on enzymic effects in relation to anion 
inhibition and cytochrome systems. 

2. M E T A B O L I C A C T I V I T Y OF C H L O R A T E A N D O T H E R H A L O G E N C O M P O U N D S 

a. Compounds of Chlorine, Bromine, and Iodine. Aberg (155) has con
tributed a most informative discussion on the affects of chlorate, perchlo-
rate, hypochlorite, fluoride, bromide, and iodide, and of other halogen 
oxyacid salts, on plants in particular, with numerous references also to 
macroorganisms and animal subjects. His main conclusion regarding the 
inhibitory effects of chlorate, well known as a herbicide, is that chlorate is 
reduced especially in light by nitrate reductase, the enzyme responsible 
for nitrate reduction, since characterized by Nason and Evans (156), 
Evans and Nason (157), Nicholas et al. (22), Nicholas and Nason 
(23), and Nicholas and Stevens (25) as pyridine nucleotide-dependent 
molybdoflavoprotein systems. 

Evidence for this view was based on the antagonistic effect (155, 157a) 
of nitrate on chlorate toxicity and the accentuation by light. The state
ment (155, p. 98) that the nitrate-reducing system of the highly resistant 
Aspergillaceae (155, p. 89) is different from that of higher plants is no 
longer valid, as both groups require molybdenum for a similar enzyme 
system. It is more likely either that chlorate is not metabolized in non-
photochemically dependent systems of these fungi or that, if reduction 
occurs, the specific toxic intermediate is not produced. Quastel, Stephen
son, and Whetham (158) found that nitratase of several bacteria reduced 
chlorate. The product was thought to be chlorite. It must, however, be 
noted that injury also occurs to roots and in darkness to very young 
leaves, so that either other methods of reduction may exist in these tissues 
or rapid translocation of these products can occur. A point of interest is 
that chlorate toxicity is greatly accentuated by the inclusion of vana
dium. 1 This element antagonizes the action of molybdenum in certain 
systems dependent on molybdenum. Spencer (159) found that 1 0 ~ 3 Μ 
vanadate caused total inhibition in vitro of wheat (Triticum oestivum) 
embryo nitrate reductase, and Hewitt and Bond (unpublished work) 
found that vanadium inhibits nitrogen fixation in root nodules of Alnus 
grown with a low level of molybdenum. Aberg (155) concluded that 
chlorate as such is not toxic but that intermediate reduction products, 
possibly chlorite or hypochlorite, are the active compounds. From data 

1 This reference cannot be traced but was read by one of us in Nature several 
years ago (Hewi t t ) . 



29. CATIONS AND ANIONS 339 

on growth inhibition of roots and fresh weights of wheat plants, Aberg 
concluded that relative toxicity was in the order: 

CIO- > C10 2- » C10 s- > ClOr 

Lees and Simpson (159a) distinguished between reversible inhibition 
of growth by chlorate in Nitrobacter (157a) and a noncompetitive and 
irreversible reaction between chlorate and the enzyme responsible for 
oxidation of nitrite to nitrate. 

Bromate toxicity is similar to that produced by chlorate, but iodate is 
far less active, possibly because it tends to produce iodide as the direct 
product of reduction. Iodide, however, is toxic to wheat and corn 
(Zea mays), while chloride and bromide are relatively inert {155, 160). 
Cotton {161) reported that iodide was toxic to buckwheat {Fagopyrum 
esculentum), Lewis and Powers {160) concluded that iodide toxicity in 
corn resembled iron deficiency. Hageman, Hodge, and McHargue (162) 
found that iodide above 4 ppm reduced the dry weight and ascorbic acid 
content of tomato (Lycopersicon esculentum) plants. Aberg (155) found 
that iodide was 50-100 times more toxic than iodate to wheat and resulted 
in suppression of chlorophyll production and of root hair development 
and that leaf blades grew in a horizontal plane. Perchlorate is also much 
less toxic than chlorate and produces different symptoms (155). The 
mechanism is unknown. 

b. Possible Mechanism of Chlorate Toxicity. It is possible that the 
observation by George (163) concerning the reaction between horse
radish peroxidase and certain oxidizing agents may explain both the 
toxicity of chlorate and the sensitivity of plants as compared with ani
mals and certain fungi. George (163) found that horse-radish peroxidase 
reacts to form specific complexes with K I 0 4 , K B r 0 3 , C10 2 , NaC10 2 , 
HOC1, HOBr, and K 2 S 2 0 8 (with Ag+) but not with KC10 3 or K I 0 3 . 

The complexes formed were spectrographically similar to the peroxidase-
H 2 0 2 complexes. These compounds were tested in a peroxidase-guaiacol 
system at pH 7.0 and pH 5.4. The activity of HOC1 exceeded, and that 
of C10 2 equaled, the activity produced with H 2 0 2 at pH 5.4, while at 
pH 7.0 the enzyme was destroyed or an abnormal oxidation occurred. 
HOBr was also highly active (one-fifth the activity of H 2 0 2 at pH 5.4), 
while NaC10 2 gave 1% of the activity produced with H 2 0 2 . Activity was 
decreased by increasing the pH to 7.0, and this effect of pH also occurs 
with the toxic action of chlorate (155). Although KC10 3 (unlike K B r 0 3 ) 
was unable to form complexes with peroxidase, its reduction by light 
(possibly by nitrate reductase?) to HOC1 or NaC10 2 would yield com-
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pounds able to react with peroxidase where effective concentrations are 
of the order of 1-10 μΜ. Animal tissues are devoid of nitrate reductase 
mechanisms except for liver aldehyde and xanthine oxidases, and here 
excretion may prevent contact between enzyme and substrate, or speci
ficity may preclude reduction. In fungi, e.g., A. niger, which has an active 
peroxidase system, the failure of chlorate to become toxic is not explained. 
However, the complexes formed by horse-radish peroxidase (a plant 
enzyme) and cytochrome c peroxidase are different with respect to the 
state of oxidation of the enzyme, as shown by the production of peroxi
dase I and II, and cytochrome c peroxidase II complexes (163), respec
tively. The two enzymes differ also in that cytochrome c peroxidase does 
not react with HOC1 or HOBr. Other examples of different specificity of 
peroxidases, e.g., in coupled peroxidations are also known. Specificity 
of Aspergillus peroxidase or of its nitrate reductase may therefore protect 
the organism from chlorate toxicity. 

c. Fluoride. Aberg (155) found that fluoride did not have a markedly 
inhibitory effect on wheat, in agreement with the earlier and more com
prehensive work of Bartholemew (164). Recently, the problem of fluoride 
injury to plants has been studied by McNulty and Newman (165) in 
relation to chloroplast pigment concentration, and effects of fluoride or 
fluorine on plant growth have also been reviewed. 

Fluoride injury may appear suddenly. Disintegration of chloroplasts 
was reported by Adams and Solberg (166), and by McNulty and New
man (165) to be the primary lesion before later cell collapse. These 
workers studied particularly the effects of fluoride on the concentration 
and synthesis of chlorophyll and carotenoids in leaves of beans. Fluoride 
depressed the concentrations of chlorophylls a and b, of ether-soluble 
magnesium compounds, and of carotene about equally in terms of relative 
differences. Treatment with fluoride did not inhibit photochemical con
version of protochlorophyll to chlorophyll. Fluoride also inhibited the 
production of protochlorophyll and chlorophyll in etiolated leaf discs, 
but did not apparently affect the metabolism of magnesium-porphyrin 
compounds once these were formed. 

The activity of fluoride as an enzyme inhibitor is discussed later. I t is 
relevant here, however, to note the effects of fluoride on respiration as an 
over-all physiological process in plants. This subject has been critically 
reviewed by James (167,168) and Hackett (169). The general conclusion 
is that the effect may be complex. Concentrations of the order of Ι Ο - 2 Μ 
may be required to effect 50% inhibition of respiration, while Ι Ο - 3 Μ 
may be without influence, e.g., Avena coleoptile used by Bonner and 
Thimann (170). Fluoride complexes with magnesium and iron and may 
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therefore inhibit a great many enzymes and possibly to different extents. 
Enzymes reported to be affected include enolase, phosphoglucomutase, 
succinic dehydrogenase, cytochromes, phosphatases and pyrophosphatase. 
The extent of fluoride inhibition will also probably depend on the internal 
magnesium and phosphate concentrations, where magnesium fluorophos-
phate formation is involved, and possibly on that of manganese also, 
since manganese may reactivate fluoride-inhibited enzymes, which can 
function in the presence of either magnesium or manganese, according to 
Nillson, Aim, and Burstrom {171). Lethal synthesis of fluoro organic acids 
is noted later. 

3 . I N T E R A C T I O N S A N D T O X I C I T I E S OF O T H E R M I N E R A L E L E M E N T S 

a. Aluminum. Phosphorus metabolism in plants may be inhibited by 
aluminum. The effect of aluminum on plants varies very greatly with 
different species, and the literature is too copious to review here. Com
parative experiments {172-174, and unpublished) showed that some 
species of cultivated plants, e.g., many brassicas, oat (A. sativa), tolerate 
aluminum concentrations in nutrient media that severely injure or 
are lethal to others, e.g., beet (B. vulgaris), barley (Hordeum vulgare) 
and celery. In one species P. vulgaris (dwarf French beans) the variety 
determined the tolerance to aluminum. One (Masterpiece) was relatively 
tolerant to aluminum at concentrations greater, as well as less, than the 
equivalent supplies of phosphate, while another (Prince) was severely 
injured soon after germination even when the phosphate level was in 
excess of the equivalent aluminum concentration which was relatively 
harmless to the first variety. In this example the symptoms of injury were 
not those of phosphorus deficiency; but in beet and barley, aluminum 
induces phosphorus deficiency symptoms and also specific root injury in 
the form of apical hypertrophy and cell necrosis, leading to root distor
tion. The failure of lateral roots to emerge has been shown by Rees and 
Sidrak (175) for barley. In contrast to the phosphorus-antagonizing effect 
seen in barley, swedes (Brassica rapa) may be adequately supplied with 
phosphorus wholly as aluminum phosphate {172, 173). The mechanisms 
by which aluminum interferes in phosphorus metabolism in some plants 
but not in others and the reasons for the great differences in tolerance 
among species or varieties are unknown. Wright (176, 177) concluded 
that reaction between aluminum and phosphate occurred within the plant, 
especially in roots, and showed that when barley plants were grown with 
aluminum in the nutrient solution the amounts of phosphate extracted by 
dilute sulfuric acid (pH 3 . 0 ) were one-quarter or one-half those obtained 
from roots grown without phosphorus. When a sulfuric acid solution of 
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pH 1 was used, there was little difference between the two treatments, 
and the amounts extracted were nearly equal to the total phosphorus 
content of the plants. Wright and Donahue (178), by using radioactive 
phosphorus and by applying the property of aluminum as a hematoxylin 
mordant, showed that aluminum and phosphorus both accumulated in 
similar regions of roots, namely, on the surface and in cells between the 
epidermis and the endodermis. Wallihan (179) concluded that induced 
phosphorus deficiency did not account for the effects of aluminum toxic
ity. The wide differences in species tolerance to aluminum implied above 
is more clearly revealed when the aluminum accumulator plants are con
sidered. The reasons for the differences between these plants described 
by Chenery (180) and the nonaccumulatory types of low or high tolerance 
are unknown. An excellent review of early work on aluminum in plants 
was made by Hutchinson (181). Randall and Vose (181a) have now dis
tinguished two effects of aluminum on phosphate absorption by roots of 
rye grass. One is already well known as inhibitory. The other is inter
preted to be a metabolically dependent stimulation of phosphate uptake 
which occurs at low aluminum concentrations around 0.18 m l . They 
suggest that aluminum stimulates the activity of a cytochrome system 
which is involved in phosphate uptake by formation of high-energy 
phosphate bonds. However, it is feasible that the action of aluminum is 
in promoting the hydrolysis of such compounds at the inner surfaces of 
cell or vacuole membranes, and that the inhibition by cyanide of alumi
num-dependent phosphate uptake means only that the high-energy 
phosphate bonds are not produced in the first place. 

b. Alkali Metals. In higher plants, potassium is the only metal of this 
group for which universal evidence of essential requirement is available. 
It is possible that species adapted to saline habitats, e.g., Atnplex 
vesicaria and Halogeton glomeratus, also have an absolute requirement 
for sodium, as shown by Brownell and Wood (182) and Williams (183), 
respectively, and many species may benefit from sodium at low or normal 
levels of potassium (184). In a number of instances, however, lithium, 
sodium, and rubidium have been shown to affect growth and metabolism 
of plants in either beneficial or inhibitory ways. 

One of the simplest effects is presumably that of sodium at high con
centrations as an apparent antagonist of calcium, an effect which may 
occur in celery (Apium graveolens) at the stem apex, in sugar beet in 
young leaves, in cauliflower (Brassica oleracea var. Botrytis) in the 
flower stems, and in tomato in the fruit. The magnitude of this effect is 
dependent upon the associated anion and is greater with sulfate than with 
chloride. Hydration of the sodium ion may be a factor in inducing physio-
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logical water deficit independently of unfavorable effects of high osmotic 
pressure produced by high salt concentrations. Effects of salinity as an 
inhibitor of growth are well reviewed by Eaton (185) and Magistad 
(186), and effects of sodium on water content were studied by Richards 
and Shih (187, 188). 

More specific effects of alkali metals on growth have been described 
by Haas (189) and Aldrich, Vanselow, and Bradford (190) for lithium 
on Citrus, where marginal mottling of mature leaves is produced, and by 
Richards (191,192) for rubidium. Excess rubidium given to barley caused 
production of abnormally broad leaves, which were twisted, brittle, and 
had prominent midribs. Later and quite abruptly, leaf shape changed to 
a short narrow form, and color faded from deep-green to gray-green, 
while excessive tillering, representing the formation of up to 100 addi
tional stem meristems, occurred. Thus, rubidium could both partially 
replace potassium and produce toxic effects. There also appeared to be an 
interrelationship with phosphorus metabolism. The role of potassium in 
many phosphorylating systems in plants where rubidium is an alternative 
metal, e.g., in pyruvate kinase (193, 194), in acetic thiokinase (195), and 
in photosynthetic phosphorylation (196), provides a clue to this effect, 
since rubidium fully replaces potassium in the two enzyme systems and 
partially substitutes in photosynthetic phosphorylation but is inhibitory 
to the synthesis of protein by pea (Pisum sativum) ribosomes in vitro, 
where potassium is essential (197). The alkali metals also modify amino 
acid and amide patterns in a complex manner, as shown by Richards 
and Berner (198) and Coleman and Richards (199). Excessive concentra
tions of sodium or rubidium tended to reproduce the patterns produced 
by potassium deficiency, particularly with respect to amide accumulation, 
while at lower concentrations these metals partially or substantially 
restored the amino acid pattern to a normal state representative of an 
adequate potassium supply. In many respects lithium was unable to 
restore the abnormal pattern, particularly with respect to the accumula
tion of putrescine in barley and in the production of asparagine. These 
examples illustrate the complexity to be expected in studying inhibitory 
effects of alkali metals, which also possess beneficial functions when given 
at lower concentrations under potassium deficiency conditions. 

c. Boron. Boron is toxic to plants, probably as borate, when concentra
tions appreciably exceed those required for normal growth. The range of 
tolerance is very wide, as shown by the work of Eaton (200). Thus, Citrus 
was injured at 1 ppm of boron in culture solution, while turnip (B. rapa) 
and beet tolerated over 10 ppm. Other examples are given by Hewitt 
(184). Sunflower (Helianthus annuus) may show injury to older leaves 
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at levels producing optimum growth of young leaves {200). In many 
species, including walnut (Juglans regia), tomato, and potato (Solatium 
tuberosum), a pronounced blackening or dark rim occurs in margins of 
older leaves (184). The question of tolerance concerns internal physio
logical factors rather than accumulative capacity, since both musk melon 
(Cucumis sp.) and Zinnia show high accumulation but differ greatly in 
tolerance (200). 

The significance of boron toxicity in plants and whether this is related 
to its normal role are not yet clear. Borate ions materially affect the 
activity of the phenolase group of enzymes. This effect has been obtained 
consistently in experiments by Reed (201), MacVicar and Burris (202), 
Klein (203), Nason, Oldewurtel, and Propst {204), and Yasunobu and 
Norris (205). The effective concentrations which cause 50% or greater 
inhibition range from 10~~2 Μ for tomato polyphenol oxidase (202) to 
4 Χ Ι Ο - 3 Μ for dopa oxidation by tyrosinase (205). Yasunobu and 
Norris concluded that inhibition was competitive. The mechanism was 
considered to be due to the complex formation between borate ion and 
polyphenols (206) and was increased under high pH conditions. The 
interpretation of these results is complicated by the fact that enzyme 
production appears to be limited by the presence of increasing amounts 
of boron in the culture medium {203). Possibly, borate-phenol complexing 
in vivo suppresses enzyme induction, for it has been shown that under 
conditions of boron deficiency (207, 208), there is a marked accumulation 
of phenols, including caffeic and chlorogenic acids, which are polypheno-
lase substrates. Boron toxicity may therefore be related to suppression 
of enzyme synthesis as well as of activity. 

Borate ions also inhibit potato phoryphorylase, (209) and inhibition 
attains 50% at 5 Χ Ι Ο - 2 Μ B 0 3

_ . The complex formation between 
borate and polyhydryl compounds, including sugars, (206) is well known. 
A significant point, however, is the difference shown by the sugar phos
phate esters. Where the C-5 or C-6 alcoholic groups are esterified, e.g., 
ribose-5- or glucose-6-phosphates, borate complexes are formed, as judged 
by the retarding influence in chromatographic separations, while in the 
C-l position, e.g., glucose-l-phosphate, no such effect is observed. It 
might be anticipated, therefore, that borate ions may influence phosphate 
ester metabolism, though Dugger and Humphries (210) recorded no 
effect of borate on phosphoglucomutase, which catalyzes the interconver-
sion of glucose-6- and glucose-l-phosphates. Cohen (210a) found that 
borate modifies the equilibrium in the pentose isomerase system of 
E. coli; the proportion of D-ribulose produced from D-arabinose at equi
librium is increased from 15% to 70-90% by the presence of 0.1 Μ 
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concentration of borate. Pubols, Zahnley, and Axelrod (210b) observed 
a similar effect in the xylose isomerase system from higher plants, the 
equilibrium being shifted to the keto form from 20% without to 70% 
with 0.067 Μ borate. The over-all activity of the corresponding ribose 
isomerase system was, however, inhibited 85% by 0.03 Μ borate. It 
might be expected, therefore, that under certain circumstances the natural 
ratio of xylulose to ribulose would be greatly altered by changes in cell 
boron content with indirect effects on the production of xylulose phos
phate for which a kinase has been reported in plants 210b). 

d. Manganese, Cobalt, and Nickel. The relationships between the metals 
listed here and iron deficiency or chlorophyll synthesis have been dis
cussed separately. In addition to this specific effect, other toxic effects 
are observed; there is at present insufficient chemical or histological evi
dence to explain the precise nature of the interactions observed for most 
of the metals mentioned. The visible effects upon growth probably reflect 
secondary and complex effects which will not be considered here in detail. 
A few points, however, merit note. 

Manganese toxicity in plants (172-175, 211) often results in the appear
ance of numerous dark-brown necrotic areas, small or large, in leaves, 
petioles, and stems. Two possibilities may be involved. Cell death, which 
is commonly associated with this condition, might result in the liberation 
of phenols which are the substrates for browning reactions in the presence 
of the polyphenolase-tyrosinase enzyme systems. Alternatively, as cell 
death approaches, the latent phenolases might become active. In either 
case localized browning reactions would occur. I t has also been shown by 
the work of Kenten and Mann (109, 110) that manganese in contact with 
illuminated chloroplasts or absorbed in vivo by pea plants can be oxidized 
to higher valence states. It is not possible at present to state the precise 
nature of the products formed. In the presence of pyrophosphate, triva
lent mangani pyrophosphate accumulates, but M n 0 2 might be formed and 
would yield M n 3 + in the dismutation [Eq. ( 8 ) ] . 

M n 0 2 + Mn 2 + + 4 H + ±^ 2Mn 3 + + 2 H 2 0 (8) 

The chemical autoxidation of photoreduced riboflavin also provides a 
mechanism for the formation of M n 3 + in the presence of pyrophosphate 
and a monophenol cofactor (212). I t is significant that higher valence 
states of manganese could not be detected in other species [barley, 
tomato, Brussel sprouts (B. oleracea var. gemmifera) ] tested by Kenten 
and Mann (110) which also produce dark brown lesions with excess 
manganese (172,178,211). It is possible that both accumulation of higher 
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valence states of manganese and browning reactions account separately 
for the observed symptoms of manganese toxicity. 

The histological effects of cobalt and nickel excesses in oat were de
scribed by Vergnano and Hunter (213). Nickel caused agglutination of 
chloroplasts, followed by lysis of cell contents. Mesophyll cells collapsed 
and shrank to irregular masses or enlarged and burst, with colorless con
tents. Epidermal collapse followed these changes. Xylem development 
was weak, and phloem contained heavily staining inclusions. Cobalt 
caused somewhat similar changes, but cell rupture was infrequent, and 
xylem and phloem remained normal. Excess nickel may induce symptoms 
closely resembling manganese deficiency in potato and tomato but not in 
other plants (88, 128). Cobalt caused suppression of leaf lamina expan
sion in young leaves of tomato plants and induced lesions somewhat 
resembling manganese deficiency in older leaves. Ahmed and Twyman 
(214) observed a marked antagonism between cobalt and manganese in 
tomato and found that small additions of cobalt partially suppressed the 
effects of manganese excess. 

Further references to earlier literature on miscellaneous toxic effects of 
several elements, including aluminum, lithium, chromium, vanadium, 
cobalt, nickel, and titanium, are given by Koenig (123), Pfeiffer et al. 
(215), Brenchley (216-218), Haselhof et al. (219), Scharrer (220), 
Millikan (89, 90), Nicholas (95), and Forster (96). 

e. Vanadium and Molybdenum. Vanadium was found by Spencer (159) 
to be a specific and effective inhibitor at 1 0 ~ 3 Μ of nitrate reductase 
from wheat embryo. Vanadium toxicity might therefore be manifested as 
nitrate accumulation in some circumstances. Unpublished work by one of 
us (Hewitt) with G. Bond shows that vanadium and tungsten both inhibit 
growth of Alnus glutinosa when dependent on atmospheric nitrogen fixa
tion as a source of nitrogen under limiting conditions of molybdenum 
supply. Vanadium toxicity in flax, soybean, and pea was observed by 
Warington (125,126). The toxic concentration was between 1 and 10 ppm 
as VOCl 2. Primary roots of soybean plants were dwarfed, swollen, and 
gelatinous. Lateral root growth was suppressed, and excessive cork forma
tion occurred where splits developed in the surface. Foliage was initially 
abnormally dark-green and later chlorotic, as in iron deficiency and as 
was also found in sugar beet (86). The shoot color of flax was especially 
dark blue-green in those plants where chlorosis due to iron deficiency did 
not develop later, and leaves were erect against the stem axis (125, 126). 
Peas also showed slight chlorosis and abnormal thickening of the roots. 
Histological studies were not reported. 

Molybdenum toxicity is not commonly seen in plants, in contrast to the 
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effects described elsewhere for animals. Where high concentrations of 
molybdate have been given (89, 90, 125-127, 221-223), two types of 
response have been observed. One is the production of globules of golden-
yellow pigment in epidermal cells, as in flax, potato tubers, tomato leaves, 
and stems. Pigment was concluded by Warington (221) and Millikan 
(89) to be a molybdenum-tannin complex. It appears in root meriste-
matic cells of flax (89, 125, 126) and lettuce (Lactuca sativa) (222) at 
0.5 ppm molybdenum and in leaves at higher concentrations. The other 
common effect is the appearance of a deep-blue granular pigment. 
Warington (221) concluded that this was molybdenum-anthocyanin 
complex. It appears in tomato petioles, cauliflower leaves and stems (223) 
and leaf palisade cells of Solanum nodiflorum and is often located in cor
tex, epidermis, and parenchymatous cells. Warington (221) also observed 
a reduction of leaf lamina of tomato to almost only the midrib. Concen
trations of 0.5-5.0 ppm are usually involved, according to species and 
region, and the reactions may be detoxication mechanisms rather than 
evidence of an inhibitory relationship. 

Molybdate also interacts with the metals that induce iron deficiency, 
as already described, and, as noted above, the nature of the interaction 
may be complex or variable. It is clear from Warington's work (125, 126) 
that vanadium is more toxic than molybdenum on a weight basis and 
most probably also on a molecular weight basis. 

The effects of molybdate as an inhibitor of acid phosphatase are de
scribed later. 

/. Mercury, Lead, and Thallium. The cytological effects of mercury 
are most acutely shown in processes of cell division and growth. A study 
of inhibitory effect of phenylmercury compounds on cell division in 
onion (Allium cepa) root was described by Macfarlane (224) y and by 
Macfarlane, Schmock, and Miessing (225). The effective range was 
between 1 0 - 6 and 1 0 - 4 Μ for phenylmercury hydroxide when roots were 
immersed in the solution for 1 hour and then washed in tap water. Two 
concentrations were established for reference purposes, namely the "mini
mum lethal dose" for elongating (nondividing) cells, estimated to be 
3.4 X 1 0 ~ 6 Μ by Macfarlane, Schmock, and Miessing (225), and the 
"effective mitotic concentration" at which clumping of chromosomes 
occurred in meristematic cells, estimated to be 3.4 Χ 1 0 ~ 5 Μ (224) · The 
internal concentration at this level was estimated to be 8 X 1 0 ~ 7 M. 

At external concentrations below 2 χ 1 0 ~ 5 Μ the growth rate was 
accelerated, prophase and telophase stages were increased in frequency, 
and some chromosomal fragments and bridges appeared 24 hours later. 
At 2-5 Χ Ι Ο - 5 Μ concentrations subapical swelling occurred. Polynucle-
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ate cells appeared, and tetraploid nucleic were also present. Chromatids 
were sticky, and nuclei contained extra nucleoli, or nucleoli remained 
attached to the mitotic spindle. Concentrations of 3-8 Χ Ι Ο - 5 Μ inhibited 
spindle formation, and effects resembled colchicine-type mitosis with a 
blocked metaphase state followed by amitosis and tetraploid nuclei. 
Above 8 Χ Ι Ο - 5 Μ cell death occurred, chromosomes were clumped, and 
nucleoli were destroyed. Pycnosis occurred in the resting nucleus stage. 

The effects of these treatments were partially reversed (80%) by a 
23-fold excess of cysteine. Twofold excess of glutathione temporarily 
antagonized the effects on spindle formation, but radiomimetic effects of 
chromosome breakage still appeared after 24 hours. A hundredfold excess 
of glutathione reversed all effects of mercury, but there was a short lag 
period during which amitosis still occurred before the recovery of normal 
mitosis occurred, and occasional chromosome fractures still appeared 
after 24 hours. Macfarlane {226) concluded that mercury acted as an 
—SH poison, possibly on the succinoxidase system. Phenylmercury 
acetate ( Ι Ο - 6 Μ) caused 50% inhibition of onion root succinoxidase and 
led to reversible spindle inhibition and also irreversible polyploidy and 
radiomimetic effects. 

Elemental mercury in vapor form was shown by Zimmerman and 
Crocker and others [see Crocker (227) ] to be highly toxic to young peach 
seedlings and rose blooms; Crocker states that this response had been 
known for many years, since 1797. 

A recent and quite distinct observation of effects of mercury on coffee 
plants was reported by Bock, Robinson, and Chamberlain (228), who 
found that phenylmercury acetate sprays reduced the zinc content of the 
affected leaves of Caffea arabica from 14-30 pprn to 3.6-13 pprn and 
induced symptoms of zinc deficiency. Arsenic also has this effect. The 
mechanism is obscure and possibly complex. It is possible that zinc 
uptake depends upon temporary combination with —SH sites on root 
surfaces. 

Lead, which also forms sulfides readily, is relatively nontoxic to plant 
growth, but may nevertheless cause growth inhibitions. The subject has 
been reviewed by Keaton (229), and useful early work was described by 
Hammett (230-233) and Hammett and Justice (284, 285). 

The experiments reported by both these investigators and by several 
others show that lead accumulates in roots, where the toxic effects are 
most noticeable. Hammett (232) found that lead accumulated in nuclei 
of Zea, Allium, and Vicia root tips as well as along cell walls. Nucleoli 
also showed an affinity for lead. Hammett (238) found that lead at 0.125 
pprn, i.e., 6 X 10~ 7 Μ, in the nutrient medium caused an appreciable 
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decrease in mitosis in Zea root tips and caused a 75% decrease in Allium 
root tips. At 5 Χ 1 0 ~ 6 Μ the decrease was 98% in Zea, and at 2.5 X 
Ι Ο - 5 Μ it was 95% in Allium. Cell expansion was apparently not affected 
at these concentrations. Hammett and Justice (234) observed that lead 
was fixed by nuclei particularly during the process of mitosis, when affinity 
was greatly increased. Hammett and Justice (285) concluded from histo-
chemical tests that lead combined with free sulfhydryl groupings which 
appear during mitosis. Lead sodium thiosulfate, which is relatively un
ionized, was far less toxic than lead nitrate. 

Copper, which also forms compounds with sulfhydryl radicals, was 
found to accumulate in meristematic regions of mustard roots by D e Kock 
(99) and of Citrus roots by Smith (236). Copper also accumulated in the 
phloem regions (99), where sulfhydryl concentrations tend to be high. 

Thallium is toxic to plants (237), and tolerance differs among species. 
In comparative tests McCool (238) found that maize (corn) was killed 
by 8 ppm in sandy loam, while waxbean (Vicia sp.) was unaffected; 
70-100 ppm appeared to be the lethal concentration. Corn showed inter-
veinal chlorosis, and soybean, waxbean, and buckwheat showed vascular 
injury. Wheat and rye (Secale cereale) showed general chlorosis, and 
alfalfa (Medicago sativa) showed yellowing at leaf bases. McMurtrey 
(239) observed frenching of tobacco (Nicotiana tabacum) affected by 
thallium toxicity. Crafts (240, 241) observed thallium toxicity to oat. 
The growth of the coleoptile was less sensitive than that of the first leaf 
which was unable to grow. Chlorosis of mature leaves was considered to 
be a general though possibly secondary feature of thallium poisoning. 

Pratt, Babicka, and Polivkova (242) found that 27 ppm thallium was 
the threshold concentration in a culture solution for toxicity to oat and 
broad bean (Vicia faba). They concluded that cell division was the sensi
tive stage for thallium inhibition and that cell expansion was less affected. 
Premature maturity and differentiation of cells was observed. Primary 
roots developed necrotic areas, and secondary roots were suppressed. 

D. Animal Metabolism 

The principal disorders in animal metabolism ascribed to toxic or 
inhibitory effects of anions or cations are caused by selenium and molyb
denum. The effect of fluoride and some effects of excesses of manganese, 
zinc, copper, and cobalt are sometimes important and are noted here. 
Cyanogenic glycosides may also be poisonous. 
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1. S E L E N I U M 

a. Origin and Nature of Selenosis. Selenium toxicity in animals is well 
known in certain areas, especially in the cattle areas of North America 
(243, 244) and extremely locally in Eire (245), and is frequently related 
to soils derived from Cretaceous shales, e.g., in South Dakota, where 
Moxon (243, 246) has carried out classic investigations. The problems of 
uptake from seleniferous soils and from feeding on seleniferous plants, 
such as species of Astragalus, are outside the scope of this article. One 
point of some importance, however, is that selenium toxicity is approxi
mately the same regardless of whether the selenium is administered in an 
"assimilated" organic form, i.e., as seleniferous wheat grain, as selenate, 
as selenite, or as selenomethionine or selnocysteine (244, 247, 248). On 
the other hand, elemental selenium and selenopropionic acid are much less 
injurious. 

These observations indicate that the toxic action of selenium is related 
to chemical reactivity on one hand, e.g., selenate or selenite rather than 
as elemental selenium which is less readily absorbed and is relatively 
insoluble, and, on the other, to a specific type of combination of which 
the selenium analogues of thiol compounds seem to be the most likely 
examples since selenopropionic acid is not so effective. 

The symptoms of selenium poisoning in animals are complex and 
presumably the result of a syndrome originating in biochemical lesions 
which may be widespread in the animal. The principal effects have been 
described by Underwood (244), Moxon (248, 246), Moxon and Rhian 
(249), Trelease and Beath (250), Franke (251), Franke and Potter 
(252), and Franke and Tully (253). They comprise chronic and acute 
stages depending mainly on dosage but traditionally described as "alkali 
disease" and "blind staggers," respectively. 

One of the characteristic symptoms of chronic selenium toxicity in 
horses, cattle, and pigs is the abnormality in epidermal tissues, particu
larly abnormality related to keratin development, as shown by loss of 
hair, especially long hair of mane and tail, soreness of pads, roughening 
of the coat, and corrugation and sloughing of hoofs. Erosion of joints in 
long bones is revealed in stiffness and lameness. Atrophy of the liver, with 
cirrhosis, and atrophy of heart muscles also occur. In acute cases, blind
ness, paralysis, and respiratory failure are the characteristic manifesta
tions of metabolic disturbance. In chick embryos, Franke et al. (254) 
have found that injection of selenium salts into eggs or feeding highly 
seleniferous grain causes the production of monstrosities, indicating a 
biochemical effect at very early stages of development. Here again, how
ever, the visible effects included abnormal feathers, deformed beaks, 
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and lack of eyes, indicative of disturbance in keratin and epidermal 
metabolism. 

b. Possible Mechanisms of Toxicity. The mechanism of selenium tox
icity is not understood. The formation of selenium analogues of thiol 
compounds, e.g., selenomethionine, selenocysteine, and others, indicates a 
possible means of inhibition similar to the mechanism whereby azagua-
nine, or p-fluorophenylalanine, or methyltryptophan interferes in the 
synthesis of nucleic acids or proteins. Selenium-containing proteins have 
been inferred as being present in seleniferous wheat by Painter and 
Franke {255) and in tissues of rats and dogs fed selenium by McConnell, 
Roth, and Dallam (256); but, whereas animals are readily affected, 
plants are much less susceptible, and a general explanation on these lines 
is not entirely satisfactory unless it is assumed that partial substitution 
in plant proteins, especially of accumulator species, is not inhibitory to 
normal metabolism. 

An alternative or additional possibility concerns the action of several 
selenoamino acids, including especially selenomethionine as antioxidants, 
as shown by Zalkin, Tappel and Jordan (256a) and by Olcott, Brown, 
and Van der Veen (257). Zalkin et al. (256a) were able to reproduce 
antioxidant effects related to selenium ingestion in vivo as well as in vitro 
in chicks. Peroxide formation in relation to hemoglobin-catalyzed oxida
tion of linoleic acid was completely suppressed by selenomethionine plus 
phenylselenoglycine and α-tocopherol, while each alone was much less 
effective. The mechanism was suggested to involve free radical formation 
where the selenium atom is more stable than the smaller sulfur atom. 
Olcott et al. (257) concluded that selenomethionine was first oxidized to 
an unknown derivative (which could be the free radical) before exerting 
its antioxidant function. 

I t would not be surprising if the presence of excess selenium resulted in 
a serious disturbance of oxidation-reduction systems normally dependent 
on thiols or possibly on other reactions where antioxidant action might 
alter the redox potential or lead to respiratory failure, apparent anaero-
biosis, or other pathological conditions. The abnormally low levels of 
ascorbic acid observed in instances of selenium toxicity might reflect 
increased oxidation through other channels, which are not inhibited by 
selenium. 

The function of organic arsenicals, arsenate, or arsenite as inhibitors 
of thiol metabolism, discussed in Chapter 26, may be relevant to the prob
lem of selenium toxicity. Arsenic in all these forms has been found to act 
as a partial antidote to selenium poisoning (248). Although the idea of 
arsenie-selenium combination was not considered a likely explanation 
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of the effect, the combination of arsenicals with thiol groups could well 
be parallelled by combination with HSe— groups which would in con
sequence be inactivated equally well if active either as —SH analogues 
or as free radical-forming antioxidants. 

2. M O L Y B D E N U M 

a. Nature of Disorder. Molybdenosis or molybdenum toxicity in ani
mals was first identified by Ferguson, Lewis, and Watson {258, 258a) as 
the cause of the scouring disorder of cattle known as "teart" in England 
and since identified elsewhere (259). Cunningham (260) identified a 
similar condition under the name of "peat scours," where a low copper 
status is also involved. Excess of dietary molybdenum uptake from 
herbage, especially when containing legumes, is the primary cause, but 
the disorder has complex aspects. 

The symptoms of molybdenum toxicity vary with the animal con
cerned, and tolerance also differs greatly. Horses and pigs are relatively 
tolerant and do not normally show effects of molybdenum excess. Cattle 
are the most sensitive; sheep, rabbits, and rats are also relatively sus
ceptible. Symptoms in cattle include scouring, harshness and discoloration 
of the coat, and finally anemia. The scouring may occur within 24 hours 
of animals grazing severely "teart" pastures. Young rabbits suffer from 
anemia, alopecia, and deformity of the front legs but do not show loss 
of hair color which is associated with the other symptoms described 
under conditions of copper deficiency. 

b. Interrelationships with Copper and Sulfur. The mechanism of mo
lybdenum toxicity is not understood. It has been shown quite clearly 
from the work of Ferguson et al. (258), Marston (261), Cunningham 
(262), Comar, Singer, and Davis (263), Davis (264), Dick (259), Gray 
and Ellis (265), Gray and Daniel (266), and Arrington and Davis (267) 
that copper administered orally or subcutaneously counteracts molyb
denum excess and that the two elements are mutually antagonistic in 
effects on metabolism and physiology. The interaction between molyb
denum and copper is apparent over a wide range of concentrations, and 
this is reflected under field conditions in two ways. In "teart" disorders, 
excess molybdenum is the causal agent, and the condition is counteracted 
by giving high doses of copper. In peat scours, incipient copper deficiency 
is the principal condition; it is accentuated or induced beyond the thresh
old by only moderate increases in molybdenum intake and is counteracted 
by normal copper fertilizing of the pastures. 

The molybdate antagonism of copper metabolism is complicated by 
the presence of sulfate; this relationship was discovered by Dick (268, 



29. CATIONS AND ANIONS 353 

269), working on sheep, and has been fully described by him (259) in the 
following manner. Sulfate intake determines the distribution of molyb
denum between blood plasma and red cells. Sulfate depresses molybdenum 
uptake into red cells but not into the plasma, and sulfate uptake causes 
the depletion of molybdenum from red cells but not from plasma. Sulfate 
intake also causes the increased excretion of molybdenum and its deple
tion from all tissues and organs except the excretory organ, i.e. kidney. 
Selenate, tungstate, silicate, and phosphate do not have this effect. 

At very low sulfate levels, no effect of molybdate could be detected 
over a wide range on blood copper in sheep. As sulfate levels were raised, 
there was a pronounced and rapid increase in blood copper concentrations 
with increased molybdate intake; these changes were due to increasing 
levels in the plasma copper. After prolonged periods the content of copper 
in the blood falls again to levels associated with copper deficiency. During 
the period of a few days when there is an initial rise in blood copper and 
during the intermediate period when equilibrium values are attained, 
there is a marked fall in the content of copper stored in the liver, as the 
result of high molybdate and high sulfate intakes. Prolonged periods 
of this combined treatment lead eventually after several months to 
symptoms of copper deficiency. 

The appearance of the wool provides a sensitive and almost immediate 
indication of changes in sulfate/molybdenum/copper balance. Thus, 
sudden addition of high sulfate (5-10 gm/day) and high molybdate 
(100 mg/day) lead to the immediate appearance of a band of "steely 
wool" in the fleece and an associated high blood copper level. When sheep 
were maintained with 6 mg/day of molybdenum and 4 gm/day of sulfate 
and a similar copper intake of 6 mg/day, copper deficiency and steely 
wool appeared only after 11 months and were associated with low blood 
copper content and depletion of copper reserves of the liver. 

Dick (259) concluded that the effect of sulfate is to antagonize the 
transport of molybdenum across membranes, thus preventing intestinal 
absorption, transfer from plasma to red cells, and reabsorption through 
the kidney tubules after excretion by the ultrafiltration mechanism of the 
glomerulus. He also postulated that, by impeding molybdenum movement 
through membranes, the movement of copper was also restricted. Al
though the evidence from the complex interaction among the three factors 
is compatible with this view, it is not supported by direct experimental 
observations. In fact, the rapid development of the lesion in the fleece, 
with simultaneous rise of blood copper, might be more compatible with a 
more direct biochemical mechanism, e.g., some aspect of a copper-thiol 
reaction involved in disulfide bonding of keratin in the wool. 
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There is now evidence that molybdenosis involves sulfide or thiol 
metabolism. Gray and Daniel (266) found that methionine counteracts 
molybdenum toxicity in the rat, and Daniel and Gray (270) observed a 
similar interaction between molybdenum and growth of L. leichmanii. 
This work led Van Reen and Williams (271) to suggest that the effects of 
methionine and other sulfur compounds might be due to effects of sulfate 
produced after their oxidation in the tissues. Ramaiah and Shanmugasun-
drum (271a) likewise found in N. crassa that cysteine, methionine, homo
cysteine, thiosulfate, or sulfate reversed molybdenum toxicity, but 
concluded that the effect of molybdenum was to inhibit the assimilation 
of sulfate to the thiol compounds. In this connection, molybdenum may 
inhibit sulfate activation by ATP (526a) (see Section III,C,2,h). 

Mills and associates (272) suggested on the basis of such results, the 
work of Dick (259), and the abnormally high activity of liver alkaline 
phosphatase described by Van Reen (273), which they also confirmed, 
that two distinct aspects of molybdenum-sulfur interactions are con
cerned. One is the antagonism between sulfate and molybdenum in trans
port or permeability postulated by Dick (259), and the other is a more 
direct enzymic effect. Mills et al. (272) discovered that molybdenum 
produced a drastic decrease in sulfide oxidase activity in rat liver prepa
rations. Halverson, Phifer, and Monty (274) suggested that this discovery 
might provide a biochemical basis for explaining molybdenum toxicity. 
Mills et al. (272) pointed out that sulfide is a normal product of sulfate 
metabolism in ruminants and that a failure to detoxicate sulfide might 
result from molybdenum excess. Sulfide toxicity might be revealed in 
several ways but has not been identified in a clinical sense as a result of 
molybdenosis. Halverson et al. (274) considered that the molybdenum-
sulfate-copper effect might be due to immobilization of copper as sulfide 
as envisaged by Monty (272, 274). In this connection Mills [private 
communication and (275)] has shown that sulfide toxicity to rats is 
accentuated by molybdenum. Work by Ichihara (see 272) shows that 
sulfide oxidase requires copper as a cofactor and is also dependent in some 
way on hypoxanthine. 

This interesting observation naturally led Mills et al. (272) to test the 
effects of molybdenum on the hypoxanthine content of rat liver, since 
molybdenum activates xanthine oxidase of liver, as noted later. No 
appreciable differences were found, however, and there was no difference 
in uricase activity. This is also a copper-containing metalloenzyme, and 
its substrate is the product of xanthine oxidase activity. These associa
tions are, however, still suggestive of a basis for molybdenum-copper-
sulfide interactions at a biochemical level. Mills (private communication) 
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has summarized the relationships in the following way for the rat. High 
dietary copper maintains high sulfide oxidase activity and also minimizes 
copper immobilization as sulfide. High sulfide oxidase results in high 
endogenous sulfate, which antagonizes molybdenum accumulation in the 
liver. This balance (namely, high sulfide-sulfate transformation) there
fore maintains a normal Cu/Mo status. If the molybdenum uptake is 
increased, sulfide oxidase is depressed, copper may possibly be immo
bilized, sulfate production is decreased, and molybdenum accumulation 
progresses. The situation therefore deteriorates in a self-induced manner 
as sulfide accumulates. 

The accentuated copper deficiency induced by dietary sulfate in 
ruminants [259) and the apparently opposite effect of methionine in rats 
(266) and bacteria (270), the increased sulfide sensitivity of rats given 
molybdate (275), and the prevention by sulfate of molybdenum accumu
lation in ruminants (259) and in liver, particularly in rats (Mills, private 
communication), collectively pose some apparent anomalies. A clue to 
the problem may lie in the observations of Halverson et al. (274) - They 
found that although "cysteine" (? oxidized or reduced) promoted initially 
increased growth of molybdenum-poisoned rats when fed a low copper 
diet, "cystine" finally resulted in decreased hemoglobin, increased diar
rhea, and greater mortality. B y comparison, sulfate resulted in a greater 
growth stimulation, less anemia, and no diarrhea or mortality. In the 
presence of a higher copper intake cystine completely counteracted 
molybdenum excess. The role of cystine was considered to be that of 
producing dietary sulfide. Siegal and Monty (275a) found that the addi
tion of sulfate to diets containing excess molybdate resulted in a restora
tion of liver sulfide oxidase of rats within 15 days of the change. Cystine 
caused a rapid further decrease in 2 days, followed by a stabilization of 
the value which was eventually equalled in livers of rats maintained on 
the original high molybdate diet. They attributed the effect of molybdate 
on sulfide oxidase to that of decreased food intake. 

I t seems possible that the effects of sulfate, cystine, and thiol com
pounds on the molybdenum-copper balance will depend on the extent to 
which sulfates are converted either to thiol compounds or to free sulfide 
in different species, and on the dietary copper level. In rats the first 
reaction may be more important, and in ruminants the second may pre
dominate. If sulfide oxidase is very active, the sulfate effect may be 
mainly the antagonizing of molybdenum uptake or accumulation, but if 
sulfate reduction exceeds sulfide oxidation, copper deficiency may occur. 

I t is possible to envisage other interactions between molybdenum and 
copper on an enzymic basis. Work with N. crassa by Nicholas and Com-
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missiong (276) showed that copper is able to reverse the competitive 
inhibition of molybdate on acid phosphatase, which is probably of general 
significance (277-279), and also has an opposite effect to molybdenum on 
cytochrome oxidase. There was no inhibition of alkaline phosphatase 
(276). This difference was considered to be due to the instability of 
molybdenum-phosphate complexes at high pH values. The marked in
crease in alkaline phosphatase activity in rat liver produced by molyb
denum excess (273) could be a response to inhibited acid phosphatase 
activity. 

Finally, the significance of molybdenum in xanthine oxidase activity 
may be reconsidered. The presence of molybdenum in liver xanthine and 
aldehyde oxidases is well known. So far, the activity of these enzymes 
has not been implicated in explanations of molybdenum toxicity. It is 
possibly relevant that the activity of xanthine oxidase of milk increases 
in activity over a wide range of molybdenum concentration up to a rate 
of about 500 atoms Mo/enzyme moleaule (280), and molybdate is known 
as the liver "xanthine oxidase factor," which is required for normal 
activity. The enzyme, which is versatile and somewhat nonspecific in its 
functions, leads to the production of hydrogen peroxide in reactions where 
oxygen is the terminal electron acceptor. Aldehyde oxidase also yields 
hydrogen peroxide. Excessive xanthine and aldehyde oxidase activities 
might not be particularly injurious for this reason, owing to the very high 
catalase activity of liver. However, xanthine oxidase also rapidly oxidizes 
sulfite to sulfate in the presence of catalytic amounts of hypoxanthine by 
a coupled oxidation elucidated by Fridovich and Handler (281). I t is of 
speculative interest whether this reaction is related to the interactions be
tween copper and molybdenum. Kun and Fanshier (282) discovered that 
the β-mercaptopyruvate-cleaving enzyme is a copper protein from which 
the copper is relatively easily dissociated. This enzyme catalyzes the 
transfer of sulfur from β-mercaptopyruvate ( H S — C H = C ( O H ) C O O H ) , 
but not from cysteine, to a sulfur acceptor for which sulfite serves effec
tively to produce thiosulfate. In the absence of the acceptor (sulfite) a 
"half-reaction" occurs with the formation of H 2 S. Other mercapto deriva
tives might be metabolized in vivo. As xanthine oxidase oxidizes sulfite 
and its activity is proportional to molybdenum supply, molybdenum 
excess might cause a depression of available sulfite and a resulting accu
mulation of H 2 S. This could immobilize both copper in the enzyme and 
copper required elsewhere, and also inhibit sulfide oxidase by this means. 
Hydrogen sulfide is directly inhibitory to the cleaving enzyme. The 
system would therefore develop into a self-inhibiting system additive 
and similar to that already proposed for the depression of sulfide oxi-
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dase, which incidentally was measured as thiosulfate formation (272). 
Iehihara's observation (272) that hypoxanthine is required for sulfide 
oxidase activity may be related to the work of Kun and Fanshier (282) 
and Fridovich and Handler (281). There is a third mechanism directly 
related to the previous one just described which may also contribute to 
the effects of molybdenum toxicity in certain circumstances. The enzvme 
rhodanese, which is widely distributed in animal tissues, was shown by 
Sorbo (283) to catalyze the conversion of cyanide to thiocyanate, proba
bly as a natural detoxicating mechanism. This reaction depends upon 
the presence of thiosulfate. 

C N " + S 2 0 3

2 - - » C N S " + S 0 3

2 " ( 9 ) 

Now thiosulfate is formed during sulfide oxidation and during β-mer-
captopyruvate cleavage, and both reactions would be (or are known to 
be) depressed by molybdenum activation of xanthine oxidase. Under 
these conditions cyanide liberated from glycosides and nitriles might 
attain toxic concentrations. It is possibly significant that cyanide toxicity 
is treated by sulfur or cysteine therapy with rapid production of thio
cyanate in liver, according to Blackley and Coop (284), and that Coop 
(285) has noted that clovers which carry much of the excess molybdenum 
are also rich in cyanogenic glycosides. 

3. O T H E R E L E M E N T S 

a. Cobalt. Cobalt excess is relatively unusual in animals; and by 
comparison with the drastic effects described for plants, relatively high 
levels of intake are required to produce toxic effects. Cobalt toxicity, when 
it occurs, results initially in polycythemia or excess red blood cell produc
tion, first recognized as a response to high cobalt intake by Waltner and 
Waltner (286), and is a widely observed effect in many species (287). 
This might reflect merely an accentuation or extension of the process by 
which cobalt therapy reverses anemia. Higher levels of cobalt of about 
4-10 mg/kg body weight may induce an anemia. The possible mecha
nisms by which cobalt might induce polycythemia have been discussed by 
Underwood (244) · No clear evidence of the mechanism is yet available, 
but Underwood favoured the idea that formation of cobalt complexes 
with those thiol-containing amino acids which may reverse effects of 
cobalt (288) was a likely explanation of respiratory interference asso
ciated with cobalt toxicity. Cobalt-induced polycythemia is apparently 
similar to high altitude polycythemia, and this suggests that oxygen 
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shortage is a possible factor. Cobalt forms complexes with several com
pounds which are able to absorb and give up molecular oxygen reversibly. 
This reaction was first discovered by Calvin, Bailes, and Wilmarth (289) 
and Burk, Hearson, Caroline, and Shade (290). Burk et al. (290) showed 
that histidine, which is known to chelate cobalt strongly, forms a reversi
bly oxygenated complex, but this also undergoes further irreversible 
reaction with oxygen. Gilbert, Otey, and Price (291) found that several 
peptides also form complexes with cobalt which are able to undergo 
reversible oxygenation and do not apparently suffer secondary changes 
like the histidine complex. I t is possible that these compounds interfere 
with the normal transfer of molecular oxygen by hemoglobin and lead to 
local anoxia. Histidine might be able to counteract cobalt excess because 
the oxygen reaction is not continuously reversible and cobalt would be 
immobilized. 

A second possibility for a cobalt toxicity mechanism is the reaction of 
cobalt with the protoporphyrin metal-inserting enzyme described by 
Labbe and Hubbard (136, 148). It has been shown that cobalt is inserted 
nearly as well as iron into protoporphyrin and some aspect of hem 
metabolism may be involved when excess cobalt is present. Underwood 
(244) noted, however, that no cobalt methemoglobin is detected in cobalt-
induced polycythemia and hemoglobin is apparently normal. 

b. Copper. Chronie copper toxicity is known as an endemic condition 
in sheep in Australia. A full description of the condition under which 
copper toxicity occurs and the symptoms that result have been given by 
Bull (292). Merino sheep are more resistant than English breeds. Chronic 
copper poisoning which occurs on soils rich in available copper probably 
reflects effects of prolonged intake of excessive amounts of copper from 
herbage. Cases also occur where prolonged Bordeaux spraying has been 
carried out. In other soils, chronic copper poisoning is not clearly related 
to soil copper or herbage copper, and there is a distinct seasonal effect. 
Bull (292) reached the conclusion that the high copper/molybdenum 
ratio associated with subterranean clover grown in acidic pastures was an 
important factor. The Cu/Mo ratio in clover and feces also rose sharply 
from 10-20 in May to 400-600 in October in these two types of samples. 
A third condition related to copper toxicity is associated with consump
tion of Heliotropium europaeum. In many instances the liver appears to 
show an increased capacity for copper storage when heliotrope poisoning 
occurs, and symptoms of chronic copper poisoning are often associated 
with this condition. Copper toxicity results in sudden hemolysis—the 
"hemolytic crisis" associated with liver necrosis, and death. The high 
copper/molybdenum ratio may determine the extent to which the liver 
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stores copper, and this seems to be a major factor in the disorder. Bull 
concluded that the concentration of soluble copper was the determining 
factor. There appears to be a reciprocal relationship between molybdenum 
and copper, but in molybdenosis the high copper concentrations that 
occur in blood and other tissues when high sulfate is given indicate an 
immobilization of copper. It might be, therefore, that copper toxicity and 
induced deficiency reflect the controlling effect of molybdenum on copper 
availability. Mills (private communication) queried whether molybde
num may mediate copper incorporation into protein as a nonavailable 
form. 

c. Zinc. Zinc toxicity is not common in animals. Experimentally in
duced zinc poisoning in rats was described by Sutton and Nelson {293). 
Up to 0.5% zinc in the diet was necessary to produce symptoms which 
include loss of appetite and anemia. This is microcytic and hypochromic 
according to Smith and Larson (294). Van Reen (295) showed that there 
is some evidence that zinc toxicity resembles copper deficiency with re
spect to the anemia, decreased cytochrome oxidase, and to a lesser extent 
catalase which are also depressed by simple copper deficiency (296, 297). 
The depressed activity of the hemoproteins is restored by increasing the 
level of dietary copper uptake in either condition. Zinc excess resembles 
molybdenum excess in inducing an abnormally high activity of liver 
alkaline phosphatase (295, 298). At the same time there is a decrease in 
intestinal phosphatase (298), which is associated with decreased phos
phate absorption and poor mineralization of bone (299). 

d. Manganese. Manganese poisoning is rare in animals (244) as com
pared with plants. A possible connection with lactation tetany has been 
suspected by Blakemore, Nicholson, and Stewart (300). They observed 
that in certain areas where lactation tetany is prevalent there is a tend
ency for manganese uptake to be high because of high manganese accumu
lation by herbage plants growing on acid soils. Under these conditions the 
concentrations in serum of magnesium are low and of manganese, high. 
Feeding manganese results in a depression of serum magnesium con
centration (301). Antagonism of magnesium and manganese has been 
observed in plants (Hewitt, unpublished) and is noted later in connec
tion with a few enzyme systems. 

Excess manganese was found by Matrone, Hartman, and Clawson 
(302) and Hartman, Matrone, and Wise (303) to depress hemoglobin 
formation in pigs, lambs, and rabbits. The conversion of ferrous iron to 
an unavailable form or antagonism of oxidation and reduction of iron 
in an enzyme was suggested as a possible reason. The work of Labbe and 



360 Ε. J. HEWITT AND D. J. D. NICHOLAS 

Hubbard (136, 143) may be more relevant to this finding, since manga
nese was found to be a powerful competitive inhibitor of the enzyme 
which inserts iron into protoporphyrin; however, manganese is inserted 
at a very slow rate. A concentration in vitro of 5 X 1 0 ~ 5 Μ M n 2 + , which 
would approximate to 2.75 ppm fresh weight, inhibits the activity by 
50%. 

e. Fluorine. Endemic chronic fluorosis, in mammals particularly, occurs 
to varying degrees and is found in India, Australia (Queensland) (304), 
North America, and North Africa. Water and certain rock phosphates 
are the main sources. The bones and teeth are principally affected and 
show the greatest accumulation. The subject, which is extensive, is fully 
discussed by Underwood (244) > and many aspects are not relevant to 
this chapter. 

The association between fluorine and bones is possibly due to the 
affinity of fluorine to form a complex fluoroapatite. The reaction of 
fluorine with dental enamel occurs during deposition and does not occur 
in preformed teeth after emergence. In both teeth and bones the adsorp
tion of fluorine onto hydroxyapatite has been shown by Volker et al. 
(305) to obey the Freundlich adsorption isotherm. White (304) stated 
that the fluorosis resembled calcium deficiency in bone structure, but 
Harvey (306) showed that the fluorosis was not reversed by giving extra 
calcium. It appears that the calcification is impaired in fluorosis of teeth, 
since Williams (307) earlier showed that fluorine impaired calcification 
of the enamel rods and of the interprismatic cement. Similarly, Robison 
and Rosenheim (307a) showed that calcification of cartilage in vitro in 
the presence of calcium and glycerophosphate was totally inhibited by 
1 0 ~ 4 Μ fluoride and that fluorine was still inhibitory at Ι Ο - 5 M, while 
glycerophosphatase was not inhibited at much higher concentrations. The 
relationships between fluorine inhibition of calcification and bone phos
phatase are obscure (244) · The enzymic effects of fluorine are described 
later. 

/. Boron in Animal Metabolism. Borate toxicity in animal metabolism 
is not widely important. The limited literature on the subject is reviewed 
by Underwood (244), who pointed out that the excretion eliminates most 
of the boron absorbed. One of the main effects reported by Pfeiffer, 
Hallman, and Gersh (807b) is the injury to the brain tissues, where boron 
accumulates in white and gray matter of the central nervous system. 

The pathological changes include increased numbers of small cells with 
dark, round or irregular nuclei. Shrinkage and vacuolation occur in the 
nerve cells of the spinal cord, and kidney cells are damaged. 
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III. ENZYMIC INTERACTIONS 

A. Gene ra l Effects of Cations a n d Anions 

Before considering how cations and anions exert inhibitory effects on 
enzyme activity, it is convenient to review briefly the ways in which 
anions and cations react with proteins and then to relate these inter
actions with enzyme activity. 

Most enzymes are markedly affected by salt concentrations. The 
amount of protein in solution is often a function of the total concentration 
and type of cation and anion. In general, proteins may be extracted from 
tissues at neutral or slightly alkaline pH values, preferably in buffered 
solutions with an ionic strength not exceeding 0.15 Μ sodium chloride. 
When using microorganisms from a marine environment, their disruption 
is readily achieved by suspending them in distilled water. I t is usually 
necessary to add a buffered salt solution after cell breakage to maintain 
the activity of the enzymes. 

A considerable selectivity of the type of enzyme extracted is achieved 
by a judicious choice of cations and anions, especially by varying their 
ratios. It is well known that salt linkages and hydrogen bonds may be 
largely dissociated by salts with univalent cations and multivalent 
anions. The solvent action of cations on proteins diminishes in the order 
Li+ > K + > N a + , and of anions in the order P 2 0 7

4 ~ > B 4 0 7

4 - > 
P 0 4

3 - > C N S ~ > H C 0 3 - > I " > C I - at neutral or alkaline pH, and 
in the acid range citrate > acetate {308). Morton (308) considers that 
the most useful salt solutions for separation of enzymes in a heart muscle 
mince, in order of increasing effectiveness are 0.15 Μ sodium chloride, 
0.02 or 0.05 Μ potassium phosphate buffer, 0.02 or 0.05 Μ sodium pyro
phosphate buffer at pH 7.4-7.8, and for the acid range 0.02 Μ sodium 
citrate buffer at pH 5.5. Pyrophosphate buffer is recommended for ex
traction of some enzymes since (a) it buffers over a wide pH range 
(pKas = 6.54, pKa4 = 8.44), (b) it effectively dissociates hydrogen bonds 
and salt linkages, (c) it chelates many cations that might inhibit enzyme 
activity, e.g. Cu++, and (d) it has a specific protective effect on some 
enzymes, e.g., succinic dehydrogenase. A t p H values below 6, citrate buffer 
has similar advantages to pyrophosphate, and in addition it strongly 
chelates calcium ions (308). An unusual effect of an anion was shown by 
Astrup and Stage (309) when 1 Μ thiocyanate was used for preparation 
of fibrinokinase from pig heart mince, presumably because of its marked 
dissociation effect on salt linkages. 
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In addition to dissociation by weakening electrostatic and hydrogen 
bonds, salts can stabilize extraction of enzymes by chelating with toxic 
metals. Thus, pyrophosphate and tris buffers are useful for this purpose, 
as are additions of Na E D T A and glutathione or cysteine to phosphate 
buffers. These chelate with free metals and prevent them from inhibiting 
enzymes. A good example is the use of Na E D T A and glutathione to offset 
inhibition by free copper ions of nitrate reductase extracted from bacteria, 
fungi, and green plants (23, 23a, 24). 

Many metal-protein complexes are insoluble, and the addition of 
glycine and glycylglycine has been used to get them into solution {310). 
Neuberg and Mandl {311) have exploited the fact that ATP forms 
chelates with metals and that this facilitates solution of metal-protein 
complexes. An excess of calcium ions removed from casein by either 
citrate or Versene will allow it to dissolve in buffer solutions. Since pro
teins are large charged molecules they are affected by salt concentrations. 
Thus, small amounts of ions shield protein molecules from each other by 
coming between opposing charges, thus increasing solubility. This is often 
termed "salting in" of proteins. High concentrations of salts, however, 
decrease solubility of proteins; thus, a "salting out" occurs due to the 
dehydration of the protein molecule, but the salt effect is not well under
stood. I t is known that slight changes in groups attached to the iron atoms 
markedly affect the solubility of hemoglobins; even a change in the 
valence state of iron atoms change the amounts of dissolved protein. 

The classic work of Hardy {312) and Mellanby (313) with serum glob
ulin, and of Osborne and Harris (314) with edestin showed that globulins 
were relatively insoluble at their isoelectric points and that their 
solubility increased on adding salt. Mellanby (813) recognized that 
solution of globulin by neutral salt was due to forces exerted by its free 
ions. Ions with equal valences, whether positive or negative, were equally 
efficient. All proteins have a minimum solubility at their isoelectric points 
in solutes of constant ionic strength. At low concentrations of electrolyte 
or in the absence of electrolyte some proteins are still insoluble, e.g., 
edestin and muscle phosphorylase. Since the majority of proteins become 
insoluble in the complete absence of an electrolyte, they are denatured. 
Green and Hughes (315) pointed out that should two proteins have the 
same isoelectric point and should one be more soluble at an electrolyte 
concentration just low enough to precipitate most of it, then lowering 
the electrolyte concentration by dialysis or by dilution will precipitate 
the second protein. Heavy metals, e.g., zinc or mercury, are also effective 
as protein precipitants. 

The decrease in the logarithm of the solubility of a protein is a linear 
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function of the increasing ionic strength, where the latter is defined as 
the square of the valence of the ions of the electrolyte [Eq. (10)] 

Log S = - Ks'u (10) 

where S is the solubility of the protein; Ks' is the intercept constant 
(slope of line), salting-out constant; and u is the ionic strength of 
salt/1000 gm water. 

In general, univalent salts are relatively ineffective in precipitating 
proteins. Salts of high valence produce much higher ionic strengths and 
are effective precipitants. 

B. Activation a n d Inhibition of Enzymes by Cations 

Notable publications that deal with metal-dependent enzymes are those 
of Lehninger (316), Calvin (817), Klotz (818), and Najjar (819). They 
have discussed the physicochemical properties of activating ions and the 
way in which they might be linked with active groups on proteins. Smith 
(320) has considered metal activation mechanisms for peptidases, and 
Lardy (821) has described the stimulatory effects of M n + + and M g + + 
and other ions in phosphorylation. McElroy (822) and McElroy and 
Nason (323) have reviewed the general problem of multiple metal effects 
on enzyme systems. Hewitt (111, 324, 824a, 825) and Nicholas (10, 
326-828) have also considered the metabolism of micronutrients and their 
mode of action in plants and microorganisms. 

The concept that metal catalysis of enzyme systems was due solely 
to the inherent chemical properties of the metal was based on early 
observations that metals alone react with enzyme substrates. Thus, Cu 2 + 
ions oxidize ascorbic acid, and iron catalyzes the decomposition of hydro
gen peroxide. It was soon found, however, that metals did not react 
readily with substrates unless the enzyme protein was present, and even 
those that did were far more active in association with enzymes, e.g., 
copper in ascorbic acid oxidase and iron in hemperoxidase. Copper and 
nonspecific proteins also catalyze the oxidation of ascorbic acid. Heller
man and Stock (329) and Smith (320) proposed that the metal links 
substrate to the enzyme by chelation, thus acting as a bridge bringing the 
two into close proximity for their interreaction. Najjar (319) has pre
sented another hypothesis, that the metal combines with the substrate to 
form the "true active" substrate for the enzyme. He proposed that the 
metal of the substrate complex links it to the protein. This idea is of 
interest when considering multiple ion effects on enzymes. Provided an 
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ion can combine with the substrate and orient it onto the enzyme, substi
tution of one metal by another for enzyme action should be feasible. This 
could explain the alternative metal requirements for certain enzymes and 
for the possible inhibition by a metal that occupies the active site but 
cannot bind substrate to protein. Examples of enzymes that are activated 
and inhibited by cations will now be considered. These include relation
ships between dissociable metal-activated enzymes and concentrations of 
the activating metal, and inhibition by nonactivating cations. 

1. M E T A L ACTIVATION A N D I N H I B I T I O N P A T T E R N S 

a. Alternative Activating Metals. A number of enzymes are activated 
by more than one metal and are sometimes inhibited by concentrations 
of activating metals above the optimum for maximum activity. Patterns 
of metal activation and inhibition in several enzymes activated by mag
nesium or manganese as alternatives in dissociable systems were classified 
by Hewitt {325). Some examples are illustrated in Figs. 7-9. Figure 7 
shows the patterns produced in the separate but related isocitric dehydro-

FIG. 7. Metal requirements of D P N - and TPN-isocitric dehydrogenases. 
The incubation mixtures contained 0.05 ml of tris(hydroxymethyl)amino-
methane buffer (0.2 My pH 7.5), 0.05 ml of d-isocitrate (0.015 M ) , and the 
chlorides of Mn 2 + and Mg2* as indicated. Also included in the D P N experiments 
were 0.05 ml of D P N (0.02 M), 0.05 ml of adenosine-5-phosphate (0.02 Μ), 
and DPN-isocitric dehydrogenase (0.05 ml of a 1:10 dilution of ammonium 
sulfate B ) . In the T P N experiments were included 0.20 ml of T P N (0.001 M) 
and TPN-isocitric hydrogenase (0.08 ml of a 1:5 dilution of the ethanol frac
tion dialyzed for 3 hours against running distilled water ) . From Romberg 
and Pricer ($80). 

genases of yeast, described by Kornberg and Pricer (380), which use 
specifically either T P N or D P N . In the T P N enzyme, activation is pro
gressive and similar with either magnesium or manganese. It shows no 
sharp optimum leading to inhibition at higher concentrations. In the 
D P N system manganese is far more effective than magnesium; it has a 
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lower dissociation constant, but is inhibitory at concentrations above the 
optimum, in contrast to magnesium which does not inhibit. A similar 
pattern is shown by D P N kinase of pigeon liver described by Wang and 
Kaplan (331), except that the optimum concentration for manganese is 
much less than for magnesium. The D P N kinase enzyme of yeast 
described by Kornberg (832) (Fig. 8) shows a different pattern. Here 
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FIG. 8. Effects of Mg*+ and Mn 2 + on the TPN-synthesizing enzyme. The 
amount of purified enzyme present was 0.25 mg. From Kornberg (832). 

the optimum concentration for manganese is much lower than for mag
nesium, but activation is also less; concentrations above the optimum 
are severely inhibitory for manganese and appreciably inhibitory for 
magnesium. The nicotinamide pyrophosphorylase enzymes of yeast and 
liver ( N M N + ATP ±=? D P N + PP) described by Kornberg (383) 
show similar activation patterns by manganese and magnesium, but the 
activities are much greater and the dissociations are somewhat greater 
with magnesium than with manganese for both enzymes. Both metals 
inhibit above the optimum in the yeast enzyme, and neither is inhibitory 
in the liver enzyme. 

The glutamine synthetase and glutamine transferase enzyme of pea, 
which was prepared in a highly purified state by Elliott (384), and the 
malic enzyme of pigeon liver studied by Viega-Salles and Ochoa (835) 
are especially interesting in connection with the present discussion. Each 
enzyme is considered to be a single protein which catalyzes two distinct 
reactions. The glutamine enzyme (334) catalyzes the synthesis of glu
tamine from glutamate and ammonia (synthetase reaction I) and the 
transfer or interchange of hydroxylamine or labeled ammonia with the 
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amide group of glutamine (transferase reaction I I ) . The metal activation 
patterns for the glutamine enzyme are shown in Figs. 9a and 96. The 
activation pattern of the synthetase reaction I resembles that for D P N 
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FIG. 9. a, Effect of Mg2* and Mn 2 + on glutamine synthetase. 6, Effect of 
Mg2* and Mn 2 + on glutamine transferase activity. From Elliott (334.). 

kinase of yeast, but the differences between effects of the two metals are 
more extreme, and magnesium shows no inhibitory effects. The activa
tion pattern of a similar enzyme in brain (386) is almost identical to that 
of the pea enzyme. By contrast, the activation of the transferase reaction 
II presents an entirely different pattern. Here, manganese has a strikingly 
greater affinity than magnesium for the enzyme, is far more effective, and 
is not markedly inhibitory at 10 times the optimum concentration. Un
like some of the enzymes previously considered, the optimum concentra
tions for manganese or magnesium in the glutamine enzyme are much 
greater, by factors of ten- to a hundredfold. The fluoride sensitivity of 
the two reactions also varies; Ι Ο - 3 Μ fluoride inhibits reaction I by 90% 
and reaction II by 40%, apparently when magnesium is used as activator 
(334) · The presence of traces of manganese may account for this effect 
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as noted for effects of manganese in the presence of fluoride (171) \ or the 
enzyme sites involved in the two reactions may be different. The dissocia
tion constants for magnesium appear to be similar for the two reactions. 
The activation patterns of the malic enzyme (335) also differ for the two 
reactions concerned, but the differences are less spectacular. Differential 
sensitivity to fluoride has been shown by Mazelis (337) to occur for the 
adenylic kinase enzymes from the same plants when obtained from differ
ent tissues. The mitochondrial enzyme has a greater affinity for magne
sium than the chloroplast enzyme and is less sensitive to fluoride. This 
relationship applies also to inhibition by other metal ions. The effect of 
copper on the activity of lipoic acid dehydrogenase, described by Veeger 
and Massey (338), is also of interest. It is able to catalyze two reactions, 
namely, DPN-lipoic dehydrogenase (I) and D P N H diaphorase (II) . 
Reaction I is totally inhibited by 6 Χ Ι Ο - 6 Μ Cu 2 +, while under these 
conditions the activity for the diaphorase reaction II is greatly increased. 

6. Dual Metal-Activated Enzymes and Monovalent Cations. The rela
tive effects of alkali metals on enzymes dependent on both a monovalent 
and divalent cation are also interesting. Thus, in the pyruvic kinase 
system in animals and plants described by Kachmar and Boyer (339), 
Miller and Evans (193), and McCollum, Hageman, and Tyner (194), 
K+, Rb+, and N H 4 + are effective activators, while N a + activates to a 
lesser extent but is not inhibitory (193, 194) or activates slightly and 
inhibits competitively (339). The affinity of the enzyme for potassium 
appears to differ with preparations from different species; in some, high 
potassium concentrations are inhibitory (193). In the acetic thiokinase of 
animal tissues (340) and of plants (195) potassium, rubidium, or am
monium ions activate, while sodium is not only inactive but is a non
competitive inhibitor; lithium behaves similarly. An analogous contrast 
is revealed in protein synthesis; whereas potassium is required for amino 
acid incorporation into protein by pea ribosomes, rubidium inhibits, 
while sodium, ammonium, and lithium are without effect at the same 
concentrations (197). L-Amino acid oxidase (341) is inhibited by N H 4 + 
ions, and an unusual alcohol dehydrogenase containing a cytochrome 
component (342) was inhibited 60-90% by about Ι Ο - 3 Μ N H 4 + but not 
at all by the same concentration of K + ions. Similarly, potassium is said 
to be required for photosynthetic phosphorylation (196); but ammonium 
ions inhibit strongly and reversibly (343). 

An interesting relationship between activating metal ions and fructo-
kinase was found by Hers (344). When potassium was low, the optimum 
enzyme activity was obtained with a M g / A T P ratio of 0.5. B y increasing 
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the potassium concentration to 1 Μ the enzyme activity increased when 
the optimum M g / A T P ratio was one. Sodium, however, stimulated only 
slightly. Hers showed that the Mg-ATP complex was the likely substrate 
of fructokinase and that the affinity of the enzyme for the complex was 
five times greater with K + than with N a + ions. High potassium concen
tration depressed activity and addition of magnesium and ATP reversed 
the inhibition in a competitive manner. Hers suggests that the enzyme 
has two reactive sites which combine with the metals. The active form of 
the enzyme has the Mg-ATP complex on one site and potassium on 
another. Any deviation from this optimal condition results in enzyme 
inhibition. The double ion requirement for enzymes supports the concept 
of metal-substrates proposed by Najjar (319). 

c. Multiple Metal Activation and Competitive Inhibition. Several 
enzymes are activated by alternative metals. Some examples have already 
been noted. Others include phosphatases and many enzymes of carboxylic 
acid and phosphorus metabolism. The phosphoenolpyruvic carboxykinase 
enzyme in higher plants studied by Mazelis and Vennesland (345) 
differed greatly with respect to the relative extents to which the enzyme 
is activated by manganese or magnesium. In some preparations magne
sium was almost inactive and in others was equivalent to manganese. In 
the Avena isocitric dehydrogenase enzyme, M n 2 + or Co 2 + (Km = 1.5 X 
Ι Ο - 4 Μ) are equally effective, and M g 2 + gives 80% of their activity, but 
in the Phaseolus enzyme the Km for M n 2 + was 5 Χ 1 0 - 5 and that for 
M g 2 + was 5 X 1 0 ~ 4 (346). The malic enzyme in wheat germ is also 
activated by either M n 2 + or Co 2 + (347). The activation patterns and 
properties described here and in Sections III, Β, l a and lb reveal possi
bilities for interaction between activating metals when present simulta
neously at various concentrations. Thus, the high affinity of the glutamine 
enzyme (334) for manganese results in inhibitory competition by sub-
optimal concentrations of manganese in the presence of an optimal con
centration of magnesium for the transferase activity (reaction I I ) . I t 
would be expected that in reaction I optimal concentrations of manganese 
would not greatly affect the rate in the presence of much higher optimal 
concentrations of magnesium because the affinities for the two metals are 
relatively similar. In the brain enzyme (336), however, manganese might 
well inhibit competitively in the presence of optimal concentrations of 
magnesium, as distinct from its noncompetitive inhibitory effects. 

Another example is the oxidation of citrate by an enzyme complex 
in kidney, described by Hartman and Kalnitsky (348), which is activated 
by manganese at low concentrations (5 X 1 0 ~ 5 M) or by magnesium at 
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higher concentrations (about Ι Ο - 3 Μ). In this system intermediate con
centrations of magnesium inhibit competitively in the presence of opti
mum concentrations of manganese but produce progressively more activa
tion as the magnesium concentration approaches the optimum. Copper 
also inhibits the action of manganese in the same system. 

The yeast inorganic pyrophosphatase system which was thought by 
Bailey and Webb (849) to be specifically activated by magnesium 
(optimum, 2 χ 1 0 ~ 3 M) was shown by Kunitz (850) to be activated also 
by cobalt at much lower concentrations ( 1 0 - 5 - 1 0 4 M). At 1 0 - 4 My how
ever, cobalt competes with magnesium and is inhibitory in the presence 
of optimum concentrations of the latter. 

Bard and Gunsalus (850a) observed a similar activation pattern of 
aldolase from Clostridium by F e 2 + and Co 2 + ions. The latter was the 
less effective and inhibited competitively in the presence of optimal 
concentrations of F e 2 + ions. Enolase of yeast is activated not only by 
M g 2 + but by Zn 2 +, M n 2 + , and F e 2 + in relative values of 1.0 : 0.3 : 0.29 : 
0.09. However, in the presence of M g 2 + , at optimal concentration, 
Zn 2 + behaves in an inhibitory manner, (850b) because, although less 
effective, it has an affinity about 100 times greater than M g 2 + for the 
enzyme. 

d. Competition by Inactive Metals. The competition between magne
sium and a nonactivating metal, namely, calcium, was also demonstrated 
for yeast inorganic pyrophosphatase by Bailey and Webb (849). They 
showed that inhibition by calcium was a function of the C a / M g ratio 
and increased from zero to 100% inhibition over about a hundredfold 
range in the C a / M g ratio in the presence of adequate magnesium. The 
inhibitory effect of calcium was independent of the concentration of 
magnesium present, provided the enzyme was supplied with sufficient to 
saturate it under normal conditions. 

Inhibitions of yeast alkaline pyrophosphatase by beryllium or man
ganese was reversible by increasing the substrate concentration but 
was mainly independent of magnesium concentration. The effect of zinc 
was intermediate, and inhibitory effeets appeared to depend on both 
magnesium and substrate concentrations. Calcium is also a potent com
petitive inhibitor of pyruvic kinase (198, 889). The effect is complex, as 
a noncompetitive aspect is involved in relation to potassium activation 
of the muscle enzyme (389), and in the plant enzyme Miller and Evans 
(193) found that magnesium and potassium each partly reversed a com
petitive effect, which may indicate why potassium only partially reversed 
the calcium effect in the muscle enzyme. 
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Nagana and Menon (351) described a similar competitive inhibition of 
erythrocyte pyrophosphatase for beryllium, barium, or calcium in in
creasing order of inhibitory effect. For each metal the inhibition was 
determined by the Be /Mg, B a / M g , or C a / M g ratios over a range of 
magnesium concentrations. I t is interesting to note that in this system 
beryllium competed with magnesium as might be expected, but in the 
yeast pyrophosphatase (349) it was concluded that beryllium inhibition 
was reversed by pyrophosphate and not by magnesium. Potato alkaline 
pyrophosphatase is also competitively inhibited by calcium (279). 

Adenosinetriphosphatase of myosin is activated by calcium or manga
nese but not by magnesium (inhibition was not tested) (352), while an 
ADPase in the same preparation was activated by manganese more than 
by magnesium and was inactive in the presence of calcium. Kielly and 
Meyerhof (353) separated a magnesium-activated ATPase which was 
inhibited by calcium from actin and myosin. Heppel and Hilmoe (353a) 
found that magnesium-specific 5'-nucleotidase of bull semen was inhibited 
competitively by calcium. Williams (354) has contributed a likely expla
nation of the unpredictable but obviously related effects of calcium and 
magnesium in A T P and phosphate ester-activating enzymes. He pointed 
out that calcium tends to coordinate more strongly than magnesium by 
coordinating with hydroxyl groups in addition to oxygen of phosphate 
and carboxyl of 2-phosphoglyceric acid. The greater stability of the 
calcium complex might thus explain why calcium inhibits enolase whereas 
magnesium activates. Similarly, calcium may coordinate all three phos
phate groups of ATP through oxygen atoms, while magnesium may 
coordinate only two. In some instances this difference might reflect inhibi
tion by calcium and activation by magnesium. If, however, other protein 
groups (e.g. carboxyl) coordinate additional sites, then magnesium may 
coordinate only one phosphate oxygen, and calcium may coordinate two. 
Under these circumstances magnesium may be inactive, while calcium 
activates. A third possibility is that when magnesium coordinates two 
oxygen atoms, the third and perhaps other sites are occupied by water 
molecules; this arrangement permits activation of hydrolytic activity 
which would be inhibited by calcium where water does not occupy a co
ordinating site. The properties of apyrase and other ATPases appear 
to be explained better by the first two ideas rather than by the third. 

Beryllium is chemically related to magnesium, and as already noted 
in the work of Nagana and Menon (351) a competitive inhibition of 
erythrocyte pyrophosphatase can be reversed by magnesium. The inhibi
tion by beryllium of alkaline phosphatases of some animal tissues is very 
strong. Klemperer, Miller, and Hill (354a) found that 50% inhibition of 
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hog kidney alkaline phosphatase occurred at 3 X 1 0 ~ 6 Μ beryllium, and 
Grier, Hood, and Hoagland (854b) found that 1 0 ~ 5 Μ beryllium simi
larly inhibited rat intestinal alkaline phosphatase. Acid phosphatase was 
practically uninhibited by Ι Ο - 4 Μ and only 1 5 % inhibited by Ι Ο - 3 Μ 
beryllium (854a). In both enzymes magnesium was unable to reverse the 
effect of beryllium, in contrast to the erythrocyte pyrophosphatase (351), 
but aging of the intestinal phosphatase decreased the extent to which 
beryllium inhibited the enzyme in the presence of magnesium. 

Malmstrom (850b) showed that yeast enolase is inhibited competi
tively by B e 2 + , Ca 2 +, and N i 2 + with increasing order of affinity for the 
enzyme. In this example the value of Kt for B e 2 + was 1.5 χ 1 0 - 3 M, and 
was actually greater than the Ka ( 3 Χ 1 0 ~ 4 Μ) for M g 2 + , the activating 
ion. It might be expected, here, that Zn 2 + would reactivate better than 
M g 2 + when B e 2 + ions are present because of the low value of Ka for 
Zn 2 +, about 3 Χ Ι Ο " 6 M. 

2 . I N H I B I T I O N B Y C A T I O N S I N R E L A T I O N TO A F F I N I T I E S FOR S P E C I F I C 

G R O U P S 

A great many enzymes which depend upon thiol groups for their 
activity are sensitive to low concentrations of heavy metals, especially 
of mercury, and often also of copper, silver, lead, zinc, and cadmium. 
Other mechanisms of metal inhibition also occur. Examples of particu
larly sensitive enzymes include yeast alcohol dehydrogenase (855), 
urease (856, 857), saccharase (858), /J-fructofuranosidase (359), malt 
amylase (860), and papain (861). Some of these enzymes are especially 
sensitive to silver, but the mechanisms of inhibition may be different. 
Thus, alcohol dehydrogenase, when in solution at a concentration of 
6 . 7 Χ Ι Ο - 9 Μ is inactivated 5 0 % by 8 Χ 1 0 - * Μ Ag+, and the reaction 
appears to be with the free —SH groups of the enzyme. Myrback (858) 
concluded that in saccharase silver reacts with a pH-dependent group, 
probably a carboxyl group, K{ (Ag) = 6 X 1 0 ~ 8 . Dixon and Webb (362) 
report the mechanism of silver inhibition of /?-fructofuranosidase as due 
to combination between silver and a histidine group in the enzyme. The 
inhibition of enzymes by silver is often reversed by hydrogen sulfide, 
e.g. urease, regardless of the mechanism of the inhibition. Several other 
examples are given by Massart (368). The mechanism of silver inhibition 
of urease is not clear. Thus, Hellerman, Chinard, and Dietz (864) showed 
that urease, which has a molecular weight of 4 8 3 , 0 0 0 , contains a great 
many —SH groups. About 2 3 can be oxidized by ferricyanide or other 
reagents without loss of activity, and another 2 3 can be oxidized subse-
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quently with a progressive and finally total loss of activity. On denatura
tion with urea another 40-70 —SH groups become reactive. In spite of 
this large number of reactive groups of different specificity, only 7 atoms 
of silver (856) or 3 to 4 silver equivalents per molecule of protein (357) 
are required for total inactivation, which can be reversed by immediate 
treatment with hydrogen sulfide. I t is possible that some other group than 
a thiol is involved in this reaction. The metal sensitivity of papain and 
the formation of specific mercury compounds has been discussed else
where in this chapter in relation to the effects of cyanide and hydrogen 
sulfide. 

The relative affinity of proteins for metals differs according to the 
nature of the specific binding groups involved, and this concept has been 
studied by Klotz (318) in relation to metal-enzyme activation. I t may, 
however, apply also to the relative inhibitory effects of different metals 
and thus account for the differences in order of inhibition by metals 
observed with different enzymes. Thus, according to Klotz (818), in 
enzymes where free —SH groups are the binding sites, the order of affinity 
for metallosubstrate complexes reflects the relative magnitude of the 
solubility products of the metal sulfides, while in chelation reactions, the 
stability constants of metal chelates determine the relative affinities. The 
order of decreasing solubility products of metal sulfides is as follows 
(818, 865): Hg, Ag > > Cu > > Pb, Cd > Zn > Co, Ni > Mn, and 
this corresponds precisely with the binding affinities of these metals with 
serum albumin (818). 

Shaw (365, 365a) reviewed the results of several experiments on the 
inhibition of urease by metal ions and concluded that the order of metal 
sulfide insolubility was almost identical with the order of inhibitory effect. 
In a later paper (ref. 122a loc cit.) he considered that the order of organo-
metallic complex stabilities closely reflected their effects on urease. 

Arrigoni and Rossi (366) found that sulfoglutathione reductase of pea 
was inhibited 84, 36, and 15% by Ι Ο - 5 Μ Zn 2 +, F e 2 + , and Co 2 +, respec
tively. This order would be consistent with the solubility products of 
these metal sulfides. Similarly, Turner and Turner (367) found that 
adenylic kinase of pea, which apparently depends on free —SH groups 
is inhibited 100, 100, and 23% by 1 0 ~ 5 Μ H g 2 + , 1 0 ~ 3 Μ Cu 2 + and 
5 Χ Ι Ο - 3 Μ Zn 2 +, respectively. The protein disulfide reductase of pea 
studied by Hatch and Turner (368), which is almost certainly dependent 
upon thiol groups, was inhibited in decreasing order by H g 2 + > Zn 2 + > 
Cd 2 + > Ag+. This enzyme was shown to have a dithiol group (i.e., two 
associated adjacent thiol groups) as the active center, as revealed by 
inhibition by arsenite and low concentrations of Cd 2 + ions, as described 
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in connection with cadmium inhibition. The anomalous position of silver 
would be consistent with this property, since Ag+ would not form the 
compounds with dithiols which would occur in the presence of the other 
divalent metals. The activity of zinc might seem anomalous. The protein 
disulfide reductase of yeast studied by Asaki, Bandurski, and Wilson 
(869) is also inhibited by cadmium but is less sensitive than the pea 
enzyme. 

The combination of metals with thiol groups in proteins may be 
represented in the following possible ways [Eq. (11) and (12 ) ] . 

(1) Where —SH groups are far apart: 

E - - etc. 

Ε—SH E—S" + H + 

j ! Larj 

j ! distal 

E—SH Ε—SH 

distance M 2 + • 

s 
I 

E—S—Μ 

Ε—S- + H + 
(2) Where adjacent —SH groups form a dithiol: 

SH S 
/ / \ 

Ε (Small distance) + M 2 + -> Ε Μ + 2H+ (12) 

\ \ / 
SH S 

The presence of other groups may modify the dissociation of the —SH 
groups. Reactions between divalent metals and isolated thiol groups may 
lead to an intermediate cross-linking of thiol groups as shown in reaction 
(11), while reactions between dithiol groups and monovalent metal ions 
[Eq. (13)] may be less stable than with divalent ions. 

SH S—Μ 
/ / 

Ε + 2M+ —• Ε + 2H+ (13) 
\ \ 

SH S—Μ 

Correspondingly, reaction between isolated thiol groups and monovalent 
ions may be more complete and also more readily reversible than with 
divalent metal ions. 

Heavy metal toxicity is often reversed by hydrogen sulfide, monothiols, 
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e.g., cysteine or GSH, and dithiols, e.g. 2,3-dimercaptopropanol (BAL), 
and metal inhibition of bacterial cells or fungal spores may be reversed 
in this way, as shown by Fildes {370), Yoder (371), and Janke, Beran, 
and Schmidt (372). 

For several chelation complexes discussed in the physiological section 
the order, which varies at times for some metals with particular ligands 
as noted in Section I and as described by Williams (354), is in general 
Cu 2 + > Co 2 + N i 2 + > F e 3 + > Zn 2 + > C d 2 - > F e 2 + > M n 2 + . For 
porphyrins F e 3 + and Co 3 + have outstanding affinity and exceed Cu 2 +. 
For α,α'-dipyridyl and o-phenanthroline F e 2 + and F e 3 + show reversed 
affinities, and the position of Co 2 + may vary with different ligands. Klotz 
(318) pointed out that pH effects may be very important in relation to 
protein-metal binding in regard both to effects of pH on the general 
charge of the protein and on the dissociation of specific groups, such as 
phosphate, carboxyl, hydroxyl, imidazole, thio, and amido or guanidi-
nium; H g 2 + , Cu 2 +, and Ag+ may combine at many of these sites, and 
Ca 2 + binding, for example, appears to occur at carboxyl groups or phos
phate groups. Differences between affinity for metals of —OH groups, on 
one hand, and = N H or C = 0 groups, on the other, may account for the 
activation of arginase by cobalt, ferrous iron, or nickel and its inactiva
tion by copper, ferric iron, and mercury, which have very large solubility 
products with hydroxyl groups (318). In his intensive studies on the 
binding by metals of azopyridine dyes to serum albumin, Klotz found that 
the metal-protein-dye ternary complexes are formed, especially with 
Cu 2 +, H g 2 + , N i 2 + , Co 2 +, Zn 2 +, and M n 2 + , but C a 2 + and M g 2 + were 
ineffective. All the active metals form chelates with the dye in the absence 
of proteins and promote combination of dye with serum albumin. Klotz 
concluded that chelate formation of metals with low molecular weight 
compounds might be a model of how metals chelate the various cofactors 
to a complex protein. Depending on the metal, it can either enhance 
enzymic reaction or else inhibit it completely by formation of electro
static or coordinate bonds (318). Shaw (122a) gave diastase as another 
example of metal inhibition being related to metal-chelate stability 
constant values. 

Hydrogen ion effects may be important also in nonspecific inhibition by 
ions. The sensitivity of urease to monovalent anions and cations was 
shown by Kistiakowsky and Shaw (373) to be nonspecific with regard 
to the ion under certain conditions, but to be accentuated by increasing 
pH. They suggested that the ionization of the protein as a whole or as a 
"zwitterion" was involved in this type of inhibition. Miyaji and Green-
stein (374) have shown that in addition to the M g 2 + and M n 2 + ions, 
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activation of deoxyribonuclease the following ions are also effective: 
Co 2 +, F e 2 + , Ca 2 +, N i 2 + , and Zn 2 +. The optimum pH for the activation 
with M g 2 + , Co 2 +, and Ca 2 + was 6.5 and that for F e 2 + was 5.7, whereas 
two optima were observed (at 6.8 and 8.0) for activation by M n 2 + . I t is 
of interest that when M g 2 + is effective, F e 2 + is not, and vice versa. 
Hellerman and Stock {329) had earlier observed a shift in the pH activity 
for arginase, depending on whether M n 2 + , Co 2 +, or N i 2 + was used as an 
activator. This led them to postulate that a metal-enzyme complex was 
formed and that the pH curves represented the ability or otherwise of 
these complexes to form coordinate linkages with the substrate molecule. 

Nygaard (374a, 374b) has published results of a detailed kinetic analy
sis of the inhibitory effects of salts and anions on the D - and L-lactic 
cytochrome c reductase of yeast. The effects of salts are considered here. 

The activity (v) of the enzymes is represented by the general equation 
[Eq. ( 1 4 ) ] 

[E] 01 02 
Τ = 0 0 + [S](lactate) + [ Q y t i ] ( 1 4 ) 

since substrate and acceptor are not mutually competitive. [E] is the 
enzyme concentration, and 0O, 0ly and 02 are the reciprocals of the veloc
ity constants. The apparent Km[S] = 01/(0O + 02/Cyt c ) . The reaction 
mechanism was considered to involve two binary reactions in accordance 
with the observed kinetics [Eqs. (15) and ( 1 6 ) ] . 

ki kg 
Ε + S < » ES > EH (reduced enzyme) + Ρ (product) (15) 

EH + F e 3 + Cyt c < E H F e 3 + Cyt c > Ε + F e 2 + Cyt c + H + (16) 

From these reactions the constants 0O, 0ly and 02 were given by the 
expressions in Eq. ( 1 7 ) . 

1 h + k2 */ + *«' 
0o = ; 0 i = ; 02 = (17) 

kz + kz kzfa kzkx 

The values of 0O and 02 are obtained from intercepts in the relationships 
between 1/V m a x and l / ( F e 3 + C y t c ) , while 01 is obtained from the equa
tion for Km(S). The effects of buffer concentration and of the ionic charge 
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of various cations on the values of 0O, 01} and 0 2 were then determined. 
The parameter 0 2 , which is inversely related to saturation of the acceptor 
site by Fe 3+cytochrome c was increased strongly for the D(—)- lactate 
enzyme by phosphate and to a lesser extent by oxalate, and this effect was 
accentuated by the presence of cations, divalent ions (Ca 2 +, M g 2 + , Co 2 +) 
being more effective than monovalent ions (Na+, K+ , N H 4 + , arginine+, 
and Tris+). The polyvalent cation protamine was most effective and 
produced severe inhibition. The values of 0 O and 0 X were scarcely affected 
by salt concentrations. Increasing ionic strength of cations and anions 
increased the competitive inhibition at the acceptor site for Fe 3 +cyto -
chrome c. Further analysis indicated that the inhibition for the D ( — ) -
lactate enzyme at the acceptor site is of the type E I 3 ~ where three 
inhibitor molecules combine. It was thought that negatively charged 
carboxylic acid groupings were involved. The apparent dissociation 
constants Ki for the D ( — ) -enzyme were 1 0 ~ 5 for monovalent salts, 
1 0 ~ 6 - 1 0 - 7 for divalent salts, and Ι Ο - 1 0 for the polyvalent protamine ion. 
The inhibition of the L ( + ) -lactate enzyme was not of the EI or E I 3 type 
but indicated a stepwise relationship with ionic strength which was 
thought to reflect the presence of several acceptor sites with differing salt 
sensitivities. Both D - and L-enzymes were inhibited in an EI manner by 
positively changed proteins at the acceptor site. 

An unusual order of inhibitory activity by metals was reported for 
tryptophan synthetase in plants by Madhusudanan and Vaidyanathan 
(375). At 4 χ Ι Ο - 4 Μ concentration the per cent inhibitions were as 
shown below: 

F e 2 + A g + C d 2 + Zn 2 + C o 2 + M g 2 + H g 2 + M n 2 + C u 2 + 

92 82 76 74 58 58 55 44 29 

None of the orders for solubility products or stability constants mentioned 
previously is consistent with the relative effects shown here. Further 
investigation of this system might reveal some unexpected and interesting 
facts regarding protein-metal-substrate relationships or coordinating sites. 

Inhibitory and toxic effects of cadmium are of interest. Before con
sidering effects on specific enzymes, other aspects of cadmium as a 
physiologically active metal may be noted. An interesting protein named 
metallothioneine has been isolated by Kagi and Vallee (376, 377) from 
equine renal cortex. This contains 2.9% cadmium and 0.6% zinc in a 
molar ratio of 3:1. The protein is particularly rich in —SH groups, and 
these are present in a ratio of 3 —SH groups to 1 metal atom. Metallo
thioneine accounts for 60% of the total and usually high cadmium con-
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tent of this tissue. Lawford (878) has found that in cases of experimental 
cadmium poisoning of rats an abnormal serum protein is produced with 
different electrophoretic properties; but the effect is not specific as the 
same band appears with mercury, beryllium, cadmium, copper, manga
nese, and zinc. 

Cadmium at low concentrations has been proposed by Sanadi, Langley, 
and White (879) as a specific and confirmatory test for the presence of 
essential adjacent dithiol groups, following the observations of Jacobs 
et al. (880) that Cd 2 + uncoupled oxidative phosphorylation by rat liver 
mitochondria. These workers found that 1.6 X 1 0 _ 6 i l f and 6 Χ 10~β Μ 
Cd 2 + caused 50% inhibition and total inhibition, respectively, of coupled 
phosphorylation without affecting oxygen uptake. The cadmium was 
tightly bound to the protein but was removed by 2,3-dimercaptopropanol 
(BAL); mercury, zinc, copper, and lead did not produce this inhibition 
at the same concentrations. Jacobs et al. (880), Searls and Sanadi (881), 
Stein, Kauffman, and Kaplan (882) have shown that when cadmium 
inhibition of an adjacent dithiol center is suspected, inhibition may be 
expected to occur with arsenite. The effect of cadmium is reversible by 
BAL but not by monothiols like cysteine or glutathione. The enzymes 
concerned, α-ketoglutaric dehydrogenase, α-dihydrolipoic dehydrogenase, 
and transhydrogenase, are considered to function by oxidation and reduc
tion of adjacent —SH groups, possibly present in a coenzyme state as a 
bound form of thioctic acid. An interesting point is that at least one of 
these enzymes is not inhibited by 1 0 ~ 2 Μ cyanide. Presumably, coenzyme-
bound — S = S — groups are not susceptible to reduction by cyanide in 
the same way as protein-bound —S=:S— groups, as discussed later. B y 
contrast, xanthine oxidase and aldehyde oxidase, which, as pointed out 
later, show an irreversible inactivation by cyanide and are inhibited by 
arsenite, are not inhibited by Cd 2 + ions, according to Peters and Sanadi 
(888). Presumably, protein-bound — S = S — groups are involved here, 
not coenzyme-bound groups, and are in some way protected from reaction 
with Cd 2 + ions. This subject is discussed later. 

The effects of metal inhibitors on phosphoglucomutase from muscle 
presents interesting features. This enzyme is known to be "activated" by 
chelating agents as well as by cysteine and magnesium. The problem 
which involves extreme sensitivity to some heavy metals, including zinc 
and copper, has been studied by Millstein (884, 885). Zinc inhibits the 
enzyme by competing very strongly with magnesium. The relative dis
sociation constants are very different, since the enzyme is saturated 
at about 1.5 X 1 0 _ 3 M M g 2 + , while it is almost totally inhibited by 
1 0 - 1 0 M Zn 2 + in the presence of magnesium; the value of Kh for Zn 2 + 
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is 3.9 X 1 0 - 1 4 . The inhibition is effected by Zn 2 + ions, as shown by the 
use of histidine as a complexing agent, which gives identical results when 
calculated in terms of free Zn 2 + ions. 

Inhibition by copper is even more severe, but is also complex. B y using 
the Lineweaver-Burk method of analysis, it was shown that copper inhi
bition is competitive with magnesium and also noncompetitive, suggesting 
that at least two Cu 2 + ions or copper molecules are involved, since both 
y m a x and the apparent Michaelis constants for magnesium were affected 
by copper. By applying a solution developed by Malstrom (850b) for 
kinetics of enolase inhibition, Millstein (885) showed that K{ (Cu 2 +) 
for competitive inhibition is 2.3 X 1 0 ~ 1 7 , an exceptional avidity for ionic 
copper. K/ for noncompetitive inhibition was also very small, but one 
order greater than Kh i.e. 2.5 Χ 1 0 - 1 6 . The noncompetitive inhibition at 
other sites was therefore significant only at higher concentrations of 
magnesium. 

Titration of the enzyme with p-chloromercuribenzoate in the presence 
and absence of zinc and results of other experiments indicated that —SH 
groups were not directly involved in activity or metal binding. Chelation 
with more than one group in the protein was considered likely, and 
imidazole, amino carboxyl, and phosphate groups were considered likely 
sites. Structural analysis of the protein by Millstein and Sangar (886) 
indicates that the active center of the enzyme contains a pentapeptide 
and that the imidazole group of a histidine residue may be oriented close 
to a phosphate group of phosphorylserine or, alternatively, to a carboxyl 
group, either arrangement could provide chelation of great stability. 

A similar structural analysis of the yeast enzyme would be of great 
interest, as McCoy and Najjar (887) have shown that zinc can replace 
magnesium as an activating metal with about 60% efficiency at Ι Ο - 3 Μ. 
At higher concentrations ( Ι Ο - 2 Μ) zinc inhibits totally but the difference 
between the two proteins with regard to metal sensitivity is nevertheless 
very great indeed. 

Malmstrom (350b) investigated the inhibition of yeast enolase by 
different metal ions. Competitive inhibition in the presence of M g 2 + by 
active and inactive metal ions has been referred to previously. In addi
tion to this type of inhibition which occurs at the active site of the 
enzyme, evidence was obtained that metal-substrate complexes were 
also formed and that their structure might be different for various in
hibitory metals. In addition to this complication there was no clear rela
tionship between the extent of inhibition and the order of metal stability 
constants. Malmstrom suggested that a carboxyl group and another group, 
possibly phenolic or imidazole, was involved in binding the metal to the 
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protein. The lack of evidence for free —SH groups being involved makes 
the severe inhibition by Cd 2 + difficult to explain. 

3. T O X I C I T Y OF C H E L A T E D M E T A L S 

Although the primary effect of toxic concentrations of heavy metals is 
on enzymes within the cell, they also alter permeability barriers and 
block uptake of other essential nutrients. The case of entry of toxic 
metals into cells may also vary. The precise biochemical mechanisms 
involved are not understood, but chelation may be involved here (see 99, 
145a), and it must be remembered that chelate complexes may be charged 
and have opposite signs to those of the unchelated ions, and that chelate 
charge will be affected by pH. 

In an earlier section the toxicity effects of chelates, in particular those 
of metal-oxine complexes on bacterial growth, was considered. Many cell 
metabolites readily chelate metals, e.g., hydroxy and amino acids, poly
phosphates, peptides, and porphyrins, and for many of them biological 
activity is dependent on this reaction. Thus, Miller, McCallan, and Weed 
(388) showed that chelation of Mn was of prime importance for peptidase 
action. Calvin (317) considers that chelation is essential for the action of 
metal-dependent enzymes and that this mechanism can explain inhibition 
and interactions with metal-dependent enzymes. Albert (37) and Block 
(389) have put forward a possible mechanism for the action of oxine and 
its metal complexes in cell metabolism. They consider that the uncharged 
1 : 2 chelate (XII) because of its higher lipid solubility enters the cell 
more rapidly than the charged 1 : 1 chelate (XI ) . This would be analogous 
to cell penetration by H N 3 , HCN, and HF, as opposed to the dissociated 
ionic forms discussed later. 

1 : 1 Complex 1:2 Complex 

(XI) (XII) 

Within the cell it is likely that the 1 : 1 complex is the more toxic, 
presumably because it reacts directly with —SH groups and metal-
binding sites. This hypothesis provides an explanation for the bimodal 
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dose response curve for metal-oxine observed by Albert (87), Block (889), 
and Mason (890). There is little evidence, however, for the sites of the 
proposed reaction within the cell. Kaars Sijpesteyn and van der Kerk 
(391, 392) consider that the 1:1 copper chelate reacts with an enzyme 
normally linked with a metal, and that the available coordination posi
tions of the copper in the 1:1 complex replace the metal on the enzyme. 

C. Effects of Some Anions a s Enzyme Inhibitors 

1. G E N E R A L A S P E C T S 

a. Mechanisms Involved. Anions may inhibit or stimulate enzyme 
activity, and several different mechanisms may be involved. Anion inhibi
tion may be due to (1) competition for an active site with a substrate 
anion, (2) complex formation at a reactive site producing a change in 
enzyme properties in relation to redox potential, structure, charge, or 
substrate affinity, (3) complex formation with a dissociable metal acti
vator, thus preventing enzyme-metal combination, (4) competition with 
an activating metal for a reactive site, (5) alteration of dissociation of 
acidic or basic ionized groups in the enzyme, and (6) removal of a 
protein-bound metal. 

Examples of these mechanisms are found in the discussion of effects 
of cyanide, azide, fluoride, sulfide, pyrophosphate, citrate, bicarbonate, 
borate, and other anions in the following section. 

b. Effects of Anions on Ionized Groups. Massey (393) investigated the 
effects of monovalent and polyvalent anions on the activity of fumarase. 
It was found that the polyvalent anions, sulfate, citrate, borate, phos
phate, and arsenate activated the enzyme with malate as substrate in 
increasing order of effectiveness and with an increasing value of the opti
mum pH, except for borate where the pH optimum was about the same as 
with phosphate and arsenate. With malate as substrate the shift in pH 
optimum induced by phosphate was about 0.5 units, whereas when 
fumarate was the substrate the pH shift was large, about 1.5 units. By 
contrast, monovalent anions, chloride, bromide, and thiocyanate, were 
inhibitory in increasing order of effectiveness. Lineweaver-Burk plots of 
activities in the presence or absence of phosphate or of thiocyanate, re
spectively, showed that the activation was not related to enzyme-substrate 
affinity and that the inhibition was not competitive. 

From the different effects of polyvalent and monovalent anions on pH 
optima, shape of pH activity curves, and activity, Massey (393) devel
oped a theory embracing both the activating and inhibiting effects of the 
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anions, which was based on the hypothesis of Michaelis and Davidsohn 
(894) and Michaelis and Pechstein (895) that enzyme activity in relation 
to pH is dependent upon the dissociation constants of both acidic and 
basic groups. 

In the presence of activating polyvalent anions the pH effects were 
greatest for the alkaline values, indicating effects on the basic dissociation 
constants of the protein. In the presence of the inhibiting monovalent 
anions the acidic side of the pH-activity curve is mainly affected, and 
acidic group dissociations are involved. Massey (893) postulated that 
combination of the substrates (malate or fumarate) and protein occurred 
at secondary sites adjacent to, but apart from, the active center, and that 
this altered the dissociation of the ionizing groups of the active center. 
Since the activating and inhibiting anions do not affect enzyme-substrate 
affinities, it is concluded that they do not act on ionized groups at the 
active center, but on adjacent subsidiary basic groups. On the basis of 
this idea, combination of an anion with a basic group adjacent to the 
activating basic group would increase the dissociation of the latter, raise 
the pK value, and increase activation over the alkaline pH range. Simi
larly, combination of an anion with a basic group adjacent to an acidic 
group responsible for activity would decrease the dissociation of the 
latter, raise the pK value, and cause increased inhibition in the acid pH 
range. What is not yet explained is why polyvalent anions combine with 
basic groups adjacent to the activating basic group, while monovalent 
anions combine with basic groups adjacent to the activating acidic group. 
Massey suggested that ionic size or charge might be the determining 
factors in this distinction. 

Massey and Alberty (896) have described the pH relationships govern
ing thiocyanate inhibition of fumarase. These indicate that the noncom
petitive inhibition by thiocyanate depends upon the combination with an 
anion-binding site with a pK of 7.0 when malate is the substrate and with 
a pK of 6.0 when fumarate is the substrate. Owing to the effect of thio
cyanate on the dissociation of the group (pK = 7.0) which is revealed by 
a shift to more alkaline values of the acidic side of the curve relating 
pH activity with malate, the presence of thiocyanate results in a slight 
shift of the pH optimum for malate from 6.8 to 7.4. The effect of thio
cyanate inhibition is therefore pH dependent. At a concentration of 
2 . 7 X l O ~ 2 i k f , thiocyanate inhibits strongly at pH 6.0 (about 75%). 
Inhibition decreases with increasing pH, and thiocyanate becomes stimu
latory above about pH 7.2 for the reaction with fumarate. At pH 7.7 
thiocyanate is stimulatory (30%) up to a concentration of about 
2 X 1 0 - 2 Μ and then becomes progressively more inhibitory at higher 
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concentrations. The mechanism may be uncompetitive, as described in 
the next section since thiocyanate inhibits ceruloplasmin by this mecha
nism. 

Inhibition by thiocyanate may also occur in enzymes containing a 
metal which reacts with C N S ~ ions. Nicholas and Nason (23) observed 
that nitrate reductase is inhibited by thiocyanate. Presumably, the penta
valent state (Mo 5 +) produced during functioning of the enzyme (25) is 
the reactive form, as M o 6 + does not form stable complexes with thio
cyanate. Thiocyanate may be inhibitory to other enzymes not sensitive 
to cyanide, azide, Versene, or o-phenanthroline, as found by Avron and 
Jagendorf (397) for the TPNH-specific diaphorase in chloroplasts. 

Nygaard (374a and 874b), whose work on the effects of salt concentra
tion and ionic strength on the affinity for cytochrome c of the D - and 
L-lactic dehydrogenases has been described, also studied the effects of 
anions on the same enzymes as revealed by the value of 0O, 0lf 0 2 

obtained by the methods already specified (see Section III,B,2). 
Anions of keto acids, such as α-ketoglutarate, oxaloacetate, pyruvate, 

and the aldehydic acid glyoxalate, inhibit reversibly at the substrate 
(lactate) site of the D-enzyme by increasing 0± but have no effect on 0 O 

or 0 2 and do not inhibit at the acceptor site. Oxalate increased both 01 and 
0 2 and therefore inhibited at substrate and acceptor sites. The data for 
inhibition at the two sites are consistent with the theory that the mecha
nism of reaction involves two binary complexes, as already described. 
Since 0 O was not appreciably affected by anions or cations, it might be 
concluded that affinity or dissociation of enzyme and product of lactate 
oxidation or of enzyme and reduced cytochrome c is not sensitive to the 
presence of these ions. 

B y contrast with the D ( — ) -lactate enzyme the L ( + ) - l a c t a t e enzyme 
was affected to a negligible extent by the keto and aldehyde acids; and 
although oxalate inhibits, the Κι for oxalate is about 100 times greater 
for the L ( + ) - than for the D ( — ) -enzyme. The effect of long-chain fatty 
acids was also investigated. These inhibited both enzymes, and log Ki was 
linearly related to the number of — C H 2 _ groups in the chain. The 
reaction appeared to be of the EI type with one acid molecule reacting 
at only one site binding the substrate. The free energy change for reaction 
with the D ( — ) -lactate enzyme was much greater than for the L ( + ) -
enzyme. 

c. Anticompetitive or Uncompetitive Inhibition by Anions. The term 
anticompetitive or uncompetitive inhibition was introduced by D . Burk 
in 1934 [ref. by Friedenwald and Mangwyn-Davies (898)] to account 
for effects which were neither competitive with nor independent of sub-
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strate or metal affinity. The inhibitor sometimes resulted in greater affinity 
between substrate and enzyme. This mechanism has been noted as a 
possibility in relation to the activation of arginase discussed by Klotz 
(818). The kinetic analysis of uncompetitive inhibition using the 
Lineweaver-Burk procedure has been fully described by Friedenwald and 
Mangwyn-Davies (898). An early example described was inhibition of 
arylsulfatase of Alcaligenes metacaligenes by cyanide (899). In these 
examples reciprocal plots of 1/v and 1/S are parallel for increasing con
centrations of inhibitor and do not therefore intersect at infinite values 
of S or at the substrate axis. Curzon (400) studied the inhibition of 
ceruloplasmin by several monovalent anions and sulfate which inhibited 
in the order C N S ~ > F ~ > > C I - > Br~ > S 0 4

2 - by a mechanism 
which was best interpreted as uncompetitive inhibition. As the enzyme 
is a copper-containing metalloenzyme, it might be expected that the 
anions combine with the metal but at the same time increase the substrate 
affinity. Borate inhibition of ceruloplasmin is considered later. 

Tubbs (400a) studied the inhibitory effects of oxalate on D-a-hydroxy 
acid dehydrogenase of rabbit kidney mitochondria and reported several 
features which are relevant to this discussion. Where the substrate, 
lactate, contained a trace of oxalate as an impurity, the apparent value 
of Km[S] was decreased, i.e., the apparent affinity was increased. The 
value of Κι for oxalate was low, namely 5 - 1 0 μΜ. Pyruvate inhibition 
was competitive with respect to indophenol as the electron acceptor, but 
was apparently uncompetitive with respect to lactate, due to mixed in
hibition (competitive with indophenol and noncompetitive with lactate). 
Other examples of this relationship were also given (400a). Cyanide 
as C N ~ also inhibited competitively and reversibly with lactate, and 
potentiated the inhibitory effects of E D T A and o-phenanthroline. A 
metal component was inferred to be involved but was not identified. 

d. Reaction of Anions with Metals in Metalloenzymes. Chance (401) 
studied the reaction between several anions and catalase and compared 
the kinetic requirements with the relationships between pH and inhibitor 
state (free acid or charged anion) with respect to several possible reaction 
mechanisms. Since a metalloenzyme was involved, the reactions listed by 
Chance (401) are shown below together with the mechanisms already 
proposed by Coryell, Stitt, and Pauling (402), and Lemberg and Legge 
(403). The reactions of catalase and other hemoproteins with several 
inhibitory anions are described separately later, but the possible mecha
nisms of reaction between metalloproteins and anions as a general phe
nomenon are included in the reactions ( i ) - (v i i i ) below. Chance (401) 
distinguished two possible effects of pH on the reactions to be described. 
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These are (a) the effect of pH on the dissociation of the free acid to form 
the anion (governed by the pK of the acid), which may be low for a 
strong acid like formic acid or an acid of medium strength like hydrazoic 
acid and high for weak acids like carbonic acid, hydrogen sulfide, or 
hydrogen cyanide, and (b) the effect of pH on the ionization of reactive 
groups in the protein. Chance differentiated between these two effects by 
choosing a range of acids representative of low and high pK values and 
by correcting for free acid concentration at each pH used to study the 
relationships between pH and pK of the protein-inhibitor complex. The 
ratio of total acid to free acid is given by Eq. (18), 

Total acid Κ 
= + 1 (18) 

Free acid (H+) 

where Κ is the dissociation constant of the acid. A table of percentage 
dissociations as determined by pK and pH is given by Albert (37). The 
values of pK for enzyme-inhibitor complexes are normalized to the basis 
of free acid by adding log [ K / ( H + ) ] -f- 1 and are plotted against pH. 
Horizontal lines indicate pH-independent reactions between enzyme and 
inhibitor when reacting as a free acid. The possible reactions between 
anion or free acid and metal-enzyme complex are as follows (401-403): 

(i) > M + + HA;=± > M A + H + 

pH-dependent reaction with free acid and liberation of a proton 

(ii) > M + + A - ^ > M A 

pH-dependent reaction with dissociated anion 

(iii) > Μ · Ο Η + A - ^ > M A + OH~ 

pH-independent reaction with dissociated anion 

(iv) > M - O H + HA ^ > M A + H 2 0 

pH-independent reaction between free acid and OH group 

(ν) > M - O H + HA ;=± > M H A + OH" 

pH-dependent reaction with free acid; pH effect reverse of reactions (i) and (vii) 

(vi) > Μ · Η 2 0 + A - ^± MA- + H 2 0 

pH-independent reaction with dissociated anion 

(vii) > Μ · Η 2 0 + HA ^± > M A -f H 3 0 + ( H 2 0 + H+) 

pH-dependent reaction with free acid; pH effect reverse of reaction (v) 

(viii) > Μ · Η 2 0 + HA ;=± > M H A + H 2 0 

pH-independent reaction with free acid 
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In a brilliant kinetic analysis, Chance (401) elucidated the reaction 
between catalase and several anions, including acetate, formate, fluoride, 
azide, and cyanide, in terms of the equations ( i ) - (v i i i ) and concluded 
that the data were best explained by reaction (viii) but that reaction (iv) 
was possible if the enzyme had an ionizing OH group of very low pK 
( < 3 . 0 ) . This conclusion was contrary to the earlier views of Lemberg 
and Legge (403), who postulated reaction (iii). Agner and Theorell 
(403a) had shown that acetate and phosphate are relatively weakly in
hibitory to catalase whereas formate and fluoride were strongly inhibitory. 
On Chance's theory all these react as free acids in a pH-independent 
manner. The strong inhibition of the formate and fluoride is then ex
plained by the low dissociation constants of enzyme-acid complexes; 
Κ = 6 Χ 1 0 - 6 and 4 χ 10" 5 , respectively, compared with the high value 
of 9 χ 1 0 - 3 for acetate. For reactions between methemoglobin or metmyo-
globin and cyanide, Chance (401) concluded that reactions (viii) or 
(iv) were involved, but the reaction with fluoride appeared to involve 
reaction (vi) . 

Nicholls (403b) extended the work of Chance by investigating the 
reactions between the same anions and the catalase peroxide compounds 
and compared the reactions of catalase peroxide with those of the peroxi
dase and metmyoglobin peroxide compounds. The compounds formed 
between cyanide and the free catalase or peroxidase were considered to 
be covalent with HCN, and the compound between cyanide and metmyo
globin was considered to be also covalent but involving both H C N and 
C N ~ ions. The fluoride complexes were regarded as ionic and involved 
similar free acid and ionic forms in the respective reactions. However, 
the dissociation constant for catalase fluoride was calculated at pH 5.0 
as 3 χ ΙΟ- 3 , while the figure quoted by Chance (401) was 4 X 1 0 ~ 5 ; the 
dissociation constant for formate was stated to be 1.3 Χ 1 0 - 4 in com
parison with Chance's value of 6 X 1 0 ~ 6 ; the differences were eighty-
and twentyfold, respectively. The explanation of these differences is not 
apparent, but the concentration of free acids at pH 5 may be involved 
[see (458) and data in (37)]. Nicholls (403b) found that the affinity 
of the anions for the peroxide compounds or more strictly the higher 
oxidation state of compound III was similar to the affinity for the free 
catalase for azide, fluoride, acetate, and formate but was about 40 times 
smaller for cyanide. Metmyoglobin compound II showed a 5000 times 
lower affinity for cyanide and a 25 times lower affinity for fluoride than 
the free enzyme. Beers and Sizer (403c) also found that acetate, chloride, 
and azide inhibit catalase, but in a progressive manner apparently caused 
by the inhibition of the reduction of compound I to compound II, and 
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that the progressive effect is independent of any immediate inhibition. 
The reactions of other metalloenzymes and other aspects of catalase 
inhibition are described later in the separate sections. 

2. E F F E C T S OF S O M E I M P O R T A N T A N I O N I N H I B I T O R S 

a. Cyanide Inhibition of Enzyme Action. The effects of cyanide as an 
enzyme inhibitor are often associated with its importance as a respiratory 
poison. The cyanide molecule is very reactive and can produce enzyme 
inhibition in at least three ways, which can be partially distinguished by 
the pattern of inhibition. Cyanide is only weakly dissociated (pK = 9.14), 
and where cyanide ions are involved pH effects operate particularly over 
the range 6-9 as dissociation increases. Cyanide may react with metal 
enzymes as H C N or as C N - , as described below. Extensive lists of en
zymes inhibited by various concentrations of cyanide are given by James 
(168) and Dixon and Webb (362). Detailed examples are discussed below. 

(i) Metalloenzymes. Cyanide is commonly considered to inhibit metal
loenzymes containing metals which are complexed by cyanide. Important 
and classic examples are mentioned below. Cytochrome oxidase has possi
bly the greatest known sensitivity to cyanide; the concentration giving 
50% inhibition is stated by Dixon and Webb (362) to be 1 0 ~ 8 M. The 
relationships between respiration and cyanide are discussed later. Cata
lase and sundry peroxidases are also relatively sensitive and are mainly 
strongly inhibited at concentrations between 1 0 - 5 and 1 0 _ 6 M [Dixon 
and Webb (862)]. Inhibition is reversible, and the cyanide complex of 
catalase is dissociated by crystallization. 

The types of cyanide molecules concerned in the reaction may vary. 
Stannard and Horecker (404) concluded that inhibition of cytochrome 
oxidase involves the undissociated H C N molecule (Ki = 5 Χ 1 0 - 7 ) , one 
order greater than the value quoted by Dixon and Webb. According to 
Horecker and Stannard (405) and Stannard and Horecker (404) combi
nation between cyanide and methemoglobin and metmyoglobin involves 
the C N - ion though this may not be correct, as indicated below (401). 
Thus, pH conditions affect inhibitions differently in the two groups. 
Reaction is reversible with these metal-proteins, and one molecule of 
enzyme reacts with one molecule of cyanide. These authors also found 
that where cyanide reacts with methemoglobins as C N - ions, azide reacts 
also as the ionic form N 3

_ . It is relevant here to note the comparison 
between effects of azide and cyanide observed by these workers (304, 
305). Thus, azide as N 3 ~ reacts immediately with cytochrome c in the 
ferric form but is only weakly combined (Kt = 0.15); at 1 0 ~ 3 Μ azide 
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(pH 7.4) only 0.6% of cytochrome c is combined. Cyanide as C N ~ 
combines only slowly, but avidly ( £ { = 2 χ 1 0 ~ 6 ) , and at 1 0 ~ 3 Μ C N -
(pH 7.4) 87% of cytochrome c is complexed (406). Unlike cytochrome c, 
cytochrome oxidase combines avidly with free hydrazoic acid ( H N 3 ) 
(Ki = 7 X 1 0 - 7 ) (404). The kinetic analysis made by Chance (401) for 
combination of anions with catalase has been described. Cyanide reacts 
as the undissociated HCN, and there is no formation of H + ion. As the 
reacting group does not show evidence of a dissociation value for pK 
above pH 3, Chance favored the idea that cyanide displaces a molecule 
of water. Keilin and Hartree (407) have estimated that cyanide inhibits 
catalase 50% at 4.3 Χ 1 0 ~ 6 Μ. Contrary to the earlier conclusions of 
Stannard and Horecker (404), Chance (401) concluded that the relation
ships between pH and inhibition of methemoglobin (ferrihemoglobin) by 
cyanide were one order less than would be expected for reaction with the 
C N ~ ion and that, as the rate of combination of cyanide with methemo
globin was independent of pH, the inhibiting form was considered to be 
HCN. Nicholls {403b) stated that both H C N and C N " react with 
metmyoglobin at pH 8.0 and that the compound is covalent, as also are 
those formed between catalase or peroxidase and the H C N molecule. 
A point of comparison of reaction between cytochrome oxidase and differ
ent inhibitors was emphasized by Keilin and Hartree (408). They showed 
from spectroscopic studies that whereas fluoride, hydrogen sulfide, and 
azide react only with the F e 3 + state, cyanide reacts with both F e 3 + and 
F e 2 + states. They concluded, however, that the reaction with the latter 
occurs only under entirely anaerobic conditions. The complex is highly 
autoxidizable, and the ferric complex which is produced is very stable. 
Wainio (409) and Wainio and Cooperstein (410) concluded differently 
that cytochrome oxidase is combined in the ferrous form with cyanide as 
the stable complex. Joan Keilin (411) studied the reactions between 
hemoproteins and hydrogen cyanide, methyl cyanide, and methyl iso-
cyanide (CH 3 NC) and concluded that cyanide combines through the 
carbon and not the nitrogen atoms. The reactions between the hemopro
teins and several inhibitors, including cyanide, azide, fluoride, hydrogen 
sulfide, carbon monoxide, nitric oxide, and hydroxylamine, are charac
terized by important changes in the light absorption spectra. The spectral 
shifts are often used to identify the nature of the heme pigments present. 
Spectral shifts induced by cyanide have been described at different times 
by Lemberg and Legge (403), Keilin and Hartree (408, 412, 413), 
J. Keilin (411), and Chance (413a, 413b) for cytochrome pigments, 
peroxidases, catalase, methemoglobin, and metmyoglobin. 

The reactions between cyanide and peroxidase with details of the 
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spectral changes involved were described by Keilin and Hartree [412, 
418). Peroxidase, and also catalase and methemoglobin all react reversi-
bly with cyanide, azide, fluoride, and nitric oxide, with one molecule of 
anion per atom of iron. Peroxidase can be reduced by dithionite to ferro-
peroxidase which then combines with cyanide in the ferrous state (418). 
Stabilities differ greatly: for Fe 2+peroxidase CN, Ki = 1.3 X 1 0 ~ 3 at 
pH 9; and for Fe 3+peroxidase CN, Ki = 2 χ 1 0 ~ 6 at pH 9. Ferroperoxi-
dase cyanide is also dissociable by light. 

At pH 6.0 or below PerFe 2 + cyanide spontaneously changes to 
PerFe 3 + cyanide. One may speculate that the reaction is as follows: 
PerFe 2 + C N - f H + -» PerFe 3 + HCN, since at that pH C N ~ ions are in 
negligible concentration. PerFe 3 + would then react like catalase (401), 
and the reaction with ferriperoxidase is independent of pH (413). Since 
PerFe 3 + H C N cannot be reduced by dithionite at a pH below 5-6 it is 
possible that combination of ferriperoxidase and cyanide provides an 
example of a change in redox potential when a metalloenzyme reacts with 
an inhibitor, in this instance a decrease. 

The reactions between cyanide and peroxidase, catalase, and metmyo-
globin are also complex in other respects. George (413c) showed that 
cyanide combines with peroxidase (hydrogen peroxide) compound II and 
activates its reduction by endogenous hydrogen donors to peroxidase but 
inhibits the reduction of compound I to compound II. The combination 
of metmyoglobin or catalase with cyanide shows affinities of between 
5 Χ 10 3 and 1.7 Χ 10 4 times the affinities between cyanide and the com
pound II forms of either enzyme (408b). George (418c) has concluded 
that compound II is not a compound with peroxide but is a separate redox 
state of the heme group, and Nicholls (403b) emphasized that a very inter
esting question regarding the change in affinity arises when a covalent 
ligand (HCN) is involved but not when an ionic ligand (HF) is formed. 

Uricase which is almost certainly a copper-containing metalloenzyme 
(414) is also relatively sensitive (415), being 80% inhibited at 
3 Χ Ι Ο - 5 Μ cyanide. Colowick and Kalckar (416) and Mahler (414) 
concluded that cyanide reacts with the metal rather than with a carbonyl 
group because, of all other carbonyl reagents, only hydroxylamine showed 
any inhibitory effect. Keilin and Hartree (415) showed that cyanide 
inhibition of uricase was fully reversible by dialysis followed by competi
tive removal of residually associated cyanide with horse methemoglobin. 
When methemoglobin was added before dialysis to remove cyanide, there 
was a competitive partition between the two metalloproteins, and only 
partial reactivation of uricase occurred under these conditions. 

The phenol oxidases and ascorbic acid oxidase are also copper-
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dependent metalloenzymes and are inhibited by cyanide, but mainly at 
higher concentrations (around 10~SM). The classic work of Kubowitz 
(417-419) showed that dialysis of purified potato tyrosinase against 
cyanide resulted in removal of the protein-bound copper with loss of 
activity, which was restored on adding copper to the dialyzed protein 
after removal of the cyanide. Meiklejohn and Stewart {420) showed by a 
similar technique that copper could be removed from and restored to 
ascorbic acid oxidase, and Tissieres showed the same effect with laccase 
(421-422). 

A similar technique was used by Nicholas and Nason {28, 23a) to show 
the presence of protein-bound molybdenum in the cyanide-sensitive 
nitrate reductases from Neurospora and soybean. These experiments show 
that cyanide can remove a particular protein-bound metal from certain 
enzymes, e.g. copper from tyrosinase or ascorbic acid oxidase, or molyb
denum from nitrate reductase, but not the copper from uricase (414-416), 
where the metal appears to remain protein bound. Mahler (414) has 
postulated that cyanide combines with the copper by replacing the hy-
droxyl group in the "aquo hydroxo complex" form of the free enzyme. 

Amine oxidase of pea seedlings has been shown by Mann (423) to 
contain copper which can be removed by diethyl dithiocarbamate. 
The cyanide inhibition of amine oxidase appears, however, to have 
complex features {424) · Thus, whereas cyanide inhibits the oxidation of 
1,4-diaminobutane 27% and 90% at concentrations of 1 0 ~ 4 and 1 0 ~ 3 M, 
respectively, the oxidation of lysine or ethanolamine was unaffected at 
10—3 ikf and that of ^-phenylethylamine was inhibited 25%. At 1 0 ~ 2 M 
oxidation of all four substrates was totally inhibited. A competitive effect 
may be involved where the diamine requires a two-point attachment, and 
its oxidation is therefore more easily inhibited than that of the mono
amines, which may compete with differing success with the cyanide-
inhibited site. 

Erythrocyte carbonic anhydrase is reversibly inhibited by cyanide and 
is highly sensitive (425-427), 85% inhibition occurring at 4 X 1 0 ~ 6 M 
(425); cyanide was concluded to inhibit by combining with the prosthetic 
metal zinc (426). The plant enzyme is also cyanide sensitive but at much 
higher concentrations ( 1 0 ~ 3 M ) (427). 

Carboxypeptidase is cyanide sensitive, and it was concluded by Smith 
and Hanson (428, 429) that combination with a metal is involved. Inhibi
tion was reversible in part by dialysis and was completely reversed when 
the residual cyanide was removed by competitive association with horse 
methemoglobin, a technique introduced by Keilin and Hartree (415) for 
tests on uricase. Smith and Hanson (429) applied the formula ΚΓ = 
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(a — x)/x, where Κ is the equilibrium constant for inhibitor-enzyme 
complex, J is the molar concentration of inhibitor, η is the number of 
moles of inhibitor per mole enzyme at saturation, a is the concentration 
of enzyme, and χ is the concentration of active enzyme. The value for η 
was found to be 2 for cyanide and 1 for hydrogen sulfide. Later work by 
Vallee and Neurath (480), Coleman and Vallee (431), and Vallee et al. 
(432) showed that natural carboxypeptidases are zinc proteins and do not 
contain magnesium as was thought by Smith and Hanson. Their work 
showed that cyanide combined with but could not remove the zinc (429). 
Coleman and Vallee (431) showed, however, that zinc can be removed 
from carboxypeptidase A by dialysis at a low pH or against o-phenan-
throline. Restoration to carboxypeptidase A of zinc or cobalt, particularly, 
and also of manganese or nickel restored activity (432). Folk and Gladner 
(483) similarly observed reactivation of metal-free carboxypeptidase Β 
by cobalt or cadmium as well as by zinc. 

The application of inhibitor studies with cyanide to remove metals 
involves some points which require consideration before a full interpreta
tion of the results can be undertaken, and some special care is required. 
Thus, the conclusion reached by Mahler (434) that butyryl CoA dehydro
genase contains copper because the green color was discharged by dialysis 
against cyanide now appears to be a mistake, since Steyn-Parve and 
Beinert (435) have shown that this enzyme does not contain or depend 
upon copper. The replacement of the natural protein-bound metal by 
others after dialysis of carboxypeptidases has been noted (482, 4^3), and 
Nicholas and Nason (23) showed that a real danger of uncontrolled 
restoration of a metal existed with nitrate reductase unless reagents 
purified from molybdenum were used for the dialysis treatment. The fact 
that cyanide combines with but may not remove metals, e.g., copper or 
zinc, which may be removed by other reagents also shows where confusion 
can arise. Furthermore, the enzyme yeast succinic dehydrogenase contains 
4 iron atoms (436) but is not cyanide inhibited, possibly for steric reasons. 
I t must also be noted that failure to observe inhibition by cyanide is not 
necessarily evidence that a transition metal is absent. 

(ii) Carbonyl groups. Cyanide as H C N combines reversibly with 
carbonyl groups of aldehydes or ketones to form cyanohydrins [Eq. (19) ] . 

R R OH 
\ 

C = 0 + HCN =̂± C ( 1 9 ) 

/ \ 
CN 
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The reaction with protein is dependent on the presence of undissociated 
H C N and was shown to be reversible by dilution (437) or possibly by 
competitive combination with pyruvate by analogy with reversal of 
hydroxylamine inhibition (438). Relatively high concentrations are re
quired for this addition reaction, and susceptible enzymes would be 
expected to combine with other carbonyl reagents, e.g., bisulfite, semi-
carbazide, and hydroxylamine, as pointed out by James (168). These 
factors permit some conclusion as to whether cyanide inhibition involves 
a carbonyl grouping. Cyanide may also inhibit by combining with a 
substrate or cofactor where a carbonyl group is involved, e.g., a keto acid, 
an aldehyde, or a pyridoxyl derivative (362). Here also, relatively high 
concentrations and substrate-reversible characteristics will indicate the 
nature of the inhibition. This is presumably the basis for inhibition of 
amino acid decarboxylases which require pyridoxyl phosphate as a co
enzyme and are inhibited by Ι Ο - 3 Μ levels of cyanide. I t must be noted, 
however, that Hurwitz (439), who examined the reaction between cyanide 
and pyridoxal, found that at pH 7.4 the reaction is only 60% complete 
when equivalent amounts of cyanide and pyridoxal are present; the 
reaction is easily reversed. The optimum pH for reaction is 5.5, and a 
spectral shift occurs in extinction from 325 to 345 ταμ. 

(iii) Disulfide groups and activation of papain. Mauthner (440) early 
discovered that sodium cyanide reacts with disulfide bonds irreversibly 
to give a thiol salt and a thiocyanate [Eq. (20 ) ] . 

R S = S R + N a C N -» R S N a + RSCN (20) 

This reaction was reinvestigated by Fraenkel-Conrat (441), who 
showed that a high pH is required for the reaction with nonprotein disul
fide compounds. It is slow, progressive, and irreversible. Papain is acti
vated by cyanide, as was discovered very early by Mendel and Blood 
(442). Fruton and Bergman (44$) and Irving et al. (444) found a similar 
effect for cathepsin, and it was suggested that this activation is due to 
disulfide bond reduction. The question of activation of papain by cyanide 
reaction with protein disulfide bonds was considered unanswered by 
Fraenkel-Conrat, as the pH of the reaction may be below 6.0 for papain. 

Krebs (361) suggested that removal of metals could also explain this 
effect, since he showed that pyrophosphate, citrate, and cysteine also 
reactivated and that when purified (metal-free) gelatin was used there 
was no inhibition. I t may be noted that the idea of activation based on 
disulfide groups reacting with cyanide requires an irreversible activation. 
The work of Irving et al. (444) and Mendel and Blood (442) showed that 
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cyanide effect was reversible. Murray (445) partly resolved the con
troversy by showing that metal inactivation and reductive activation of 
papain were independent effects, and that the effects of cyanide or hydro
gen sulfide and of citrate or pyrophosphate were additive. Kimmel and 
Smith (446) in a recent analysis of the phenomenon concluded from a 
study of reactions with mercury that papain has one functional —SH 
group, one inactive (unreactive) —SH group, and 6 groups reacting with 
p-chloromercuribenzoate. Under these circumstances there is scope for 
speculating on the mechanism of reversible reaction between cyanide and 
temporary S—S bonds. Each cycle of activation and inhibition should 
lead to 50% loss of activity unless inactive dimeric and active nonomeric 
states are produced in a reversible reaction. 

(iv) Studies with succinic dehydrogenase and xanthine and aldehyde 
oxidases. The possibility that cyanide inhibits succinic dehydrogenase by 
reaction with protein disulfide bonds in the manner already described was 
suggested by Keilin and King (44?) on the basis of the slow reaction 
and its completeness and irreversibility. The question as to whether the 
—S—S— group was structural or derived from reversible oxidation of 
adjacent —SH groups during functioning of the enzyme was left open. 
A kinetic study of succinic dehydrogenase inhibition by cyanide was 
made by Guiditta and Singer (448). The soluble enzyme from heart 
muscle was found to be insensitive to cyanide under all conditions. The 
particulate enzyme was inhibited by cyanide in a pH-dependent manner 
with evidence for two reactions being involved. I t was found that inhibi
tion due to loss of activity at infinite substrate concentration (Vmax) and 
decrease in affinity (increase in Km) for the electron carrier, e.g., phena-
zine methosulfate, were prevented by the presence of succinate, D P N H , 
or dithionite (hydrosulfite), while only decrease in electron carrier affinity 
was reversible by the reducing agents, including succinate. Affinity for 
the substrate, succinate, was independent of the presence of cyanide. The 
sites of reaction were considered to be either a disulfide group or an iron 
atom. Guiditta and Singer considered that the protective effect of re
ducing agents, the previously unreported pH dependence of cyanide inhi
bition (based on V m a x estimations), and reversibility with respect to 
electron carrier affinity were not compatible with the idea of a disulfide 
reaction but were consistent with reaction with ferric iron involving the 
C N - ion. The maximal inhibition produced by cyanide was 50% with 
phenazine methosulfate but 100% with cytochrome c or methylene blue 
at 2 χ Ι Ο - 2 Μ cyanide. When the reverse reaction with fumarate was 
tested with reduced F M N , there was no inhibition of maximal activity 
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(l^max) but a major decrease in affinity for F M N . When reduced methyl-
viologen was used for fumarate reduction, there was no effect on dye 
affinity but a 5 0 % decrease in F m a x . Comparison of pH dependence of 
inhibition of methylene blue and phenazine methosulfate showed a differ
ence suggesting action of cyanide at different sites. B y contrast with the 
heart particulate preparation, brain and yeast succinic dehydrogenases 
were quite unaffected by cyanide, although the latter closely resembled 
the heart enzyme in other properties. 

Guiditta and Singer (448) concluded that slow secondary changes in 
the heart enzyme brought about by the initial rapid reaction with cyanide 
were the more likely explanation of irreversible inactivation and were 
consistent with the high energy of activation for cyanide inhibition re
ported by Tsou (449). 

The inhibition of liver aldehyde oxidase by cyanide was studied by 
Hurwitz (489). This enzyme contains molybdenum (450) and possibly 
iron also (450) and catalyzes oxidation of several aldehydes, including 
pyridoxal. 

Hurwitz (489) calculated that at 3 Χ Ι Ο - 5 Μ cyanide, where only 3 % 
of the pyridoxal present could be combined as cyanohydrin, there was an 
instantaneous and consistent inhibition of 1 5 - 2 0 % of activity. This was 
irreversible in the presence of methemoglobin. Further incubation of the 
enzyme with the same concentration of cyanide resulted in total inhibi
tion after a period of 6 0 minutes. Methemoglobin delayed the effect of 
cyanide during a short period of incubation by competing for the limited 
amount of cyanide present in the system. No conclusions were drawn 
regarding the significance of the results. I t would appear that two sites 
may be involved in addition to lesser effects of reaction with pyridoxal. 
A possibility is that in aldehyde oxidase there is a mutual oxidation and 
reduction by similar groups produced during oxidation of the substrate. 
The second slower reaction might be between iron and cyanide, by 
analogy with ideas proposed for succinic dehydrogenase (44$) \ the simi
larity between the inhibition of the two enzymes was noted by Hurwitz 
(489). As aldehyde oxidase does not require the molybdenum component 
for direct oxidase action with molecular oxygen (450), the reaction be
tween cyanide and molybdenum would appear to be excluded from this 
aspect of the inhibition although it is complete at low concentrations. 
Hurwitz (489) did not favor the possibility that aldehyde oxidase in
hibition was due to reaction with — S = S — groups, as inhibition by 
2,3-dimercaptopropanol (BAL) was decreased when incubated under 
anaerobic conditions, while with cyanide these had no effect. 

Mahler et al. (450) stated that if the molybdenum-free enzyme was 
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treated with cyanide (or azide) the addition of molybdenum overcame 
the inhibition, but no data were given and the effects on immediate and 
progressive inhibition were not distinguished. I t was found, however, that 
reduction of cytochrome c was inhibited instantaneously, while reduction 
of dyes by substrates other than D P N H was inhibited only after incuba
tion. These differences reflect the two types of inhibition observed by 
Hurwitz (4S9) for pyridoxal oxidation by oxygen. It is possible that his 
preparation contained cytochrome c and that both cytochrome c peroxi
dase and 2-electron transfer reactions were involved in pyridoxal 
oxidation. 

Xanthine oxidase of milk, which is also a molybdoflavoprotein (280, 
451), shows a more complex pattern of inhibition by cyanide. This was 
first described by Dixon and Keilin (452), who showed that the reaction 
was not immediate, and was irreversible and substrate protected. Mackler 
et al. (280) showed that, while cyanide inhibited the reaction between 
cytochrome c and D P N H when the enzyme was incubated with cyanide 
for 60 minutes, there was no inhibition when D P N H was oxidized by 
methylene blue. Cyanide also inhibited oxidation of hypoxanthine or 
xanthine regardless of the electron acceptor used, including oxygen, 
2-electron acceptor dyes, or cytochrome c. Azide did not inhibit cyto
chrome c reduction by any of the substrates, while aldehyde oxidase was 
sharply inhibited by azide to the extent of 70% at 5 Χ 1 0 ~ 6 Μ. The 
relative effects of these two inhibitors is therefore reversed with the two 
enzymes. The effects of cyanide on liver xanthine oxidases appears to be 
similar, according to studies of Doisy, Richert, and Westerfeld (452a). 
Fridovich and Handler (281) pointed out that as incubation of xanthine 
oxidase with cyanide led to a decrease in free —SH groups the irreversible 
inhibition was unlikely to be due to the rupture of — S = S — bonds but 
might be caused by rupture of a metal-thiol group. The reaction products 
might then be as shown in Eq. (21). 

S SCN 

Ε 
/ 

+ HCN —• Ε + (Μ) ? charge (21) 

Μ Η 

Alternatively, if a carbon-thiol group were involved, the reaction would be 

S SCN 
/ / 

Ε + HCN Ε (22) 
\ 

C—Η 
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and this could be followed by irreversible thiazolidine formation with an 
adjacent amino group, as described by Calvin (453). The first reaction 
does not seem attractive in terms of known behavior. Fridovich and 
Handler (454) made a further study of the reactions between cyanide and 
xanthine oxidase and showed that inhibition was in fact reversible under 
certain conditions. It was concluded that C N ~ ions are involved, as 
inhibition is favored by a high pH. Pretreatment of the enzyme with 
dithionite prevented the development of inhibition, and the cyanide-
inhibited enzyme was reactivated by dialysis in the presence of dithionite. 
Normally, the purified enzyme reacts with one molecule of cyanide for 
each molecule of F A D . In the presence of hypoxanthine or dithionite the 
ratio is changed to 0.5 mole of cyanide to 1 mole of FAD. In the light 
of these findings it was concluded that the enzyme contains two flavin 
molecules which are attached to metal-thiol groups (XIII ) . 

\ 
Fe—S 

/ \ 
FAD FAD 

\ / 
S—Fe 

\ 
XIII 

One flavin accepts electrons from the substrate and is directly reducible 
by substrate, and the other reduces oxygen at a different potential. 
Cyanide inhibits by combining as a stable complex with the ferric iron 
and ruptures the metal-thiol bonds, but does not combine avidly with the 
ferrous state. The reversibility in the presence of dithionite is explained 
on this basis. Fridovich and Handler (454) suggested that rupture of a 
ferric iron-thiol bond or combination across this grouping was a likely 
explanation of the irreversible inactivation of succinic dehydrogenase 
and of the protection afforded by reducing agents. 

A point of some interest is that although cyanide inhibits nitrate reduc
tase (156) and can extract the prosthetic molybdenum atom (28), Kinsky 
and McElroy (455) found no inhibition of cytochrome c reductase in the 
similar Neurospora nitrate reductase preparations. B y contrast, cyanide 
inhibits single-electron transfer to cytochrome c in xanthine oxidase 
(450) and aldehyde oxidase (280). 

b. Azide. (i) Reactive forms of azide and stability of complexes. Azide 
may inhibit by combining with a metal site either as the free acid H N 3 

or as the ionic compound N 3 - , as described below. Hydrazoic acid is 
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relatively strong (pK = 4.7), compared with many metal-combining 
anions like cyanide or hydrosulfide. When azide ions are involved, there 
is relatively little effect of pH over the upper part of the physiological 
range (5.5-8.5), as pointed out by Stannard and Horecker (404). When 
the free undissociated acid is concerned, the pH effect, as emphasized by 
James (168), may be large, and inhibition is increased by decreasing pH. 
Examples of this effect are provided by uricase, for which Keilin and 
Hartree (415) found 40% inhibition by 5 χ 1 0 ~ 3 Μ azide at pH 6.8 
and 28% at pH 7.8, and by catechol oxidase of Psalliota, for which Keilin 
(456) found that 70% inhibition at pH 5.9 was decreased to nil at pH 7.3. 
The spectrographic and kinetic studies by Chance (401), already noted 
in connection with the reaction between catalase and cyanide, also indi
cated that azide reacts with catalase as the free acid H N 3 . Stannard and 
Horecker (404) concluded from a kinetic study that cytochrome oxidase 
also reacts with azide as H N 3 (404). 

The reaction between D-amino acid oxidase and azide, which produces 
50% inhibition at pH 6.8 and slight stimulation at pH 7.8, also indicates 
reaction in the undissociated form. The reaction may be atypical and 
not due to combination with a metal, since none is thought to occur in 
this enzyme. Krebs (457) showed that it was insensitive to cyanide, and 
its inhibition by hydrogen sulfide (415), described later, is also atypical. 

Azide reacts with other hemoproteins as the dissociated ion. This was 
concluded from kinetic studies by Horecker and Stannard (405) for 
cytochrome c. The reaction is fully reversible, and one molecule of ferri-
cytchrome c reacts with one azide ion, N 3-~. Ferric azide catalyzes the 
autoxidation of ferrocytochrome c (405). Methemoglobin and metmyo-
globin also react with the azide ion, according to Stannard and Horecker 
(404)' The reaction of horse-radish peroxidase with azide has not been 
clearly established but was shown by Keilin and Hartree (412) to occur 
only between pH 4 and 4.5. It is reversible by hydrogen peroxide. The 
dissociation constant is also fairly high, about 1 0 - 3 . These data suggest 
that azide combines with horse-radish peroxidase as the undissociated 
acid H N 3 . According to Lenhoff and Kaplan (458), cytochrome c peroxi
dase of Pseudomonas fluorescens also combines with azide as H N 3 , and 
the dissociation constant appears to be about 10~ 3 . 

Most of the reactions between hemoproteins and cyariide or azide 
therefore appear to be with the free acids, but clear exceptions, e.g., 
cytochrome c, also occur. The reactions with peroxidase (459), metmyo-
globin, catalase, cytochrome c, and cytochrome oxidase involve one mole r 

cule of azide for each atom of iron (404) 405, 412). The stability of azide 
complexes is often less than the stability of those formed with cyanide, 
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and higher concentrations are required for inhibition. The relative affini
ties (K{) for cytochrome c are 1.5 X 1 0 _ 1 for azide ( N 3 - ) and 2 X 1 0 - 6 

for cyanide ( C N - ) , according to Horecker and Stannard (405). For 
catalase the relative affinities (Κι) appear to be 8 X 1 0 - 7 for cyanide and 
1.2-6 X 1 0 ~ 4 (403, 407) for azide; similar differences in relative inhibi
tion occur with horse-radish peroxidase (412, 459a). The anomaly of 
catalase sensitivity to azide is discussed later, and the possibility that 
the true affinity for the free acid is much greater is noted below. Excep
tions also occur. Thus, whereas the dissociation constants for mammalian 
cytochrome oxidase complexes with cyanide and azide are similar at 5 and 
7 X 1 0 - 7 , respectively (404), and the stabilities of azide and cyanide 
complexes of methemoglobin are similar (403), the order is clearly 
reversed for cytochrome oxidase of Azotobacter vinelandii studied by 
Layne and Nason (460). Azide inhibited 78% at 1 0 ~ 5 Λ ί and pH 7.5, 
whereas according to Lenhoff and Kaplan (458) over 99% would be 
present as N 3

_ , while cyanide inhibited 56% at 1 0 ~ 4 M, but practically 
all would have been present as HCN. As no kinetic studies were reported 
(460), the relative significance of the two inhibitors cannot be further 
elucidated here. In fact, i t must be recognized that in all comparisons 
between azide and cyanide the large differences in pK values which affect 
the extremes of the physiological pH range may confuse the interpreta
tion of relative affinity unless the effects of pH on the concentrations of 
free acid and ionic forms are also taken into consideration. This point 
is illustrated by the data of Keilin and Hartree (407) and of Chance 
(401) and Nicholls (403b), respectively, which show that the apparently 
high value of 6 Χ 1 0 ~ 4 is probably incorrect and that values for H N 3 

are about 3 X 1 0 ~ 6 or 1.5 X 10~ 5 . A similarly reversed order of apparent 
affinity was found by Mahler et al. (450) for liver aldehyde oxidase for 
oxidation of cytochrome c, where azide inhibits 70% at 5 Χ 1 0 ~ β M. This 
reaction with xanthine oxidase of milk is not inhibited by azide (280), 
and neither is the reaction with oxygen (415). Both these enzymes, 
however, appear to contain iron as well as molybdenum. 

Azide inhibition of the copper enzymes appears to be less severe than 
that of the iron enzymes, and is less severe than the effects of cyanide. 
Thus, amine oxidase which is a copper protein (423) is inhibited only 8% 
by 10—2 Μ azide but is completely inhibited by the same concentration 
of cyanide (424)- Similarly, uricase is inhibited 28-40% by azide at 
5 X 1 0 ~ 3 M and is inhibited 83% by cyanide at 3 χ ΐ Ο ~ 5 Μ (415). 
According to Holmberg (461), azide inhibition of uricase is only tem
porary and soon disappears. 

Inhibition of the zinc enzymes by azide is relatively weak. Pancreatic 



398 Ε. J. HEWITT AND D. J. D. NICHOLAS 

carboxypeptidase, which is not inhibited by azide according to Smith and 
Hanson (428, 429), is nevertheless severely inhibited by both cyanide 
and hydrogen sulfide. Carbonic anhydrase, which is inhibited 85% by 
4 χ Ι Ο - 6 Μ cyanide (425), is much less sensitive to azide with which 
only partial inhibition occurred at 2 χ Ι Ο - 3 Μ with the preparation of 
Meldrum and Roughton (462); hydrogen sulfide was as effective as 
cyanide. 

Azide inhibition is usually readily reversible. Azide inhibition of alde
hyde oxidase of potato, measured by reduction of nitrate to nitrate with 
acetaldehyde under anaerobic conditions, is readily reversed by dialysis 
against water without loss of initial activity (463); Ι Ο - 3 Μ azide at 
pH 6.0 produced 80% inhibition, and 5 Χ 1 0 ~ 4 Μ provided 45% inhibi
tion of the enzyme. Although irreversibly inhibited by cyanide, no other 
metal-chelating agents inhibit, and the presence of a metal is uncertain. 

Tubbs (400a) found that, although C N - ions inhibited D-a-hydroxy 
acid dehydrogenase of rabbit kidney mitochondria, azide had no effect at 
similar pH values. As E D T A and o-phenanthroline were also inhibitory, 
the presence of a metal in the prosthetic group was considered likely. 

(ii) Reaction with nitrite. A point of importance regarding the use 
of azide as an inhibitor in reactions involving the production or loss of 
nitrite requires emphasis. Villanueva (464) and Hewitt and Hallas 
(463) pointed out that azide interferes with the estimation of changes in 
nitrite concentration due to the reaction between azide and nitrite which 
occurs in acid solutions produced during the Griess-Ilosway method of 
estimation [Eq. (23 ) ] . 

N 0 2 - + N 3 " + 2H+ = N 2 + N 2 0 + H 2 0 ; or HONO + H N 3 = H 2 0 + N 2 0 + N 2 

(23) 

Villanueva (464) suggested that several reports of azide inhibition of 
nitrate-reducing systems might require reinvestigation for this reason. 
The concentrations of nitrite and of azide involved are in fact frequently 
of a similar order. Thus, in estimations of nitrite reductase the substrate 
concentrations are often around 2 χ 1 0 ~ 4 M, and when nitrite formation 
from nitrate is being measured, concentrations observed are usually be
tween 5 χ 1 0 - 6 and 5 Χ Ι Ο - 5 M; azide concentrations have ranged from 
5 X 1 0 - 6 to 1 0 - 3 M. Azide at 5 Χ 1 0 ~ 4 Μ will cause almost total loss, 
analytically, of nitrite present at 5 Χ Ι Ο - 5 Μ (463). Villanueva (464) 
showed that 3.3 Χ Ι Ο - 3 Μ azide caused 92% loss of nitrite present at a 
concentration of about 1.2 χ Ι Ο - 3 M. The azide inhibition of nitrate 
reductase obtained by Sadana and McElroy (465) was observed to be 
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50-100% at concentrations of 1 0 ~ 3 and 3 X 1 0 ~ 2 M, respectively, under 
conditions where cyanide showed no inhibition in the presence of reduced 
benzylviologen as electron donor. The high concentrations of azide in
volved suggest that the possibility of chemical interference requires 
investigation before the unusual difference between azide and cyanide 
is accepted. 

Hewitt and Hallas (463) showed that by using a manometric esti
mation of nitrite-reducing activity with larger amounts of enzyme and 
substrate and longer reaction times, azide inhibition could be demon
strated without analytical interference. The method consisted in measure
ment of nitrite produced when estimated by reaction with azide in acid 
solution at the end of the incubation period, either with or without the 
presence of azide as an inhibitor during enzymic reaction under physio
logical pH conditions. 

The method is approximately twice as sensitive as the manometric 
method using sulfamic acid (466). The nitrite concentration present is 
related to the volume of gas measured under the experimental conditions 
by previous calibration. 

(iii) Azide and reactions with catalase and peroxidases. The study of 
the inhibition of catalase, peroxidase, methemoglobin, and metmyoglobin 
by azide and also by hydroxylamine has elucidated general points of 
considerable interest which are summarized here. 

Keilin and Hartree (407) pointed out that, whereas the relative affini
ties of catalase for cyanide, azide, and hydroxylamine are in the ratio of 
10,000:67:40, respectively, the concentrations producing 50% inhibition 
are 4.3 X 10~ 6 , 6.3 X 10~ 8 , and 6.3 X 1 0 - 7 , respectively. This observa
tion was clearly inconsistent with the known relationships between 
reversible enzyme inhibitors and the kinetics of enzyme-inhibitor complex 
formation. 

Keilin and Hartree (407) developed the view supported by numerous 
lines of circumstantial evidence that the iron in catalase (407, 467-469) 
and in methemoglobin (412, 468, 470) and metmyoglobin (412, 470) 
undergoes reversible oxidation and reduction during functioning as per
oxidases with hydrogen peroxide, but this view regarding catalase was 
not accepted by Theorell and Ehrenberg (471). 

Keilin and Hartree and Theorell and Ehrenberg showed that catalase 
and methemoglobin (468, 469, 4^1) catalyzed the peroxidation of azide 
to nitrogen and nitrous oxide (471) with the formation also of traces of 
nitric oxide or nitrite (468, 469). Hydroxylamine is also oxidized to give 
nitric oxide and other products in the presence of catalase and hydrogen 
peroxide (468). Whereas, however, azide-methemoglobin is very stable, 
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does not react with peroxide, and is not reduced by hydrogen peroxide 
(412), peroxide-methemoglobin rapidly peroxidates azide (468). The 
catalase-azide complex, which is much less stable, by contrast reacts 
readily with azide in the presence of hydrogen peroxide, and the catalase 
iron when present as an azide complex is reduced to the ferrous state 
(407, 468, 471) by hydrogen peroxide. Catalase iron-hydroxylamine com
plex is also reduced to the ferrous state by peroxide (407) but not by 
dithionite. 

Keilin and Hartree (468), following the discovery by Theorell and 
Ehrenberg (471) that azide is oxidized by peroxide in the presence of 
catalase, identified the mechanism of azide inhibition of catalase as due 
not to azide-Fe 3 + or azide-Fe 2 + complexes but to nitric oxide production. 
The nitric oxide combines specifically and avidly with the iron and 
stabilizes ferrous catalase in the ferrous state as the nitric oxide complex. 
The same reaction was shown in the oxidation of azide by methemoglobin 
and peroxide, which resulted in the hemoglobin-nitric oxide complex being 
formed. This reaction cannot occur to any appreciable extent when the 
azide-methemoglobin is formed first because of its great stability (Ki = 
3 Χ 1 0 - 6 , approximately) unlike the less stable (K{ = 10~ 4 , approxi
mately) and more easily reduced azide-catalase complex which functions 
as an autoxidizable system (407). The same mechanism accounts for the 
inhibition of catalase by hydroxylamine, where Keilin and Hartree (468, 
469) observed that nitric oxide is produced. An early observation by 
Keilin and Hartree (4^2) that the reaction between azide, hydrogen 
peroxide, and catalase was inhibited under nitrogen was at first held by 
them to indicate prevention of autoxidation of the ferrous-azide-catalase 
complex. Reinvestigation (468, 469) of this work in a commendably open 
and unbiased approach revealed the part played by nitric oxide produced 
during "purification" of nitrogen by passage over apparently pure copper 
at a temperature over 400° C. I t was found that ferrocatalase-azide is 
extremely sensitive to NO, and this provided the clue to the whole 
mechanism described above. 

An interesting point concerns the severe inhibition of catalase by 
hydroxylamine as a result of peroxidation to nitric oxide, although at 
Ι Ο - 3 Μ hydroxylamine may inhibit purpurogallin formation by peroxidase 
40% (459). Cresswell and Hewitt (473) showed that peroxidase and 
hydrogen peroxide with manganese and monophenolic cofactors led to the 
rapid oxidation of hydroxylamine as a substrate without inhibition. The 
difference may be explained by the fact that whereas catalase-iron may 
be assumed to undergo reduction to the ferrous state which combines with 
the nitric oxide with great avidity by analogy with hemoglobin (403, 
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474) the iron of peroxidase remains in the ferric state. The NO-ferric 
catalase complex is reversible and does not combine with the nitric oxide 
so avidly, as shown by Keilin and Hartree (475) and Stern (476); ferric 
hemoglobin reacts weakly (474), and therefore little inhibition would be 
expected to occur by this mechanism. The failure of catalase to inhibit 
the reaction described by Cresswell and Hewitt (478) might also be due 
to inhibition of catalase itself by the hydroxylamine used as a substrate 
for the peroxidase, with formation of some nitric oxide, since nitrite for
mation also occurred (478). Peroxidase and metmyoglobin differ from 
methemoglobin and catalase in that the peroxidation of azide by the first 
two is apparently slow or negligible (469) compared with the reaction 
with catalase (468, 469) or methemoglobin (468); but some chemical 
destruction of azide also occurs in the presence of hydrogen peroxide 
alone (469). 

c. Effects of Fluoride on Enzyme Activity. Fluoride ions form com
plexes with several metal-enzyme systems including those dependent on 
iron, calcium, and magnesium. Mechanisms and examples have been 
reviewed by Borei (477), Reiner (478), James (168), and Hackett (169). 

(i) Enolase and phosphoglucomutase. Fluoride inhibition of enolase, 
which catalyzes the reaction between 2-phosphoglyceric acid and enol-
phosphopyruvic acid was elucidated by Warburg and Christian (479). 
They showed that magnesium is required for the enzymic reaction and 
that in the presence of phosphate or arsenate an inactive dissociable 
magnesium fluorophosphate complex is formed. The product of the func
tion [Mg] [ P 0 4 ] [ F ] 2 X (fractional activity)/inhibition was a constant 
equal to about 3.2 X 1 0 ~ 1 2 . As a consequence the fluoride concentration 
producing 50% inhibition was decreased as magnesium concentration was 
increased. 

An analogous but slightly different mechanism was found to occur with 
phosphoglucomutase, studied by Najjar (480). This enzyme catalyzes the 
reversible reaction between glucose-l-phosphate and glucose-6-phosphate 
with glucose-1.6-diphosphate as a coenzyme. Here, a magnesium fluoride 
complex with glucose-l-phosphate is formed with the enzyme. Fluoride 
inhibition also depends upon magnesium concentration. Najjar (480) 
applied the formula of Warburg and Christian (479), substituting glucose-
l-phosphate for phosphate, and obtained a constant; Κ = 1.7 X 1 0 ~ 1 2 . 

(ii) Phosphatase, pyrophosphatase, and phosphorylase enzymes. It 
might be expected that many enzymes that are dependent on magnesium 
are inhibited by fluoride, especially in the presence of phosphate. The 
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particular susceptibility, however, differs considerably among different 
enzymes. 

The polynucleotide phosphorylase enzymes which depend specifically 
on magnesium are entirely insensitive to fluoride, according to Grunberg-
Manago Ortiz, and Ochoa {481). Alkaline phosphatases are often un
affected by fluoride unless only magnesium is present {482) or they are 
exposed to a low pH (483). 

The magnesium-dependent 5-nucleotidases are, however, inhibited by 
fluoride, as reported by Heppel and Hilmoe (853a). Fluoride inhibition 
of alkaline phosphatases, when observed, may be a nonspecific anion 
effect similar to that described earlier, since phosphate, arsenate, and 
borate also inhibited (853a, 482, 484)- Acid phosphatases are usually 
particularly fluoride sensitive, as shown by Sizer (485), Kutscher (486), 
Belfanti et al. (483); these include acid phosphatases in spinach (487) 
and in potato (279). 

In contrast to the somewhat differential effects of fluoride on acid and 
alkaline phosphatases, the acid and alkaline pyrophosphatases of potato 
described by Nagana et al. (279) are both inhibited (86 and 91%, respec
tively) by 1 0 _ 3 A f fluoride, although the acid pyrophosphatase is in
hibited by magnesium, while the same metal is specifically required by 
the alkaline pyrophosphatase. Erythrocyte pyrophosphatase with a pH 
optimum of 8.0, studied by Nagana and Menon (351), was inhibited 
50% by only 2 χ 1 0 ~ 5 Μ fluoride and 95% at 2 X 1 0 ~ 4 M. Similar 
enzymes from different parts of the same organism may show different 
sensitivity to fluoride (837), and this may be related to the differing 
affinities of the enzymes, adenylic kinase, for magnesium. 

The mechanism of acid phosphatase inhibition by fluoride may be 
quite complex, as was shown by Reiner, Tsuboi, and Hudson (488) for 
human prostatic acid phosphatase. Maximum fluoride inhibition was 
found to occur at intermediate concentrations of about 0.01 Μ; higher 
and lower concentrations produced markedly less inhibition. The magni
tude of the inhibition and the effect of fluoride concentration also vary 
with the nature and concentration of the phosphate ester substrate. A 
theory was derived by mathematical means to explain these observations. 
The curve relating inhibition to fluoride concentration was thought to 
represent the effect of combination of two types of fluorine compounds 
with the enzyme. 

A plot of the reciprocal of fractional inhibition, defined as in [Eq. 
(24)] with (i) as fractional inhibition, 

V fluoride _ .» 
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where V is velocity, against the reciprocal of the square of fluoride con
centration [ F ] 2 was linear with intercepts at unity for both phenyl 
phosphate and adenylic acid as substrates, at the low fluoride concentra
tions below maximal inhibition. 

This indicated that fluoride was most effective in a form dependent 
on a dimeric state. I t was supposed that fluoride combines as the dimer 
( H F 2 ) - with the electropositive reactive site, in competition with the 
substrate. A higher polymer, possibly ( H F 2 ) 2 - 2 , also combines at this 
site, but less avidly, and can be displaced by the substrate, thus explain
ing the decreased inhibition at the higher fluoride concentrations. The 
electropositive site could be produced by M g 2 + or other activating metals, 
but no evidence for these was obtained, and guanidinium or amino groups 
were considered possible sites. The inhibition by fluoride was also depend
ent on the presence of other anions. Monovalent anions tended to accen
tuate fluoride inhibition or had no effect, while divalent or polyvalent 
anions tended to decrease inhibition, their effectiveness being in order of 
the magnitude of their second dissociation constants. Citrate had an 
outstanding effect in reversing fluoride inhibition. 

The theory regarding this effect is that the divalent anion competes 
with fluoride, but does not prevent substrate combination with the en
zyme, and functions like the partly protective ( H F 2 ) 2 - 2 , but more effec
tively. The fluoride as ( H F 2 ) ~ was considered possibly to complex with 
two adjacent, positively charged amino groups. The fluoride inhibition 
of the unusual dual function glutamine synthetase and transferase enzyme 
of lupin described by Elliott (334) is interesting, as the synthetase 
reaction is inhibited 90% and the transferase reaction 40% by 10"* 3M 
fluoride, presumably in the presence of magnesium. The difference in 
sensitivity could, however, be due to traces of manganese, as has already 
been suggested (see Sections II,C,2,c and III ,B, l ,a) . 

(iii) Inhibition of metalloenzymes. Fluoride inhibition of succinic 
dehydrogenase, studied by Slater and Bonner (489), shows another aspect 
of the complexity of fluoride inhibition. Unlike enolase (479) or acid 
phosphatase (488), where two or more fluorine atoms are involved, the 
inhibition of succinic dehydrogenase involves only one fluoride ion (F~) 
per enzyme molecule. Inhibition by fluoride alone is weak and so also is 
that by phosphate alone. Inhibition by fluoride and phosphate together 
in 1:1 ratio is very strong and is competitive with succinate. I t may be 
that the ferric iron atom in succinic dehydrogenase indicated by the work 
of Massey (490) is the combining center and forms a ferric fluorophos-
phate complex analagous to that between enolase and magnesium but 
involving only a single dissociable fluoride ion. 
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Fluoride combines with many hemoprotein enzymes, and well-defined 
spectral changes are usually associated with the reaction. These spectral 
shifts are described by Lemberg and Legge (403), Keilin and Hartree 
(408, 412), Chance (418b), Keilin and Mann (459), and Stern (476). 
The reaction is with the ferric iron state of cytochrome oxidase (408), 
peroxidase, catalase, and methemoglobin (412, 476); it is freely reversible 
and involves one atom of iron for one fluoride molecule. 

The reaction between catalase and anions, including fluoride, has al
ready been described; it was concluded that the free acid H F reacts with 
the hydrated group of ferric catalase ( F e — H 2 0 + H F ±^ FeHF + H 2 0 ) 
in a pH-independent reaction. Lemberg and Legge (403) previously 
depicted the reaction as Fe—OH + F ±^ F E F + OH~. The reaction 
between methemoglobin and fluoride was, however, considered to involve 
the fluoride iron in a pH-independent reaction (401). The affinity of 
methemoglobin, metmyoglobin, and catalase for fluoride are relatively 
low (408, 403b, 4^5), by contrast with those for sulfide and cyanide, and 
are reversed by hydrogen peroxide, as also is the complex with peroxidase 
(412). The reaction between peroxidase and fluoride is complex. George 
(418c) has shown that fluoride accelerates the decomposition of peroxi
dase compound II by reduction by endogenous hydrogen donor to form 
peroxidase fluoride. Excess hydrogen peroxide and fluoride lead to the 
production of peroxidase compound I due to the rate-limiting reaction 
between compound I and endogenous reducing agents to produce com
pound II. 

Nicholls (403b) described a kinetic study of the reactions between 
catalase or catalase-peroxide compounds and anions, including fluoride, 
and compared these reactions with those observed with peroxidase and 
metmyoglobin. The reaction with fluoride was concluded to involve the 
free acid H F in an ionic reaction with catalase or peroxidase and to 
involve both H F and F ~ with metmyoglobin. The dissociation constants 
for catalase fluoride and catalase compound II fluoride are similar, unlike 
the great difference for the cyanide compounds. Peroxidase differs from 
catalase because in the former fluoride inhibits reduction of compound I 
to II (413c), but in the latter formation and decomposition of compound 
II are both accelerated. Acetate acts in a similar manner, but formate, 
which shows this effect, has a complicating factor because it also reacts 
as a 2-electron donor with compound I (403b). Metmyoglobin differs 
from peroxidase and catalase in that fluoride has no effect on the reactions 
of metmyoglobin peroxide over a wide pH range. An anomaly also arises 
in the apparent dissociation of the fluoride complex of catalase which 
Nicholls (403b) gives as 3 X 1 0 ~ 3 from the effects of dissociation between 
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catalase and fluoride at pH 5, whereas Chance (401) gives a value of 
4 χ 1 0 - 5 for H F as a pH-independent value (see Section III ,C,l ,d) . 
The reactions of fluoride with other metalloenzymes are relatively weak. 
Thus, uricase is not inhibited by fluoride (415), and neither is carbonic 
anhydrase (462). Neither nitrate reductase (157) nor the other molybdo-
flavoproteins which also contain iron (450y 451) are reported to be appre
ciably sensitive to fluoride. 

(iv) Fluoro analogues. Fluorine replaces hydrogen in a number of 
organic compounds. This subject is discussed principally elsewhere, but 
mention may be made of the fluorocitric and fluoroacetic acids which are 
involved in "lethal synthesis," a term introduced by Peters (491), and 
blocking of the tricarboxylic acid cycle. Fluoroacetic acid occurs as the 
natural toxin of Dichapetalum cymosum and was identified by Peters 
(492). Fluorocitrate behaves as an inhibitor of aconitase, as shown by 
Morrison and Peters (493). Brady (494) prepared fluoroacetyl CoA and 
showed that oxalacetate reacts enzymically with it to produce fluoroci
trate in the presence of crystalline condensing enzyme from pigeon liver. 
Fluoroacetyl CoA competes strongly with acetyl CoA for the condensing 
enzyme. The respective Michaelis constants were 1.3 Χ 1 0 - 6 and 2.2 χ 
1 0 - 5 . The condensation reactions with methyl groups such as citric acid 
synthesis were decreased in rate but not in equilibrium by fluoroacetyl 
CoA, whereas carboxyl condensations, such as acetylation of mercapto-
ethanol by an enzyme from Clostridium kluyveri were not inhibited. 
Reactions such as ethylacetoacetate synthesis were inhibited to an inter
mediate extent. Whereas pigeon liver enzymes cannot activate fluoro-
acetate with condensing enzyme systems, the enzymes from rabbit kidney 
can activate fluoroacetate, and fluoride ions can inhibit this reaction but 
not the reaction with acetate. 

d. Sulfide. Enzyme inhibitions by hydrogen sulfide (H 2 S) or hydro-
sulfide ( H S _ ) may involve two aspects of the reactions of sulfide with 
proteins. In this form the compound behaves as a weak acid (pK x = 7.14) 
intermediate between azide and cyanide. Hydrogen sulfide may reduce 
disulfide bonds in some proteins and cause inactivation. Roche (495) 
pointed out that sulfide and cyanide inhibit the metal-dependent alkaline 
phosphatases, but Shuster (496) showed that both acid and alkaline 
phosphatases (i.e., 3'-nucleotidase of rye grass, which does not require a 
metal, and 5'-nucleotidase of semen, which is activated by magnesium) 
are inhibited by cyanide and cysteine at pH values between 6 and 9 and 
are activated by both of these over the pH range between 6 and 4. He was 
inclined to dismiss reduction of disulfide bonds as the explanation of these 
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effects. The effect of cysteine was not competitive and was related to the 
probable formation of a dissociated or ionic compound. Shuster (496) 
did, however, consider that rupture of — S = S — bonds might lead to 
progressive denaturation of the enzyme, but kinetic studies were not made 
on this point. With 5'-nucleotidase a synergistic effect of magnesium and 
cysteine was observed, since at pH 7.5 cysteine alone was inhibitory; but 
with magnesium, cysteine had a stimulatory effect. 

The second and more general mechanism of sulfide inhibition concerns 
its reaction with metals. The hemoproteins as a class are generally highly 
sensitive to hydrogen sulfide. The details of effective concentrations are 
given by Lemberg and Legge (403), Dixon and Webb (362), and James 
(168) for several enzymes, including the hemoproteins. 

The reactions of sulfide with hemoproteins have been summarized by 
Lemberg and Legge (403), and spectral changes involved are given by 
them and by Keilin (497), Keilin and Hartree (408, 415, 475), and 
Keilin and Mann (459). The reaction with sulfide occurs with the ferric 
and not the ferrous stage, according to Keilin and Hartree (408). Sulfide 
is a powerful inhibitor of catalase (475) and of the peroxidative activity 
of methemoglobin; the compound is reversible but has a small dissociation 
constant of 1 0 ~ 5 (497). 

Nicholls (498) has recently described the reactions between metmyo
globin, myoglobin, or catalase, and sulfide. The compounds metsulfmyo-
globin and sulfcatalase are covalent. The reactions are complex and can 
only be summarized here. The literature on earlier work has also been 
reviewed by Nicholls, and spectral data are illustrated. 

Myoglobin (MbFe 2 +) and hydrogen sulfide form myoglobin sul
fide, MbSFe 2 +. This is oxidized by ferricyanide to metsulfmyoglobin 
(MbSFe 3 +) , but with hydrogen peroxide oxymyoglobin is produced 
(MbSFe 2 + + H 2 0 2 -> M b F e 2 + 0 2 + H 2 S?) . When H 2 S is added to met
myoglobin peroxide, metsulfmyoglobin and sulfmyoglobin are produced 
(2MbFe0 2 + + 2H 2 S -* MbSFe 2 + + MbSFe 3 + + 2 H 2 0 + e~). 
Metsulfmyoglobin reacts with peroxide like metmyoglobin and behaves 
as a peroxidase, i.e., it is not appreciably inhibited. I t is reduced by 
H 2 S and forms complexes with azide, cyanide, and fluoride. Catalase 
reacts with hydrogen sulfide to give sulfcatalase; here, sulfur reacts with 
the porphyrin group in an irreversible manner. The ferric iron of sulf
catalase also reacts reversibly with hydrogen sulfide to give sulfide-
sulfcatalase. There are thus two reactions involved in the inhibition. 
Sulfcatalase cannot form peroxide compounds I or II but can be con
verted with some losses to catalase by oxidizing agents such as oxygen 
or ethylhydrogen peroxide but not by ferricyanide. Ferric sulfcatalase 
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cannot be reduced to the ferrous form by dithionite but is converted to 
free ferric catalase with losses and formation of unknown sulfur com
pounds. Catalase compound II with F e 4 + iron is reduced by H 2 S to 
ferrosulfcatalase with F e 2 + iron, and this is converted to free ferrous 
catalase by dithionite. The ferrous catalase is then rapidly autoxidized 
to ferricatalase. Catalase compound I will not react with H 2 S, or at least 
no such reaction can be detected. This is in contrast to the reaction of 
catalase I with azide to give nitric oxide ferrocatalase where a three-
electron reduction reaction occurs (403b, 407, 468). 

Ferrous sulfcatalase combines with carbon monoxide in a light-
reversible reaction. Cyanide, azide, and fluoride combine to form stable 
compounds with ferric sulfcatalase but catalyze the production of free 
ferric catalase from ferrous sulfcatalase, possibly by autoxidation. Carbon 
monoxide inhibits this reaction, and formate is inactive. Nicholls draws 
attention to the natural occurrence of sulfhemoglobin in cases of septi
cemia and T N T poisoning, which is common in certain circumstances. 
Peroxidase differs from catalase in that it oxidizes H 2 S as a substrate. 
Addition of ammonium sulfide to peroxidase compound I or II regenerates 
free peroxidase [Eq. ( 25 ) ] . 

Per II + H 2 S -» Per F e 3 + + SH* (25) 

The reactions and extent of inhibition with sulfide in metalloenzymes 
are often compared with those of azide and cyanide and frequently found 
to be similar; there are, however, also differences. The reaction between 
D-amino acid oxidase and H 2 S and its insensitivity to cyanide constitute 
one example, but the nature of H 2 S inhibition, as described below, is not 
typical. Uricase, which is a copper protein (414), is relatively sensitive 
to cyanide and rather less so to azide; in a nontypical manner it is 
not appreciably inhibited by sulfide or by fluoride (415). B y contrast, 
the copper proteins of ascorbic acid oxidases of drumstick (Moringa 
pterygosperma) and of squash (499-501) are inhibited by sulfide as well 
as by cyanide to about equal extents, and ascorbic oxidases of cauliflower 
and squash were found by Stotz, Harrer, and King (502) to be 91-96% 
inhibited by 2.5 Χ 1 0 ~ 5 Μ Na 2 S . Laccase is also inhibited by H 2 S (503) 
and so also is polyphenol oxidase (tyrosinase) from Psalliota (504). The 
zinc proteins, animal carboxypeptidase and animal carbonic anhydrase, 
are inhibited about equally by cyanide and sulfide, according to Meldrum 
and Roughton (462) and Smith and Hanson (428, 429), whereas azide is 
much less inhibitory, and fluoride not at all. Xanthine oxidase is not 
inhibited by sulfide (415), but nitrate reductase of Achromobacter 
fischeri is completely inhibited at 5 Χ Ι Ο - 4 Μ N a 2 S (465). 
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Sulfide inhibition also occurs in some systems dependent on freely 
dissociable metal complexes. Maschmann (505) has shown that the 
dipeptidase of Bacillus histolycus, which is activated by ferrous iron and 
cysteine together, is reversibly inhibited by cyanide and severely inhibited 
by H 2 S, for which reversibility was not tested. 

D-Amino acid oxidase of liver, which is insensitive to cyanide (457), 
is irreversibly inhibited by hydrogen sulfide. The effect of H 2 S on D-amino 
acid oxidase is not a typical reaction and is not directly due to H 2 S. 
Keilin and Hartree (415) showed that, whereas inhibition in air is pro
gressive and irreversible, there is no inhibition when the enzyme and H 2 S 
are incubated anaerobically and then separated before testing the ac
tivity. An oxidation product of sulfide is probably involved, possibly as a 
result of hydrogen peroxide formation during initial substrate oxidation. 

e. Pyrophosphate and Citrate. Pyrophosphate and citrate may produce 
inhibition for similar reasons in two different ways. 

(i) Chelation or competition. Chelation of a metal component site may 
occur where iron, manganese, calcium, or magnesium are involved. Thus, 
both citrate and pyrophosphate inhibit DPNH-cytochrome c reductase, 
due to competition with cytochrome c for a binding site which may 
involve iron, according to Mahler (434) 506). Extra cytochrome c reverses 
the inhibition. The inhibition of lactic cytochrome c reductase by anions 
has been described earlier (874a, 374b). 

Pyrophosphate inhibits aldehyde oxidase of liver (450) and xanthine 
oxidase (280) under certain circumstances by competing with phosphate 
when this anion is involved (280, 450, 506a). As the latter is required only 
for the single-electron transfer reactions involving molybdenum, the 
inhibition by pyrophosphate affects reduction of cytochrome c or nitrate 
but not that of oxygen as terminal electron acceptor. This accounts for 
earlier statements by Keilin and Hartree (415) and Dixon and Elliott 
(507) that xanthine oxidase was not inhibited by pyrophosphate because 
only the direct oxidase activity was being measured. Molybdenum cannot 
reverse pyrophosphate inhibition of xanthine oxidase. Citrate inhibits 
aldehyde oxidase (450) 60% at Ι Ο - 3 Μ, and this may be a competitive 
effect with phosphate; but the kinetics have not been described. The 
phosphate requirement for aldehyde and xanthine oxidases was also ob
served by Nicholas and Scawin (507a) and Kinsky and McElroy (455) 
for nitrate reductase and to a lesser extent for cytochrome c reductase. 
Pyrophosphate was slightly inhibitory (455) to nitrate reductase but 
not to cytochrome c reductase, and citrate had no effect. In one experi
ment phosphate was replaceable by both tungstate and arsenate but not 
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by silicate. In the other experiment, however, silicate partially replaced 
phosphate. There is a specific effect of phospho- or silicomolybdates on 
reduction of cytochrome c by aldehyde oxidase, observed by Glenn and 
Crane {507b). The replacement of phosphate by tungstate (455) is not 
always observed (507a) and is in contrast also with the antagonistic 
effect of tungstate to molybdate in nitrogen fixation noted later. Sulfate, 
tellurate, and selenate were also able to replace phosphate. 

(ii) Chelation and redox effects. The effect of pyrophosphate and 
citrate on some reactions involving manganese and peroxidation systems 
is of interest. The mechanism was first elucidated by Kenten and Mann 
(105-107), who showed that peroxidase, together with added hydrogen 
peroxide or that generated by amine oxidase, xanthine oxidase, or D-amino 
acid oxidase and a monophenol such as p-cresol, catalyzed the oxidation 
of M n 2 + to M n 3 + , which could be identified in the presence of pyrophos
phate by its accumulation as stable trivalent manganipyrophosphate. 
Andreae (212) showed that light, oxygen, and riboflavin also induced the 
oxidation of manganese in the presence of a monophenol and pyrophos
phate, which stabilized the M n 3 + as manganipyrophosphate. 

Kenten and Mann (109) showed that illuminated chloroplasts would 
catalyze oxidation of manganese in the presence of pyrophosphate, proba
bly by a similar mechanism, and later Kenten and Mann (110) demon
strated the accumulation of manganipyrophosphate in vivo in pea plants 
grown with high manganese levels; see also Section II,C,l,a. 

The basic system elucidated by Kenten and Mann was later found to 
provide a mechanism for the manganese and monophenol-catalyzed per
oxidation of a wide range of substrates of which two may be noted here, 
namely, many dicarboxylic acids studied by Kenten and Mann (508) and 
indoleacetic and indolepropionic acids studied by Kenten (509, 510), 
Waygood and his associates (511-513), Stutz (514), Ray (515) and 
others, whose work has been reviewed by Hewitt (324a, 325) aiid Ray 
(515). 

Kenten (509, 510), Waygood and co-workers (511-513), and Stutz 
(514) showed that pyrophosphate severely inhibited the oxidation of 
indoleacetic acid and indolepropionic acid by peroxidase in the presence 
of manganese and a monophenol. Kenten (509) also found a considerable 
extension in the initial lag period before oxidation occurred when the man
ganese level was increased to 10~~4 Μ in the presence of pyrophosphate. 

The reactivity of manganipyrophosphate or, alternatively, the capacity 
of pyrophosphate to inhibit systems of the type noted above differs in the 
presence of various substrates. Thus, whereas pyrophosphate inhibits the 
oxidation of indoleacetic acid and indolepropionic acid presumably be-
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cause the redox potential of the manganipyrophosphate complex is not 
high enough for the purpose, manganipyrophosphate is rapidly reduced 
by o-diphenols, as shown by Kenten and Mann (106, 107), and these 
compounds therefore prevent manganipyrophosphate accumulation. 
Cresswell (unpublished work with E. J. Hewitt) has also found that 
pyrophosphate does not inhibit the manganese and phenol-catalyzed 
peroxidation of hydroxylamine described by Cresswell and Hewitt (473). 
On the other hand, manganiversenate was shown by Waygood (516) to 
cause immediate oxidation of indoleacetic acid, and Cresswell (unpub
lished work) has shown a similar reaction with hydroxylamine. 

Citrate also severely inhibits the oxidation of indoleacetic acid and 
indolepropionic acid by the manganese-catalyzed enzymic system (509-
514), and citrate increased the lag period in a similar manner to that 
observed with pyrophosphate. I t is suggested that the manganicitrate 
complex also has too low a redox potential to function in these systems, 
and M n 3 + thereby accumulates as inactive manganicitrate. Waygood 
(516) gave the relative potentials of manganipyrophosphate and man
ganicitrate at pH 6.0 as E'0 = 0.6 volt, while at pH 6.2 the E'0 for 
manganiversenate is 0.71 and increases to 0.81 at pH 4.2. In the experi
ments of Kenten (509) the inhibitory effects of pyrophosphate and citrate 
were dependent on the presence of manganese. Stutz (514) found the same 
for the effect of citrate, whereas pyrophosphate was inhibitory with or 
without manganese. The effective inhibitory concentrations of citrate and 
pyrophosphate in these systems are about 1 0 ~ 3 M. 

f. Bicarbonate. Miller and Evans (146, 147) found that bicarbonate 
inhibited strongly the cytochrome oxidase activity obtained from soy
bean or spinach roots when tested as crude particulate preparations; 
0.15 Ν bicarbonate inhibited the activities by about 75 and 55%, 
respectively, compared with activity in the presence of the same nor
mality of sodium chloride. Similar effects were reported for oat, wheat, 
tobacco, and pig heart preparations. The inhibition was shown to be a 
competitive one with cytochrome c. Ranson, Walker, and Clarke (517) 
reported that carbon dioxide inhibited the oxidation of succinate by 
castor bean mitochondria, and this was investigated further by Bendall, 
Ranson, and Walker (518). 

Bendall, Ranson, and Walker (518) examined the effects of carbon 
dioxide content of gas phase on the activity of succinic dehydrogenase 
(succinic-cytochrome c reductase), DPNH-cytochrome c reductase, and 
cytochrome oxidase in mitochondria obtained from Ricinus endosperms. 
The succinic dehydrogenase was most sensitive and was inhibited from 
8% C 0 2 upward; it was 86% inhibited at 46% C 0 2 in air. D P N H -
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cytochrome c reductase was intermediate and was inhibited 25% at this 
concentration of C 0 2 . Cytochrome oxidase was not inhibited at this con
centration; it was stimulated 2.65 times normal at 17% C 0 2 , but was 
inhibited 75% when 78% C 0 2 was present. The inhibition of the succinic 
dehydrogenase system was competitive with respect to succinate, and 
inhibitions of all three systems were reversible. The competition with suc
cinate was therefore not comparable with competition with cytochrome c 
observed in other systems. 

Bicarbonate inhibition of a possibly different type was described by 
Ball and Cooper (619) and by Bonner (520) for heart particulate suc
cinic oxidase. This inhibition, which amounted to 80%, was found by Ball 
and Cooper (519) to be partially prevented by the previous treatment 
of the enzyme with phosphate buffer, whereas phosphate buffer could not 
reverse the inhibitory effects of incubating the preparations with bicar
bonate solutions. Bonner (520) found that the bicarbonate inhibition was 
reversed by the addition of denatured globin and was unable to repeat 
the results of Ball and Cooper with respect to nonreversal by phosphate 
after incubation in bicarbonate. Bonner (520) suggested that bicarbonate 
inhibition was due to a change in the colloidal structure of the protein 
which could be reversed by a colloid such as denatured globin. The effect 
of bicarbonate or saturated solutions of carbon dioxide on protein solu
bility (521) seems relevant to the effects described by Ball and Cooper 
(519) and Bonner (520). The weak dissociation of ferrous bicarbonate 
also may be related to possible effects of bicarbonate as an inhibitory 
anion. 

g. Borate. The inhibitory effects of borate have been observed in sev
eral enzyme systems. Several workers (202-205) have, as already men
tioned in the physiological section on plants, observed inhibition of the 
polyphenol oxidase, tyrosinase groups of enzymes by borate ions. Fifty 
per cent inhibition occurs between 4 X 1 0 ~ 3 and 1 0 ~ 2 Μ and is competi
tive in the oxidation of dihydroxyphenylalanine by tyrosinase. A complex 
between borate and the phenolic substrate has been suggested as the 
possible mechanism. 

Roush and Norris (522) have found that borate inhibits oxidation of 
xanthine competitively in milk xanthine oxidase (Κι = 8 Χ 1 0 - 3 ) . The 
theory is that both borate and xanthine react with the hydroxyl groups of 
the ribityl part of the flavin coenzyme, a function of ribityl compounds 
described by Zittle (206). 

A possibly analagous inhibition by borate also occurs in a specific 
phosphatase hydrolyzing adenosine-5-phosphate, reported by Heppel and 
Hilmoe (353a), and in the nucleotide pyrophosphatase of potato, de-
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scribed by Kornberg and Pricer {507a), which reacts with ATP, nico
tinamide mononucleotide, F A D , TPN, and D P N . Kornberg and Pricer 
found that inhibition occurred at pH 8.5 but not at pH 7.4 and concluded 
that borate ions were involved. 

Recently, Roush and Gowdy {523) have observed a marked inhibition 
of yeast alcohol dehydrogenase by borate ions: 50% at 7.5 X 1 0 ~ 4 Af. 
The inhibition is competitive with D P N . For the effects of various con
centrations of alcohol as substrate for oxidation, Ki was 6 Χ 1 0 - 5 , while 
for varying D P N concentrations Ki was 4.1 X 10~ 4 . These different 
values suggest that borate competes at two sites on the enzyme, one of 
which binds ethanol and the other D P N . Roush and Gowdy suggested 
that borate inhibition of DPN-dependent alcohol dehydrogenase would 
be observed as the coenzyme has a ribityl group which forms a complex 
with borate {206). In this respect D P N resembles riboflavin phosphate, 
TPN, and adenosine-5-phosphate. 

Roush and Gowdy (528), however, also considered whether the borate 
effect is that of an anion by analogy with the inhibitory effects of other 
anions observed with liver alcohol dehydrogenase by Theorell, Nygaard, 
and Bonnischen (524) · Both enzymes are zinc proteins, and the evidence 
that borate inhibits at two sites, since its competitive effects differ with 
D P N or ethanol, is consistent with the recent account of the probable 
mechanism of zinc-coenzyme and ethanol binding described by Theorell 
and McKinley-McKee (525). In this theory no mention is made of any 
function of the hydroxyl groupings of the ribityl part of the coenzyme. 
Borate probably acts as an anion in an ionic linkage when it behaves as 
a competitive inhibitor of liver alkaline phosphatase (206). 

A recent discovery of some interest, which relates the chemistry of 
borate ions to a specific inhibitory effect, has been reported by Osaki 
(526). Pig blood contains an enzyme ceruloplasmin. This is a copper 
protein containing also about 2% by weight of glucose, mannose, and 
xylose, which are an integral part of the enzyme, which catalyzes the 
oxidation of p-phenylenediamine and other substrates. Activity is reversi-
bly and noncompetitively inhibited by borate ions, and inhibition is 50% 
at 2 χ 1 0 - 2 M. The dissociation curve between borate and enzyme indi
cates a constant which is of the same order as the stability constants for 
sugar-borate complexes, and the mechanism is considered to involve this 
type of reaction. 

h. Molybdenum, Tungsten, and Vanadium. Inhibitory and interacting 
effects of these elements have been observed in two respects, namely, 
in phosphatase activity and nitrogen metabolism. 

Molybdate has been shown to be a fairly general inhibitor of acid 
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phosphatase from several plants, including potato [investigated by 
Bossard {277)] and tomato; the effect was shown by Spender (278) to 
operate in vivo and in vitro. The effect of molybdate depended partly 
on the substrate and ranged from 50 to 90% inhibition at 10~ 4 ikf 
molybdate. The enzyme in cauliflower is similarly inhibited (unpub
lished work of E. J. Hewitt and D . P. Hucklesby). 

Nicholas and Commissiong (276) studied enzyme changes in N. crassa 
at different optimal and toxic levels of molybdenum, copper, and iron 
and interactions between them. Thus, cytochrome c oxidase enhanced by 
increasing copper was decreased by increasing molybdate in the basal cul
ture solution; the reverse was obtained for nitrate reductase. Cytochrome 
c oxidase and nitrate reductase were depressed, however, by amounts of 
copper and molybdenum which were toxic to growth; the effects were 
additive. Molybdate was shown to inhibit acid phosphatase competitively 

FIG. 10. a, Lineweaver-Burk (1934) plot of the competitive inhibition of 
acid phosphatase activity by sodium molybdate. Assay mixtures consisted of 
1 ml acid phosphatase reagent, 0.05 ml enzyme extract, and 0.05 ml of either 
distilled water or a solution of Na 2MoO* of 8 /*g Mo/ml. The mixtures were 
incubated at 38° for 30 minutes, and then 3.9 ml 0.06 Ν NaOH was added to 
make a final volume of 5 ml. The intensity of the p-nitrophenol color developed 
was read on the Spekker Absorptiometer at 540 ταμ. 1/V, reciprocal of the 
intensity of the p-nitrophenol at 540 ταμ χ 10*; 1 /5 , reciprocal of substrate 
concentration, where the normal substrate concentration i s considered as unity; 
X—X, no inhibitor; Ο—Ο, with molybdate. From Nicholas and Commissiong 
(276). bt Lineweaver-Burk (1934) plot showing competitive inhibition of cop
per by molybdate on acid phosphatase (in vitro). Assay mixtures consisted of 
1 ml acid phosphatase reagent, 0.05 ml enzyme extract, 0.05 ml Na 2 Mo04 e 2H 2 0 
at 0, 1.0, 2.1, or 5.2 χ 10~e M - N a 2 M o 0 2 H 2 0 and 0.05 ml CuS04«5H20 at 0.6, 
0.9, 1.2, and 1.5 χ 1 0 - 5 M. The mixtures were incubated at 38° for 30 minutes, 
and then 3.85 ml 0.06 Ν NaOH was added to make a final volume of 5 ml. The 
intensity of the p-nitrophenol color developed was read on the Spekker ab
sorptiometer at 540 ταμ. 1/V, reciprocal of the intensity of the- p-nitrophenol 
at 540 ταμ, χ 10*; 1/St reciprocal of the .amount of copper added per assay; 
Ο — • , no molybdenum; χ — χ , 1.0 χ 10"β Μ Na 2Mo04*2H 20; Δ—Δ» 2.1 χ 10"· 
Μ Na 2 Mo0 4 -2H 2 0; Ο—Ο, 5.2 χ 10"β Μ Na 2Mo04-2H 20. From Nicholas and 
Commissiong (276). 
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in vitro, as shown in Fig. 10, presumably by forming a molybdophosphate 
addition compound with the substrate. Copper dispersed this complex and 
restored the enzyme activity to normal. Vanadate or tungstate had a 
similar effect to molybdate in depressing the enzyme, and copper again 
reversed the inhibition. Naganna et al. (279) found that both acid phos
phatase and an acid pyrophosphatase of potato were inhibited by molyb
date or tungstate about equally, and 70-80% inhibition was observed 
with as little as Ι Ο - 6 Μ concentration of either anion. Alkaline pyrophos
phatase was not inhibited, and fluoride, sulfate, chloride, cyanide, and 
thiocyanate were either much less effective or were ineffective. Hiltz, 
Kittler, and Knape (526a) found that 4 χ 1 0 ~ 3 Μ molybdate markedly 
inhibited sulfate reduction in the presence of ATP by a yeast enzyme 
system by inhibiting the reaction between sulfate and ATP. 

The other aspect of molybdenum or vanadium and tungsten inter
actions concerns nitrogen metabolism. The inhibition of nitrate reductase 
by vanadium but not by tungsten (159) has been mentioned, as has also 
the antagonism of vanadium to molybdenum in nitrogen fixation by 
A. glutinosa. Takahashi and Nason (528) showed that tungstate is a 
competitive inhibitor of molybdate for the growth of A. vinelandii on 
nitrate or atmospheric nitrogen as the sole sources of nitrogen. Inhibition 
was overcome by increasing sodium molybdate in the medium, but the 
latter did not affect inhibition when ammonium sulfate or glutamate was 
the nitrogen source. Addition of N a N 0 3 at 1 0 - 4 Af also inhibited N 2 

fixation, but small amounts of nitrate (1.5-3 X 1 0 - 5 M ) did not over
come the inhibitory effect of tungstate. Similar results were reported by 
Keeler and Varner (528a), and the same behavior was later observed for 
A. Chroococcum (528b). 

3. E F F E C T S OF C Y A N I D E , A Z I D E , A N D F L U O R I D E O N M E T A B O L I S M in vivo 

The effects of enzyme inhibitors in vitro on isolated systems may not 
always resemble their apparent effects on more complex metabolic sys
tems when studied in living cells. This type of discrepancy has been 
noted on several occasions in relation to the effects of cyanide, azide, and 
fluoride as respiratory inhibitors and has at times led to the idea that 
cytochrome oxidase may mediate only a part, and even only a small 
part, of total tissue respiration. The significance and interpretation of 
observations of this sort have been fully reviewed by Dixon (529), 
Commoner (580), Winzler (531), Lemberg and Legge (403), James (167, 
168), Hackett (169, 532), Hill and Hartree (583), and Hartree (534). I t 
is not possible here to deal in any detail with this subject, and there is 
little doubt that in some organs or at certain stages of development the 
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proportion of respiratory activity that is mediated by cytochrome oxidase 
may vary. It is also apparent (168, 530-534) that in most circumstances 
cytochrome oxidase mediates the major proportion, and perhaps all, of 
the respiratory oxygen uptake. 

I t is evident, however, that circumstances may affect the interpretation 
of the apparent effect of respiratory inhibitors when it is observed that 
cyanide or azide, for example, do not inhibit oxygen uptake as much 
as might be expected. In the first place it is necessary to know if the 
inhibitor reaches the sensitive system; pH effects may determine whether 
this occurs, as it has been shown that respiratory inhibition by azide is 
sensitive to pH. Hill and Hartree (533) pointed out that, where weak 
acids such as fluoride, azide, and cyanide are involved, penetration is 
often limited to the undissociated free acid. This has been observed by 
Stenlid (535) for azide penetration into barley roots and by Keilin (459a) 
for azide penetration of yeast cells, while Beevers and Simon (536) 
observed a pH dependence of fluoride inhibition. This last point may be 
subject to other interpretations in view of the observations of Fitzgerald 
and Bernheim (537). They showed that the effect of fluoride on respira
tory oxygen uptake by Mycobacterium was dependent on substrate and 
pH in a complex manner, as seen in Fig. 11. At pH 7.8 fluoride had no 
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FIG. 11. The effect of 2.0 m g N a F on the oxidation of pyruvate and acetate 
at pH 6.0 and 7.8 by Mycobacterium BCG. The respective control uptakes, with 
and without fluoride, have been subtracted. From Fitzgerald and Berheim 
(537). 

effect on acetate or pyruvate respiration, but at pH 6.0 fluoride depressed 
oxygen uptake with acetate and stimulated it (possibly adaptively) with 
pyruvate. The effects of fluoride on oxidation of fructose or glucose 
(Fig. 12) were entirely reversed from inhibition to stimulation over a 
pH range of 6.0-6.7. Fluoride was therefore metabolically active at pH 
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F I G . 12. The effect of 2.0 mg N a F on the oxidation by Mycobacterium BCG 
of glucose and fructose at 3 hydrogen ion concentrations. The respective control 
uptakes, with and without fluoride, have been subtracted. From Fitzgerald and 
Bernheim (587). 

values well above 6.0 but was not usually inhibitory at the higher values. 
If penetration was involved, this phenomenon was modified by the 
respiratory substrate, or perhaps H F inhibited and F ~ was stimulatory. 
This could happen if uncoupling effects were also involved. 

When pH effects are important in the respiratory effects of weak acids, 
Simon (538) and Simon and Beevers (539) conclude that the maximum 
effects of the inhibitor are to be observed only at pH values two units 
less than the pK of the inhibitor acid. The pK values for fluoride, azide, 
and cyanide (3.2, 4.9, and 9.8, respectively) would indicate that maxi
mum inhibition could be observed only at pH values of 1-2, 3, and 7-8, 
respectively. Clearly, one might expect few complications with cyanide in 
most experiments, yet this compound has been shown not always to 
inhibit in vivo in the manner to be expected if cytochrome oxidase is the 
principal terminal acceptor. Two points may be considered in explanation 
of this particular problem. First, it was pointed out by Winzler (531), 
from the results of a thorough kinetic analysis described below, and by 
Hill and Hartree (533) that, if an intermediate respiratory step is rate 
limiting but not particularly cyanide sensitive, cyanide will not have such 
a marked effect on respiration. Cyanide-inhibited ferrocytochrome oxidase 
is autoxidizable, and this reaction is not rate limiting. When carbon 
monoxide is present, the cytochrome oxidase is held in the ferro form, and 
inhibition may then be observed (see 533, p. 130). Secondly, it must be 
remembered that, although cytochrome oxidase is inhibited by HCN, 
cytochrome c is inhibited by C N ~ , and opposite pH effects are involved 
to those favoring penetration. Similar reservations apply to the effects of 
azide and their interpretation. 

A possible way of accentuating cyanide or azide sensitivity when the 
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terminal oxidase is not rate limiting is to limit the step until its rate 
becomes that of the rate-limiting reaction. Thus, sensitivity to cyanide 
in vivo is greatly affected by the metal status of the cells. Tissieres (540) 
showed that respiration of Aerobacter aerogenes is sharply inhibited by 
cyanide or CO when deficient in iron but is relatively insensitive when 
grown in an iron-rich medium. Ducet and Rosenberg (541) observed a 
similar effect in regard to carbon monoxide sensitivity of respiration in 
leaves of maize, beet, and tomato plants grown with or without iron. The 
view that rate-limiting reactions in vivo cause a decreased sensitivity to 
cyanide but not to azide was favored by Darby and Goddard (542) 
as a result of their experiments with Myrothecium verucaria, but other 
possibilities, including structural protective effects and alternative 
respiratory mechanisms, were also regarded as possible explanations. 
Commoner (530) presented an early but still admirable account of the 
relationships known up to 1939 between cyanide and respiration in ani
mal, plant, and microorganism cells. This study is too extensive to 
incorporate here, but some interesting or important general points are 
emphasized here. 

Since cyanide-sensitive respiration, which is mediated normally by 
cytochrome oxidase, is dependent on substrate availability, the apparent 
ratio of cyanide-sensitive to -insensitive respiration will vary with 
substrate supply. 

B y plotting the original values of respiration against cyanide-inhibited 
respiration a linear relationship was obtained with an intercept of origi
nal respiration. Commoner showed that the percentage of inhibition of 
cyanide-sensitive respiration approached 100% as respiration rate was 
increased. Normally, the ratio of cyanide-sensitive to cyanide-insensitive 
respiration is about 9.5:1, and the absolute value of the cyanide-
insensitive respiration is nearly constant regardless of the value of this 
ratio. 

Statement of relative cyanide sensitivity is therefore without meaning 
unless substrate saturation and potential activity are taken into account. 
Whereas the maximum Q 0 2 values ranged from 33 to 0.2, for different 
animal tissues ranged from 0.1 to 3.0 and was usually between 0.3 
and 1.0. In comparing the two types of respiration for Lathyrus embryo 
it was shown that, whereas cyanide-sensitive respiration varied from 
Q 0 2 4.3 to 0.8, the cyanide-stable respiration ranged only from 
1.1 to 0.6 in relation to age, light, or morphological part used. 

Cyanide-sensitive respiration is affected by light, age, buffer, tempera
ture, p 0 2 , species, organ, and substrate supply to a much greater extent 
than cyanide-stable respiration. The latter may often be associated with 



418 Ε. J. HEWITT AND D. J. D. NICHOLAS 

the oxidation of a fatty substrate rather than of carbohydrates and is 
associated frequently with relatively low RQ values of 0.7-0.8. 

Winzler (531) studied the effects on the respiration of yeast cells of 
azide and cyanide, singly and in combination with each other or with 
carbon monoxide. From the application of Michaelis-Menten kinetic 
analysis he concluded that cyanide reacts with at least three sites in the 
respiratory chain and that an intermediate enzyme system which pos
sesses about half the equivalent activity of cytochrome oxidase is the rate-
limiting system for over-all respiration. Azide was thought to react only 
with the terminal oxidase in the oxidized form. Reciprocal Lineweaver-
Burk plots showed that the maximal velocity of respiration of the 
cyanide-inhibited over-all system was the same as the observed maximal 
rate in the absence of cyanide. Thus, cyanide inhibits the rate-limiting 
enzyme. I t was also found that cyanide inhibition was non-competitive 
with oxygen uptake and that the Q 0 2

 w a s approximately double in the 
presence of cyanide. The presence of cyanide therefore increased the 
dependence of the respiratory system on oxygen tension. 

Reciprocal plots for azide as an over-all inhibitor showed that Vm&x 

of the inhibited system was twice the observed maximum respiration rate, 
and azide therefore inhibits the terminal cytochrome oxidase but not the 
rate-limiting reaction. I t is similar in this respect to carbon monoxide 
but reacts with the ferric instead of the ferrous state. This relationship 
led to the consequence that at moderate concentrations azide was a more 
potent inhibitor than cyanide, but at very low concentrations cyanide was 
equally or more effective as an inhibitor. The inhibition by azide also 
differed from that by cyanide in being independent of oxygen tension. 

When azide was tested as an inhibitor at different concentrations in 
the presence or absence of cyanide, it was found that both Vmax and 
observed maximum respiration (Rm&x) were decreased by cyanide, show
ing that cyanide inhibited both the rate-limiting and the azide-sensitive 
systems. The dissociation constants for cyanide for both systems could 
thus be calculated. The slopes of the reciprocal plots for azide concentra
tion were the same in the presence or absence of cyanide. Conversely, 
when effects of cyanide concentration were tested in the presence or 
absence of azide, it was found that cyanide still affected the rate-limiting 
system until the azide inhibition of the faster reaction became the rate-
limiting factor. B y using the appropriate values for Κι of azide, it was 
shown independently that cyanide and azide both inhibit the fast reaction, 
while cyanide also inhibits the rate-limiting reaction. 

The values for Kt calculated for azide and cyanide were as follows: 
for the rate-limiting reaction Ki for cyanide was 3.7 X 1 0 ~ 5 ; for the fast 



29. CATIONS AND ANIONS 419 

reaction (terminal oxidase) K{ for cyanide was 1.4 X 10~ 5 , and K{ for 
azide was 2.2 χ Ι Ο - 6 . These values may require to be corrected for effects 
of dissociation on the reactive forms. 

The effects of azide on growth and reproduction of microorganisms 
have been studied by Tissieres (540) with A. aerogenes and by Aubel 
and Szulmajster (548), Rosenberg (544), and Aubel, Rosenberg, and 
Szulmajster (545) with Escherichia coli. 

The work on Aerobacter was done because this organism has an atypi
cal cytochrome spectrum with a very strong cytochrome a 2 spectrum and 
can also be made to show effects of metal deficiencies, especially of iron. 
The cytochrome a 2 was considered to function in place of the normal 
cytochrome oxidase. Azide was found not to combine with any of the 
cytochrome components of Aerobacter, unlike cyanide, which combined 
with cytochrome a 2 . Azide at concentrations of 3 X 1 0 ~ 3 Μ more than 
doubled oxygen uptake and carbon dioxide output in the presence of glu
cose and increased anaerobic oxidation of methylene blue fourfold. Azide 
had no effect on methylene blue reduction with fructose or galactose and 
decreased it by 60% when succinate or acetate was used as a substrate. 
These observations were in agreement with those of Aubel and Szulmajster 
(543) and Aubel, Rosenberg, and Szulmajster (545), who found with 
E. coli that azide and fluoride inhibited fermentation but not respiration 
with pyruvate or glucose in resting cells, whereas they inhibited respira
tion with succinate, pyruvate, or hexose phosphate in proliferating cells. 
Cyanide also inhibited respiration with these substrates but not with 
pyruvate. Tissieres (540) referred to the effects of azide as an inhibitor 
of oxidative phosphorylation. As uncoupling of oxidation from phos
phorylation often results in increased oxygen uptake, the effects of azide 
found by Tissieres might have been due to this relationship. I t is relevant 
that, whereas cyanide inhibits both growth and regeneration of some 
microorganisms, azide may inhibit only regeneration, and this aspect of 
metabolism is certainly dependent on phosphorylation (546). Rosenberg 
(544) found that azide inhibits the deamination of glucosamine by E. coli 
but not its oxidation. When phosphate is omitted, the glucosamine 
is not deaminated. These results also point to an effect of azide on 
phosphorylation. 

The effects of azide on carrot leaf respiration were studied by Stenlid 
(547, 548), who showed that the pH-independent inhibition shown by 
young leaves gave way to a pH-dependent effect where inhibition was 
observed only at pH values of about 4.5 and where stimulation of 0 2 

uptake occurred at pH 7.0. Stenlid concluded that, as dinitrophenol 
showed similar effects, some aspect of oxidative phosphorylation was 
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involved in older tissues, while in young leaves an oxidative reaction was 
concerned. The independence of pH and inhibition in these young leaves 
contrasts with the pH dependence found for effects with barley roots. 

The inhibitory effects of azide on phosphorylation have been described 
by Hotchkiss (549), Case and Mcllwain (550), Loomis and Lipman 
(551), and Spiegelman, Kamen, and Sussman (552). The last group con
cluded that triosephosphate dehydrogenase may be involved. As this 
enzyme probably contains zinc (427), the azide may react with the metal. 
It is also a key enzyme in fermentation. As Hatch and Turner (553) have 
shown that it may be the key enzyme in the operation of the Pasteur 
effect, an increase of oxygen uptake when this enzyme is inhibited would 
be expected in organisms which respire by the hexose monophosphate 
shunt or pentose phosphate cycle, as fully described recently by Turner 
(554)- Robertson and Boyer (555), however, regard the effects of azide 
on phosphorylation as indirect and independent of phosphate or acceptor 
availability, and according to Rakestraw and Roberts (556), phosphoryla
tion may be increased or decreased without affecting respiration by 
Azotobacter. Recently, Suelter et al. (557) have shown that azide inhibits 
the accumulation of an unidentified intermediate of oxidative phos
phorylation by rat liver mitochondria. 

IV. CONCLUSION 

In brief, it appears that a particular anionic or cationic inhibitor may 
act in one or more ways. I t may compete with a substrate, block an 
active site in one of several ways, alter the redox potential, react as an 
ionized or nonionized enzyme-inhibitor-substrate complex. I t may inhibit 
competitively or noncompetitively or uncompetitively, react at one or 
more sites, function specifically or nonspecifically, or indirectly after 
transformation. I t may vary greatly in affinity for related enzymes or in 
different mechanisms in the same enzyme, and it may activate one en
zyme but inactivate another closely related one. 

I t is therefore clear that conclusions regarding active sites and reaction 
mechanisms are of little value in many instances unless kinetic analyses 
and confirmatory tests are undertaken. The use of analytical amounts 
of the homogeneous enzymes in these tests is also desirable. The use of 
inhibitor studies can however, provide fundamental information regard
ing the mechanism of enzyme action, enzyme structure, and, perhaps, 
also, in problems of cellular differentiation and in vivo pathways of 
metabolism. 
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