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The mechanism of peroxide decomposition involves: interconvertion of two equally active redox states: (Mn 2+, Mn 2+) 
and (Mn 3÷, Mn 3+) states. Various inorganic anions such as CI- or HPO 4 inhibit catalase activity by binding to the 
(Mn 2+, Mn2+). This inhibition can also be observed following reduction of the (Mn 3+, Mn 3+) states to (Mn 2+, Mn 2÷) 
by peroxide. The (Mn 3+, Mn 4+) state, which can be formed by periodate oxidation, does not interact with these anions 
and is inactive in peroxide decomposition. The (Mn 2+, Mn 3+) state, which forms in a minority of centers by 
auto-oxidation, also appears not to participate in a major way in peroxide decomposition. 

Introduction 

Clusters of manganese ions play an essential role in 
the process of photosynthetic decomposition of water 
[1-3]. At present, there is increasing interest in the 
study of enzymes whose active center is represented by 
a cluster of manganese ions. It is believed that one such 
enzyme is the pseudocatalase from Lactobacillus 
plantarum obtained by Kono and Fridovich [4,5]. In- 
deed, each subunit of this protein contains about two 
manganese ions [6]. Direct evidence for a dimeric Mn 
site in Mn-catalase from L. plantarum was obtained 
from an ESR investigation of the enzyme [7]. 

The presence of a binuclear cluster of manganese 
ions as the active center has been unambiguously estab- 
lished in the manganese-containing catalase from the 
extremely thermophilic bacterium Thermus thermophilus 
[8-131. 

General 

Subunit structure [8]. The manganese-containing 
catalase from Thermus thermophilus HB-8 is composed 
of six identical subunits. The molecular weight of native 
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catalase is 210000 + 2000. The molecular weight of a 
single chain is 35 000 + 2000. 

X-ray structure analysis [9,10]. Transparent, as a rule, 
pinkish protein crystals are grown from concentrated 
protein solutions at 4 ° C  in the presence of ammonium 
sulfate (1.1 M). The crystals have a rhombododeca- 
hedral shape. The secondary and tertiary structures of 
catalase have been studied and each subunit was shown 
to contain two closely spaced (3.6 + 0.3 ,~) manganese 
ions. 

Determination of  manganese ion content [11]. The 
acidification of the protein to pH 1.5-2.0 produced 
denaturation accompanied by the appearance of the 
six-component ESR signal characteristic of free aquo- 
Mn 2+ ions. Prolonged dialysis (24 h) versus 5 mM 
EDTA (pH 6.8) of the native enzyme failed to remove 
any manganese, as was assayed by subsequent acidifica- 
tion of released aquo-Mn 2÷. Hence, all manganese is 
tightly bound. To determine the manganese content in 
Mn catalase by ESR we have used Mn 2÷ standards. It 
was shown that there are about two manganese ions per 
protein subunit of Mn-catalase. 

Catalase contains a binuclear cluster o f  manganese ions 
[12,13]. At low temperatures (8-100 K), the prepara- 
tions of catalase exhibited a complex multicomponent 
ESR signal. The ESR spectrum represents a superposi- 
tion of three components: signals A, B and C. It was 
shown that the paramagnetic centers responsible for the 
appearance of these signals are represented by various 
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redox states of a binuclear cluster in the active center of 
the enzyme: 

(Mn 2+, Mn 2+ ) .............. (Mn 2+, Mn 3+ ) ............. (Mn 3+, Mn 3+) 
Signal A Signal B ? 

.............. ( M n  3+, Mn 4+ ) (1)  
Signal C 

Complex formation [13,14]. A number of exogenous 
ligands, including chloride, fluoride, azide and inorganic 
phosphate, are capable of forming complexes with the 
centers in the state (Mn 2+, Mn2+). The shape of ESR 
signals from the reduced preparations depends, in gen- 
eral, on the exogenous ligand in the medium. The 
signals of reduced preparations will be denoted in the 
following by the subscript L (e.g., signal AL), where L 
indicates the conditions under which the particular sig- 
nal was observed. For example, signal Ac~ denotes the 
signal from a reduced catalase preparation in the pres- 
ence of excess chloride. The changes in the shape of 
ESR signals produced by exogenous ligands are reversi- 
ble and can be described by the following generalized 
scheme: 

dialysis against 

( M n  2+, Mn 2+ ) . L ,  . L, solution ( M n  2+, Mn 2+ ) . L  2 (2)  
Signal A L1 dialysis against Signal A t.2 

L 2 solution 

The shape of signals B and C does not depend on the 
presence of excess of inorganic phosphate and chloride. 
We suggest that the transformation from the (Mn 2+, 
Mn 2+) state to (Mn 2+, Mn 3 +) or (Mn 3+, Mn 4 +) is 
accompanied by the formation of oxo- (or hydroxo-) 
bridges between the manganese ions, whereby the possi- 
ble bonding sites of the exogenous ligands are tena- 
ciously occupied by bridging oxygen atoms. This con- 
cept can be illustrated by the following diagram: 

(Mn  2+, Mn 2+ )L oxidation M n 3 + / O ' ~ M n 4 +  + L 

~ 0  / 

Enzymatic activity [15,16]. The initial preparations 
are characterized by a high enzymatic activity. It was 
shown that with the chosen concentration intervals of 
enzyme (0.05-3 mM) and peroxide (0.5-10 mM) the 02 
evolution rate was a linear function of both concentra- 
tions. The rate constant for the decomposition of H202 
at 20°C and pH 7.0 is about 10 7 M - 1 "  s -1 .  The en- 
zyme is inhibited at pH below 6, with a pK a = 5.5, and 
is independent of pH in the range 6-10. The catalase 
activity is effectively suppressed by hydroxylamine, 
nitrite, chloride, azide, fluoride and inorganic phos- 
phate. The efficiency of such inhibitors as chloride and 
azide decreases strongly with pH between 6 and 10 as is 
explained by the following formal scheme: 

Cat O H  - + L -  ---, Cat L -  + O H  - (4) 

Cat OH is the active (i.e., catalysing the decomposi- 
tion of H202) form of catalase, while the Cat L-  
complex is unable to catalyse H202 decomposition. 

We have also shown that active centers in the (Mn 3+, 
Mn 4+) state produced with periodate, KIO 4, possess no 
catalytic activity. However, the inactivation was reversi- 
ble and treatment of the oxidized preparations with 
hydroxylamine resulted in a practically full reactivation 
of catalase. It should be noted that hydroxylamine acts 
not only as a reducing agent, but also as an effective 
inhibitor of catalase activity. For this reason, the ob- 
servation of the reactivation effect is possible only after 
removal of hydroxylamine by dialysis. 

Optical properties [8]. The electronic spectrum of 
catalase in the visible range is characterized by a wide, 
slightly split band with maxima at 460 and 500 nm 
(C500n m = 1.35" 103 M -1.  cm-l) .  The preparations have 
a pink or pink-brown color. In the ultraviolet region, 
there is an intense band at 280 nm (%80 .... = 2.05-105 
M -1.  cm-1). As a whole, the optical spectrum of the 
enzyme is very similar to that of the pseudocatalase 
from Lactobacillus plantarum [4]. 

Problem formulation. In the interpretation of previous 
results [15,16], we suggested that the catalase activity 
was a property of the (Mn 2 +, Mn 2 +) state. This proposi- 
tion was based on the experimentally observed correla- 
tion between the efficiency of some ligands (inorganic 
phosphate, chloride, fluoride and azide) for inhibition 
of catalase activity and their ability to coordinate to 
centers in the (Mn 2+, Mn 2+) state. 

It was naturally assumed that the more centers which 
are present in the (Mn 2+, Mn 2 +) state, the higher would 
be the catalase activity. In order to check this assump- 
tion, we previously performed experiments [15,16] com- 
paring the catalase activities of initial and reduced 
preparations. These preparations vary considerably in 
the content of centers in the (Mn 2+, Mn 2+) state. How- 
ever, the catalase activity of reduced preparations did 
not differ noticeably from the initial level. 

Materials and Methods 

Protein preparation. Mn-catalase was obtained as de- 
scribed in Ref. 8. and stored at 5 °C as a fine crystalline 
precipitate in half-saturated ammonium sulfate solu- 
tion. Before each experiment 100 /~mol of this suspen- 
sion was dialysed for 24 h against 10 mM potassium 
phosphate buffer (pH 6.8). The concentration of Mn- 
catalase was determined spectrophotometrically, by the 
absorption at 280 n m  (~280nm = 0.95 Mg-1 . c m  2) [8] and 
was found to be in the range 20-50 mg/ml.  

Sample treatments. Unless otherwise stated, the pro- 
tein preparations were solutions of Mn-catalase in 10 
mM potassium phosphate buffer (pH 6.8) ('potassium 
phosphate buffer') The reagents used were also dis- 
solved in the potassium phosphate buffer. All reagents 



were analytical grade, while KC1 and NaH2PO 4 were 
additionally purified by recrystallization. The prepara- 
tions of reduced and oxidized catalase were obtained by 
dialysis against 1 mM (NH2OH)2HzSO4 (for 1 h), or 5 
mM KIO 4 (for 2 h) respectively. The excess reducer or 
oxidizer was removed by dialysis against the potassium 
phosphate buffer. Autoxidized preparations were ob- 
tained by prolonged (for 24 h) dialysis of reduced 
preparations against 20 mM borate buffer (pH 9.2) 
followed by dialysis against 10 mM potassium phos- 
phate buffer (pH 6.8). The complexes of catalase with 
chloride and inorganic phosphate were produced by 
dialysis against 50 mM NaC1 and 100 mM NaH2PO 4 
(pH 6.8), respectively. 

Treatment of Mn-catalase preparations with peroxide. 
At this stage of the work we encountered some experi- 
mental difficulties. The problem was that, on the one 
hand, the catalase preparations possess high enzymatic 
activity and, on the other hand, the optical or ESR 
monitoring of the redox state of the centers requires a 
high concentration of enzyme (about 10 mg/ml) in the 
sample. As a result, peroxide in such concentrated pre- 
parations decomposes violently and the sample splashes 
around. For this reason we studied the effect of per- 
oxide mainly on catalase preparations in the presence of 
inhibitors of catalytic activity. It has been shown [16] 
that CI-, NO2-, NH2OH, inorganic phosphate and some 
other agents are effective inhibitors of Mn-catalase ac- 
tivity. In the present study we chose chloride and in- 
organic phosphate, because these substances are capable 
of forming complexes with centers in the (Mn 2 +, Mn 2 +) 
state. These complexes give rise to pronounced ESR 
signals A a and Ap [14]. Thus it is possible to investi- 
gate not only peroxide-induced changes of the (Mn 2+, 
Mn 3+) and (Mn s+, Mn 4+) states (signals B and C), but 
also the peroxide-induced changes of the (Mn 2 +, Mn 2 +) 
state (signal A). The following nomenclature designates 
the sample buffers and treatments: 
I. Red (K-buffer - NHaOH reduced catalase dialysed 

against 10 mM potassium phosphate buffer (pH 
6.8); 

II. Aut(K-buffer) - autoxidized catalase dialysed 
against 10 mM potassium phosphate buffer (pH 
6.8); 

III. Red(NaH2PO4) - reduced catalase dialysed against 
100 mM NaH2PO 4 (pH 6.8); 

IV. Aut(NaH2PO4) - autoxidized catalase dialysed 
againstl 00 mM NaHzPO4; 

V. Red(C1-) - reduced catalase dialysed against 50 
mM NaC1; 

VI. Aut(C1-) - autoxidized catalase dialysed against 50 
mM NaC1. 

Treatment of inactive preparations by peroxide was 
realized by dialysis (for 1 h) against 10 mM H202 with 
100 mM NaHaPO 4 (for Red(NaH2PO4), Aut(NaH 2 
PO4)) or 50 mM NaC1 (for Red(C1-), Aut(C1-)). To 
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avoid difficulties accompanying the investigation of the 
influence of peroxide upon preparations with high cata- 
lytic activity, we used the well-known method of low- 
temperature inhibition. The experimental set-up for 
trapping kinetic intermediates involves rapid mixing of 
peroxide-containing buffer and catalase preparation, 
followed by rapid transfer to cooled pentane (143 K). 
The diameter of the drops is about 0.1 ram. The delay 
time (which was no more than 0.1 s) was estimated by 
the reaction of azide with hemoglobin as in Ref. 17. 

Enzymatic activity. Enzymatic activity of the solu- 
tions containing protein at concentrations of 1 -3 / ,g /ml  
was determined (as in Ref. 18) for a peroxide concentra- 
tion of 2-4 mM by measuring the extent of 02 evolu- 
tion using a Clark electrode and an OH-106 polaro- 
graph. The concentration of H202 was determined spec- 
trophotometrically by absorption at 230 nm (%3o = 60 
M -1. cm-1). Oxygen evolution was initiated by ad- 
dition of 10/tl of assayed protein solution (0.8/~g/ml) 
into a thermostatic cell (20 o C), which contained 2.7 ml 
of 3 mM H202 in 10 mM potassium phosphate buffer 
(pH 6.8) with a suitable inhibitor of catalase activity. 
The measurements of catalytic activity was performed 
together with the study of the optical properties of 
Mn-catalase. 

Optical measurements. The optical spectra were mea- 
sured on Specord UV-Vis and Specord M40 spectro- 
photometers. All spectra presented in this work were 
obtained using two 1 mm quartz cells and show the 
differential curves of 'protein-minus-buffer'. The pro- 
tein concentrations were about 10 mg/ml. After the 
measurement of optical spectra, the protein solutions 
were used for the preparation of samples intended for 
ESR studies. 

E S R  measurements. The ESR spectra were measured 
on an EPR-V spectrometer equipped with a low-tem- 
perature attachment [19]. The maximum amplitude (for 
0 dB) of the magnetic component (//1) of the micro- 
wave field was about 0.02 mT, the modulation frequency 
was 100 KHz, and modulation amplitude was 0.5 mT. 

The ESR spectrum of Mn-catalase in general is rep- 
resented by superposition of signals A, B and C. Investi- 
gation of the temperature dependence of these signals 
and the dependence on microwave power was as per- 
formed previously [12,14]. The appropriate conditions 
have been chosen here taking these data into account. 
For the signals A, C and B optimal temperatures are 
50-110, 50-80 and below 20 K, respectively. 

Evaluation of relative contents of centers in various 
redox states. The relative amounts of centers (N, j) in the 

2 +  2 +  2 +  3 +  3 +  4 +  (Mn ,Mn ),(Mn ,Mn ) ,and(Mn ,Mn )states 
were estimated by the ESR signals A, B and C. The 
method used for determining the relative content of 
centers in the various redox states is based on the 
following suggestions: 
(i) The set of redox states achieved in our experiments is 
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represented by (Mn 2 +, Mn 2 +), (Mn 2 +, Mn 3 +), (Mn 3 +, 
Mn 3+) and (Mn 3+, Mn 4+) states. This means that N22 + 
N23 --[- N33 + N34 = N o where N o is the full concentration 
of binuclear clusters in the sample, and ~ j  is the 
concentration of binuclear clusters in (0") state. 
(ii) The concentrations of chloride and inorganic phos- 
phate employed are sufficiently high to transfer all the 
(Mn 2+, Mn z+) centers to form complexes with these 
ligands. This means that the number of (Mn 2÷, Mn 2 +) 
centers in preparations may be estimated by signal Ap 
(for Red(NaH2PO4) and Aut(NaH2PO4) and signal 
A el- (for preparation Red(C1-) and Aut(C1-)); in other 
words, N22 cx signal A; 
(iii) In reduced preparations (see peroxide treatment in 
Materials and Methods) all the centers are in the (Mn 2 +, 
Mn 2+) state, N o = N22; 
(iv) the addition of KIO 4 transfers all the centers to the 
(Mn 3+, Mn 4+) state: N o = N 3. 

These suggestions are based on our previouse data 
[12-14] and on supplementary investigations performed 
in the present study. As was shown previously, the 
addition of phosphate and chloride to the initial pre- 
parations induced the signals A p and A cl-. We studied 
the dependence of these signals on the concentration of 
the exogenous ligands. It was shown that the concentra- 
tion of the exogenous ligands used in the present studies 
(50 mM NaC1 and 100 mM NaH2PO4) were saturating 
and further addition of chloride and inorganic phos- 
phate, respectively, did not increase the signals A cl- 
and Ap. 

Addition of hydroxylamine (1 mM) to initial pre- 
parations (dialysed against chloride or inorganic phos- 
phate) increased (by 2- to 3-times) signals A cl and A p. 
Thus, only a small portion of the active centers of the 
initial preparations of catalase are in the (Mn 2 +, Mn 2 +) 
state. The further addition of hydroxylamine (20 mM) 
did not lead to any further increase in the signals A cl 
and Ap. 

The investigation of the effects of KIO 4 on catalase 
has shown that the amplitude of the KIO4-induced 
signal C did not change over a wide range of KIO 4 
concentrations (3-15 mM). Moreover, the amplitude of 
the signal C induced by the prolonged dialysis (for 5 h) 
after 5 mM KIO4 was the same as after 1 h dialysis. 
Therefore, we conclude that further oxidation to the 
(Mn 4+, Mn 4+) state does not occur. This is consistent 
with the lack of oxidation of (Mn 3+, Mn 4+) complexes 
which are functional analogues of Mn-catalase [20]. 

(a) (Mn 2+, Mn2 +). The fraction of centers occurring 
in the (Mn 2÷, Mn 2÷) state was found from comparison 
of amplitudes of signals A in the studied and reduced 
samples. For example, the relative content of the (Mn 2 +, 
Mn 2+) state in the autooxidized prepara t ions  
Aut(NaH2PO4) may be found by the equation: 

N22 Signal A¢I (in preparation Aut(NaH2PO4) ) 
n22 = ~ = Signal A a -  (in preparation Red(NaH2PO4) ) 

(b) (Mn 2+, Mn4+). The same method was used for 
determination of (Mn 3÷, Mn 4+) content. The fraction of 
centers present in the (Mn 3 +, Mn 4 +) state was estimated 
by comparison of the amplitudes of signals C: 

34 
n34-- No 

Signal C (of studied preparation) 
- Signal C (after addition of the excess of 

KIO 4 to studied preparation) 

(c) (Mn 2+, Mn3+). The fraction of centers in the 
(Mn 2+, Mn 3+) state was determined by the comparison 
of the integrated absorption of signal B in the studied 
sample and signal C arising after addition of KIO4 to 
sample studied: 

n23 
N23 S(signal B of studied preparation) 
No S(signal C arising after addition of KIO 4 

to studied preparation) 

where S = o T / f f f ,  and o is the integrated adsorption 
of the suitable ESR signal, T the temperature of mea- 
surement, P the microwave power (unsaturated). The 
optimal conditions (unsaturated) for detection are 15 K 
and 200 mV for the signal B and 50 K and 15 mW for 
the signal C. 

(d) Relative content. The relative content of the centers 
in the ESR-silent state M n 3 + . . . M n  3+ (n33) was de- 
termined by the condition: 

n 2 2 + n 2 3 + n 3 3 + n 3 4 = l  

Results 

Initial preparations 
The initial catalase preparations are pink in color, 

typical for the trivalent manganese complexes [22-24]. 
In the ultraviolet range, there is a pronounced band 
with a maximum at 280 nm attributed to the absorption 
of aromatic amino acids. In the visible range, these 
preparations are characterized by the presence of a 
slightly split band with maxima at 460 and 500 nm. It 
should be noted that the absorption intensity of differ- 
ent preparations in this range may vary considerably. 
However, the form of the spectrum of initial prepara- 
tions is the same as in Fig. 1.2. 

Reduced preparations 
The reduction of preparations produced practically 

complete discoloration of the sample and abolished 
absorption between 450 and 550 nm. In the ultraviolet 
range, a slight discoloration at 250 nm is observed. 
Earlier it was shown that treatment of pseudocatalase 
from L. plantarum with hydroxylamine also resulted in 
discoloration of samples [5]. 



A utooxidation 
The storage of reduced preparations for 2 or 3 days 

at room temperature resulted in the development of a 
pink color and the restoration of the absorption bands 
at 450-550 nm. This process was hindered if the sam- 
ples were stored in a medium containing agents capable 
of forming complexes with centers in the (Mn 2 +, Mn 2 +) 
state. For example, no color was restored in the pres- 
ence of 100 mM potassium phosphate buffer (pH 6.8) 
or 50 mM NaC1 solution in 5 m M  potassium phosphate 
buffer (pH 6.8). The coloration occurs due to autoxida- 
tion of preparations; no development of color is ob- 
served under anaerobic conditions (argon atmosphere). 

The autoxidation process in transition metal com- 
plexes occurs more intensively in an alkaline medium. 
Thus, dialysis of the reduced preparations against 20 
mM borate buffer (pH 9.2) accelerated the development 
of the pink color significantly and the absorption inten- 
sity at 500 nm reached maximum after only 12 h (Fig. 
1). 

Oxidation by periodate 
The treatment of catalase by periodate was accompa- 

nied by the development of a yellow-brownish color. 
Fig. 2 shows the transformation of visible and ultra- 
violet spectra of the samples treated by periodate. 

In the autoxidized catalase the active center occurs in the 
(Mn 3 +, Mn 3+) state 

The analysis of the ESR signals of the preparations 
autoxidized for 12 h has shown that the manganese 
centers of the autoxidized catalase are mainly in the 
(Mn 3+, Mn 3+) state. The ESR spectrum of preparat ion 
Aux(NaHzPO4) (measured at 50 K) is represented in 
Fig. 3.2. The presence of a significant amoum of the 
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Fig. 1. Electronic spectra of manganese-containing catalase in visible 
and UV regions. (1) preparation Red(K-buffer); (2) preparation 

Aut(K-buffer); (3) difference spectrum, 2-1. 
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Fig. 2. Effect of periodate on the optical spectrum of catalase. (1) 
Preparation Red(K-buffer); (2) preparation oxidized by periodate; (3) 

difference spectrum, 2 - 1. 

(Mn 2 +, Mn 2 +) and (Mn 3 +, Mn 4 +) states in this prepara- 
tion would lead to the appearance of the signals A p and 
C. From the comparison of signals shown in Fig. 3 we 
conclude that the relative content of the (Mn 2 +, Mn z +) 
and (Mn 3+, Mn 4+) states is quite small and the sum 
n22 + n34 (see Eqn. 8) is less than 1%. A decrease in the 
temperature leads to the appearance of the signal B in 
the autoxidized preparations (not shown). The estima- 
tion of the relative content of the centers in the (Mn 2+, 
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2 
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Fig. 3. Transformation of ESR signals from autoxidized prepara- 
tions of catalase due to the action of various redox agents. (1) Prep- 
aration Red(NaH2PO4); (2) preparation Aut(NaH2PO4); (3) oxi- 
dation by periodate (signal C). For spectrum 3, the gain is reduced 
8-times in comparison with spectra 1 and 2. T = 50 K and microwave 

power = 25 mW. 
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Fig. 4. H202-induced variations of the optical spectrum of auto- 
oxidized catalase. (1) Catalase Aut(K-buffer); (2) preparation 

Aut(NaH2PO4); (3) the same as in (2), but after H202 treatment. 

Mn 3÷) state performed by Eqn. 7 gives n23 = 0.03 and 
thus 

n33 = 1  - -  n22 - n 3 4  - n 2 3  --~ 0 . 9 7  

Prolonged (for 24 h) autoxidation is accompanied by 
the appearance of a small signal C (as in spectra pre- 
sented in Fig. 6). In this case the /'/33 value may de- 
crease to 0.94 due to the increase in 1134 ~ 0.03. 
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/ 
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Effect of H.O: on the various redox states of the binuclear 
cluster 

Effect of H202 on the (Mn ~+, Mn 4+) state. Earl ier  

[16] we have shown that the catalase oxidized by KIO 4 
to the state (Mn 3+, Mn 4÷) exibits no activity in the 
H202 decomposition reaction and the ESR spectra of 
such preparations contain only signal C with no conver- 
sion to signal A or B [12,14]. This procedure also did 
not lead to any change in the electronic spectrum of the 
oxidized preparation. 

Effect of H202 on the (Mn ~+, Mn 3+) state. T r e a t m e n t  

of preparations Aut(NaH2PO4) and Aut(C1-) by per- 
oxide drastically reduced the intensity of the band at 
480-500 nm (Fig. 4) and caused the appearance of 
signals A p and A o , respectively (Figs. 5 and 6). The 
presence of the intense Ap (or Ac~ signals indicates 
that dialysis of the autoxidized preparations against the 
peroxide solutions transfers centers to the (Mn 2 +, Mn 2 + ) 
state. Thus in these conditions peroxide has an effect 
like that of hydroxylamine and provides practically 
complete reduction of the oxidized centers to the (Mn 2 + 
Mn 2+) state. 

Effect of 11202 on the (Mn 2 +, Mn -~ +) state. T h e  u s e  o f  
sufficiently low temperatures (below 20 K) allows the 
monitoring of signal B, which is related to the (Mn ÷, 
Mn 3+) state. Dialysis of autoxidized preparations 
Aut(NaHzPO4) against H202 solution decreases the 
concentration of (Mn 2+, Mn 3+) centers. Since the rela- 
tive contents of centers in the (Mn 2÷, Mn 3+) state in 
these experiments is rather small, it is difficult to decide 
which process, oxidation or reduction, leads to the 
peroxide-induced decrease in the signal B amplitude 
(see Fig. 6, spectrum 3; note high-field hyperfine peaks). 
Fig. 6.1 shows that the autoxidized catalase preparations 
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Fig. 5. Centers peroxide-reduced to the state Mn2+..Mn 2+. I.(1) Preparation Red(NaH2PO4); (2) preparation Aut(NaH2PO4); (3) as (2) but after 
H202 treatment. II.(1) Preparation Red(C1- ); (2) preparation Aut(C1- ); (3) as (2) but after H202 treatment. The spectra were measured at 110 K 

with microwave power of 25 mW. 
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Fig. 6, H202-induced transformations of ESR spectrum of autooxidized catalase. (I) preparation Aut(NaH2PO4); (II) as (I) but after H202 
treatment, The spectra were measured at (1) 90; (2) 50; and (3) 18 K. Microwave power of 25 mW. 
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Fig. 7. Effect of H202 on the signal B in the experiments involving 
low-temperature inhibition. 0.2 mM of concentrated catalase solution 
(1 mg/ml) in 20 mM borate buffer (pH 9.2) was rapidly mixed with 
0.2 ml of borate buffer containing peroxide solution. (1) Control 
sample (with peroxide-free borate buffer); (2) 0.3 mM peroxide solu- 
tion (concentration equal to that of catalase subunits); (3) 3 mM 
peroxide solution (10-times the concentration of catalase suburtits). 
Temperature for (1)-(3) is 18 K. Increasing the ESR measurement 
temperature results in the reversible disappearance of signal B (1-3) 
and in the appearance of signal C (see text). The intensity of the 
signal C at 50 K we used as an internal standard to determine the 

extent of filling of each samples. Microwave power of 25 mW. 

exhibit weak ESR signals only from two states of Mn 
centers, (Mn 2+, Mn 3+) and (Mn 3+, Mn4+). This estab- 
lished that the primary population is an ESR-silent 
state which we presume to be (Mn 3+, Mn3+). The 
comparison of ESR spectra from preparations (I) ana 
(II) measured at 90 K (spectrum 1) suggests that the 
treatment by H 2 0  2 results in the appearance of signal 
A p, reduction to state (Mn 2 +, Mn 2 +). 

Effect of HeO 2 on the (Mr 2+, Mn 2+) state. We have 
studied the effect of H202 on reduced preparations 
Red(NaH2PO4) and Red(C1-). A prolonged dialysis 
(1.5-2 h) of reduced preparations of both types 
(Red(NaHzPO4) and Red(C1-)) against 10 mM H20 z 
produced no decrease in the intensity of signals A p and 
A cl- and, also, no noticeable increase in signals B and 
C. The dialysis did not result in the development of 
coloration of the catalase. 

Study of effects of 14202 on the active catalase prepara- 
tions by the method of low-temperature inhibition 

This method allows us to investigate the effects of 
H202 just on the preparations with high catalase activ- 
ity Red(K-buffer) and Aut(K-buffer). 

Reduced preparations I. The mixture of peroxide solu- 
tion (20 mM H202 in 10 mM potassium phosphate (pH 
6.8)) and reduced preparation with subsequent rapid 
freezing, using the low-temperature trapping set-up, 
produced no changes in the ESR signals. The experi- 
ments revealed neither signals B nor new ESR signals. It 
should be noticed that, although manganese clusters in 
this preparation are in the (Mn 2÷, Mn 2+) state, the 
A-type signal is weak, so that the (Mn 2+, Mn 2÷) state is 
practically ESR-undetectable. Indeed, it has been shown 
[13] that the (Mn 2+, Mn 2+) states give rise to pro- 
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nounced ESR signals only if they are in the form of the 
complexes with suitable ligands (CI- ,  inorganic phos- 
phate). Of course, it is possible to prepare Red(K-buffer)  
with a (Mn 2÷, Mn 24) state that is ESR detectable. After 
this procedure, however, the catalase activity of the 
preparations would be lost. 

Autoxidizedpreparations. The mixing of peroxide and 
autoxidized preparations with subsequent rapid freezing 
was accompanied by a significant decrease in signal B 
(Fig. 7) which is present initially at very low concentra- 
tion. 

D i s c u s s i o n  

The experimental results of this work show that: 
(a) Incubation of reduced catalase in oxygenated buffer 
results in the spontaneous oxidation of Mn 24--* Mn 3 4. 
(b) The autoxidation occurs most effectively at alkaline 
pH;  
(c) As a result of prolonged autoxidation, practically all 
centers are transformed into the (Mn 3÷, Mn 3+) state. 
This state is not detectable by ESR, but can be de- 
termined spectrophotometrically by the absorption at 
480-500 nm. In these preparations the content of centers 
in the (Mn: ÷, Mn 3 +) and (Mn 3 +, Mn 4 +) states does not 
exceed 7%. 
(d) The addition of peroxide in the presence of such 
inhibitors as chloride and inorganic phosphate to the 
autoxidized catalase preparations reduces them to 
(Mn 24, Mn2+). In the present work we have obtained 
direct evidence that peroxide interacts effectively with 
manganese ions. Moreover, this experimental fact 
eliminates the confusion related to the result obtained 
earlier [16] of equal enzymatic activities of the reduced 
and autooxidized preparations. Indeed, in the experi- 
ments on amperoammetr ic  determination of the decom- 
position rate of HzO: using a Clark electrode the con- 
centration of peroxide was 10s-times that of enzyme 
molecules. Thus, immediately after the H : O :  addition 
an insignificant fraction of peroxide is consumed upon 
the reduction of the (Mn 3 ÷, Mn 3 ÷) centers to the (Mn: 4, 
Mn 2+) state. In other words, even if the catalase is 
initially present in the state (Mn 3+, Mn3+), peroxide 
reduces the active (Mn 2+, Mn 2+) state, f rom which it 
instantly begins its normal catalytic redox cycle. 

Mechanism I) 

(Mn 2+, Mn 2+ ) + H 2 0 2  

o 
S+\3+ , (Mn . . .Mn ) +H20 

o 
_~/+ \ 3+ 

(Mn ...Mn ) + H202 , (Mn 2+, Mn 2+ ) + 0 2  + H 2 0  

2 H202 ................................................ ~ 02 + 2H20 

In such cases, the question of which of the two states, is 
active, becomes inappropriate. Mechanism I should be 
treated as one of the most probable mechanisms for the 
functioning of manganese-containing catalases. Indeed, 
this mechanism has been experimentally confirmed by 
the study of catalase activity of a binuclear manganese 
cluster, representing a functional analog of the active 
center of manganese pseudocatalase [20]. 

Because we did not succeed in detecting stable com- 
pounds of peroxide with the catalase, we cannot exclude 
the existence of alternative mechanisms of peroxide 
decomposition. For example, formation of a reactive 
bridging peroxide intermediate cannot be excluded. Re- 
cent synthetic studies have succeeded in isolation of a 
peroxide-bridged (Mn 4÷, Mn 44) dimer (Wieghardt, K., 
personal communication). A third possibility is given by 
Mechanism II: 

H202 OH OH 
(Mn 2+ ...Mn 2÷ ) ~ _ _ _ ~ ( M n -  +...Mn 3 ) 

02 H 202 

O \  _ 
(Mn ~+ ...Mn ~+ ) 

In this case, the intermediate forms an unbridged dihy- 
droxyl structure. This differs from Mechanism I only by 
the addition of water. Further work is needed to dis- 
tinguish these possibilities. 
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