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Abstract:
formate.

presence and in the absence of catalase.
enzyme. These are:

Bovine superoxide dismutase has been subjected to pulse radiolysis in the presence of O;, EDTA, and
The reaction mechanism was investigated by means of optical measurements at 650 and 300 nm, in the
The results can be explained on the basis of several reactions involving the
@E + 0, E + 0y k = (1.2 £ 02) X 10° M~1sec™!; (b) E- + O, (+2H) —

E° + HoOy, k = (2.2 = 0.4) X 10° M~tsec™?; () E~ 4+ Oy = E?" 4 Oy, k = (0-3) X 108 M~1sec!; (d) E2~ +
Oy (+2H*) = E~ + HyOy k = (1.2 £ 0.2) X 10®* M~1sec™!; () B + H,0; — E2- + 2H* + Oy; () E~ + O;—

E°+ O,k = 044 £ 0.12 M~ 1sec L.

E° refers to the native enzyme in which both copper atoms are oxidized

while E- and E?- refer to the singly and doubly reduced enzyme, respectively. Reactions a and b account for
the activity of the enzyme in the absence of H:O,, whereas reactions a, b, and d account for the activity of the

modified form of the enzyme which was generated by reaction with H;O,, as in reaction e.

Reaction f describes

the slow reoxidation of reduced enzyme which was observed in the presence of O..

Superoxide radical is known? to be produced by a
number of biologically significant oxidations and is
probably generated, to some degree, in all oxygen
metabolizing cells. Superoxide dismutase (SOD),
which catalyzes the reaction Oy~ + O, + 2HT —
H,O; 4 O,,? appears to be an important component of
the defenses which have been evolved to deal with the
cytotoxicity of this radical.* This enzyme is a metallo-
protein which has been found to contain Cu?* and Zn?*+
in eucaryotes and manganese in procaryotes.? Pulse
radiolysis has already been used in studies of reactivity
of the eucaryotic SOD*7 and promises to be a powerful
tool in the elucidation of its mechanism of action.
Irradiation of oxygenated aqueous solutions, in the
presence of formate, results in the following reactions.?

H,0 »-—> e.,4~, H, OH, H;, H:0:, H;0*, OH~ 1
€uq~ + Os —> Oy~ k=2X100 M 'sectt?® (2
H + O; —> HO; k=2X 100 M~tsec™t 0 (3)
OH + HCO;” —» H:0 + COa‘k

2 X 10° M-'sec™? 1t (4)
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H +HCO; —>» H; + CO;- k =5X 108 M-1seci2 (5)
CO:;~ + O: —> CO; + O (6)
HO: ===H" + O,~ Keq = 1.6 X 1078 Me.12 (7)

It is thus possible to use pulse radiolysis for the produc-
tion of O, and initial concentrations of 10—5 M can be
generated with brief pulses. In the absence of catalysts,
superoxide radicals decay by a spontaneous dismutation
reaction whose rate is dependent upon pH.%!®* At pH
~7.5 the predominant uncatalyzed decay reaction is
H02 -+ 02_ (+H+) - 02 + H202. This is the case,
despite the relatively small proportion of HO, at this
pH ((HO,)/[O5~] =~ 10%), because of the rapidity of this
reaction (k = 8.5 X 107 M~1sec~!) as compared to the
dismutation among O, radicals (k(O.,~ -+ O:)
~ 102 M-! sec™!). It is important to note that
small concentrations of impurities can introduce an
apparent first-order component to the decay of O,~.13

SOD catalyzes the dismutation of Oy~ in a reaction
which is first order with respect to enzyme and to Oy~
and whose rate constant at pH 7.5 is approximately
1.5 X 10® M~! sec—1.57 It has been demonstrated
that the products of this enzymatic reaction are O, and
H,0,.%14 It appeared possible to probe the mechanism
of this reaction by observing the effects of pulse radioly-
sis upon the absorption of this enzyme at 650 nm which
is due to its content of Cu?*. We now report the
results of such investigations.

Experimental Section

Pulse Radiolysis. The apparatus, optical system, and cell-filling
technique have been described.! The light source was a 150-W
water-cooled xenon lamp. Scattered light was less than 177 at 650
nm and was ignored. When observations were made at 650 nm, all
wavelengths below 600 nm were eliminated by filters placed between
the lamp and the cell to minimize photolysis and between the cell
and the monochromator to absorb Cherenkov light. Time resolu-

(12) (a) J. Rabani, J. Phys. Chem., 66,361 (1962); (b) J. Rabani and
D. Meyerstein, ibid., 72, 1599 (1968).

(13) J. Rabani and S. O. Nielsen, J. Phys. Chem., 73, 3736 (1969).

(14 1. Fridovich, J. Biol. Chem., 245, 4053 (1970).



tion at 650 nm was 4 usec which includes 1.5 usec of pulse duration.
The enzyme absorbs below 300 nm and the amount of scattered light
depended on enzyme concentrations, light path, and optical align-
ment. The amount of scattered light was estimated by setting the
monochromator at 180 nm, at which wavelength no signal should
have been observed, in the complete absence of scatter. Tektronix
556 dual beam and Tektronix 549 memory scopes were used in
parallel. One beam was used to monitor the pulse intensity by
measuring the inductance current generated by passage of the
electron beam through a coil. The other two beams were used for
simultaneous measurements at two different sweep rates. All
containers were cleaned in boiling distilled water. All measure-
ments were made at 23°,

Materials. Water was redistilled five times, The first of these
distillations was from alkaline permanganate and the second was
from acid bichromate. The last two distillations were performed
through heated columns to prevent ion migration. pH was
measured both before and after irradiation and was found to be 7.5.
SOD was prepared from bovine erythrocytes and its concentration
was determined on the basis of its absorbancy at 260 nm?3 (¢ =
1.13 X 10* M~'cm~!), Sodium formate and disodium ethylene-
diamine tetraacetate (EDTA) were reagent grade and used without
further purification. Additional experimental details have been
described previously.®

Results and Discussion

All the experiments were carried out in 0.16 M sodium
formate and 10~* M EDTA in aerated or oxygenated
solutions. Unless otherwise stated, pulse irradiations
were carried out using previously unirradiated solutions
of the enzyme.

Reduction of SOD by O,~. When SOD was exposed
to pulse irradiation in the presence of 9.7 X 108 M
catalase, its absorbance at 650 nm (¢ = 250 M—!cm™?!)
was partially bleached (27-3097) by the first pulse. The
second pulse caused slight additional bleaching (0-2 %)
and additional pulses given to the same solutions at a
rate of at least one pulse per minute were with little or no
further effect. Typical results are presented in Figure 1.
Similar observations have been made by Rotilio, Bray,
and Fielden.® The half-life of this bleaching was 10-20
usec and 2997 of the absorbance at 650 nm (on the
average) was the limit of bleaching. Changing the
enzyme concentration in the range (0.3 — 1.2) X 10— M
did not modify these results. Decay of the O;~ was not
accompanied by reappearance of the absorbance at 650
nm.

Suppose that SOD can be reduced and then reoxidized
by O~ as follows.

EE4+ 07 —>E 4+ O (8)
2H+
E- + O:- —> E* + H:O, )]

In this case a pulse which generates a sufficient amount
of O,~ will cause the enzyme to partition itself between
the E° and E- forms such that kJE°] = kJE-]. The
limiting fraction of bleached absorbance at 650 nm will
be given by

ADr/Do = (& — D/l — ko/ks) (10)

where A Dy is the sum of absorbance changes at 650 nm
caused by rapid successive pulses, D, the initial absorb-
ance at 650 nm, and ¢~ the ratio of the extinction coeffi-
cients of E~ over EY that is, eg-%50/em5%, The need in
some experiments for a second electron pulse in order to
achieve the limiting value for bleaching is due to the fact
that at relatively high [SOD] the amount of O, gen-
erated by one pulse is not sufficient. In order to reach
the limiting bleaching the amount of O,~ must be
somewhat higher than the amount of SOD.
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Figure 1. Oscilloscope traces at 650 nm, 9.7 X 10~¢ M enzyme +

9.7 X 1078 M catalase in 0.16 M sodium formate and 10-* M
EDTA, O, saturated; 1.5-usec pulse of 7.3 X 10% eV 1,71 sec™!;
light path 12.3 cm. Dotted lines represent computed values using
ks = 1.4 X 10° M-1sec™), ky = 2.5 X 10° M~ sec™!, eg-50 =
13 M1 cm~!: (a) first pulse; (b) second pulse given about 1 min
after the first pulse; (c) third pulse given about 1 min after the
second pulse; (d) Cherenkov signal obtained when the xenon light
source was closed.

The dotted lines in Figure | were computed using
Schmidt’s program.!s ks was measured from the rate of
decay of Oy~ followed at 280 nm when SOD was present
in great excess over O;~ and was found tobe (1 — 1.4) X
10° M—1sec~!. Five independent best fits of the data to
assumed values of ks and ky gave ks = (1.2 = 0.2) X
10° M—tsec1, ky = (2.2 = 0.5) X 10° M—1sec!, and
eg-%% = 50 = 50 M~! cm~!. The computed extinction
coefficient for E- was very sensitive to small changes in
both k¢/ks and ADr/D,. Results in the absence of
catalase, as well as at lower enzyme concentrations (up
to a factor of 3 has been checked), are the same within
experimental error. In all of these experiments doses
ranging from 1.1 X 10%to 1.35 X 102 ¢V 1.-! per pulse
were employed. It is noted in Figure 1 that the com-
puted curves for the second and third pulses do not fit
the data as well as was the case for the first pulse. This
was due to a slow oxidation of E- by O, and will be
further explored in the following section. Because of
this effect, ky was computed on the basis of fits to the
absorbance change during the first pulse only, and A Dy
was also obtained from the bleaching caused by the first
pulse and was corrected by adding 5 to 109,. Essen-
tially the same results have been obtained in oxygenated
as well as air-saturated solutions.

Oxidation of Reduced SOD by O,. The data in
Figure 1 were obtained by applying multiple pulses
within a short time. Different results were obtained
when the solutions were allowed to stand for a relatively
long period between pulses. Thus, as illustrated in
Figure 2, there was a regeneration of the phenomenon

(15) K. H. Schmidt, ANL Report 7199, Argonne National Labora-
tory, Argonne, IIl., 1966.
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Figure 2. Oscilloscope traces at 650 nm; repetitive pulses in
aerated and oxygenated solutions: 6.6 X 10~ M superoxide dis-
mutase + 9.7 X 1078 M catalase in 0.16 M sodium formate and
104 M EDTA solution; 1.5-usec pulse (7.6 X 102 eV 1.7 sec™1);
light path 12.3cm. (a) O:saturated, first pulse (identical results ob-
tained with aerated solutions). (b) Aerated, the solution was pulse
irradiated and later allowed to stand 27 min before taking this
trace. (c) Aerated, time interval was 66 min. (d) Oxygenated,
time interval was 14 min. (e) Oxygenated, time interval was 32 min.

]
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of decay of absorbance after an electron pulse. The
magnitude of the regenerated AD, (the absorbance
change observed after an interval ¢ in pulse irradiation)
depends on the time which the solution was allowed to
stand and on the oxygen concentration. We attribute
this to a slow reversal of the bleaching at 650 nm. This
return of color was greater in oxygen-equilibrated
solutions than in air-equilibrated solutions. These
results suggest that reduced SOD can be reoxidized by
O, as follows:

E-+0:—> E' + O (-8

In this case the O,~ generated by reaction —8 would
participate in reactions 8 and 9, and one could write

—d[E-}/dt = k-[E-][O] +
(kdE-] — K{EDIO;7] (11)

If we assume a steady state for [O,~] during the slow
reoxidation of the E— and insert [E®] = [Eliotar — [E~],
then by integration and rearrangement we obtain
kg[Eleotar(1/[E7], — 1/[E-]o) +

(ks — ks) In [E-Jo/[E~], = 2k—skdO2]t (12)
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where [E}iotar is the total enzyme concentration, [E~], the
concentration of the reduced enzyme at time ¢, and
[E~]o the concentration of the reduced enzyme at time
zero. Note that zero time is the time when E- and E°
are at their limiting concentrations as determined by
kqE] = k[E-]. Except when nearly all of the enzyme is
in the form of E° one pulse generates [O,~] which is
sufficient to bring the system back to the limiting con-
centrations of E~ and E° The absorbance change in a
given pulse is attributed to the reoxidation of E- by O,
(reaction —8). Hence

AD, = ([E7]; — [E7Jo)(ers®® — -850/  (13)

If [E-], from eq 13 is substituted into eq 12, and if

[E]o is replaced by —A Dy, /(eps®™ — ex-0)/ we get eq 14,

(k{Eliotarl/2ke)(1/ADs, — 1/(ADyy — ADy) +

((ky — ks)2ko(er®® — €g-*%)) In (ADsp/(ADy, —

AD)) = k_fOe]t/(em®® — e&-**) (14)

where A Dy, is the total absorbance change at 650 caused

by two electron pulses given within | min to a solution
which initially contains only E® and /is the light path.

Equation 14 allows the calculation of k—s. Values
calculated in this way are given in Table I. The

Table I. Evaluation of 4_s at 23°
Time, 10§EJtota1,  103- 103. 100:], k-, M?
min M AD; ADfp M sec!
2 9.60 0.9 9.1 1.35 0.63
2 6.65 0.4 6.4 1.35 0.38
4 6.65 0.9 6.4 1.35 0.46
7 6.65 1.2 6.4 1.35 0.37
7 6.65 1.5 6.4 1.35 0.48
8 6.65 1.6 6.4 1.35 0.46
10.5 9.70 1.8 9.1 1.35 0.27
11 6.65 2.1 6.4 1.35 0.48
14 6.65 2.3 6.4 1.35 0.43
14 6.65 0.4 6.4 0.27 0.27
15 6.65 0.4 6.4 0.27 0.25
19 7.30 0.7 6.9 0.27 0.32
19 6.65 3.2 6.4 1.35 0.55
19.5 9.70 4.2 9.1 1.35 0.48
20 6.65 3.0 6.4 1.35 0.47
24 6.65 0.9 6.4 0.27 0.38
25 6.65 3.6 6.4 1.35 0.53
28 9.70 5.1 9.1 1.35 0.48
32 7.30 1.7 6.9 0.27 0.57
32 6.65 4.3 6.4 1.35 0.65
38 7.30 1.2 6.9 0.27 0.31
66 6.65 2.5 6.4 0.27 0.53

results give k—s = 0.44 = 0.12 M~! sec™! (mean devia-
tion). Using the experiments in the oxygenated solu-
tions alone, an average k—s = 0.47 £ 0.1 M~1! sec™!
results. In aerated solutions k—s = 0.37 £ 0.15 M~!
sec-l. The calculations were based on (em®® —
eg-%) = 200 M—lcm~1, ks = 1.2 X 10%,and kg = 2.2 X
10° M—1sec™!. The second term on the left-hand side
of eq 14 contributed only about 25 % to the value of k—s.
Therefore, the results are not expected to show great
sensitivity to the ratio ke/ks chosen within the reasonable
error limits. E.g., if ko/ks = 1 is assumed, k—s = 0.64
M-1 sec—! results, as compared with a value of 0.44
M- sec—! calculated for ke/ks = 1.3. The values
calculated for k_s are nearly inversely proportional to the
values chosen for (em®® — eg-®®). Thus, assuming



that E~ does not absorb light at 650 nm, we find ks =
0.53 M~1 sec™!. Assuming eg-*% = 100 M~! cm™!
which is the upper limit (see previous paragraph), we
obtain ks = 0.36 M—1sec~!. The error limits for k_s
do not include systematic errors due to deviations in
[O:] and in temperature.

Bleaching of SOD at 650 nm by H,0, All the
work described in this section has been carried out in
oxygenated solutions using 1.5-usec electron pulses
(producing about 10~* M O, per pulse). Equilibra-
tion with O, was carried out after each set of 20 pulses.
There was no effect of [O,] on the results described here.
In some experiments air was used instead of oxygen.
The dismutase concentration was varied between 0.4 X
10~%and 1.1 X 10—® M.

The first two pulses gave results similar to those ob-
tained when catalase was absent (see Figure 1). How-
ever, the effect of additional pulses was different.
Under these circumstances a 1.5 usec pulse, which
followed upon a series of (10-100) similar pulses,
actually caused an increase in absorbance at 650 nm.
The magnitude of this change was positively dependent
upon the number of preceding pulses and upon the time
which elapsed between the last of the preceding pulses
and the test pulse. A limiting value was obtained by
preirradiating with 30 pulses and incubating 1 min prior
to the test pulse. This limiting value was proportional
to the concentration of enzyme: AD = 87[Eloil.
This effect is illustrated in Figure 3. It is apparent that
this increase in absorbance at 650 nm occurred on a
time scale comparable to the decreases in absorbance
which had previously been seen in catalase-containing
solutions (Figures 1 and 2). The enzyme remained
active as a superoxide dismutase toward pulses of O,
even after H,O, had accumulated to 5 X 10—¢ M with
very little, if any, change in activity.

H,O, has been reported !¢ to decrease the intensity of
the esr signal of SOD when incubated with the enzyme
in the absence of oxygen. Subsequent aeration caused
a slow return of the original signal. This suggests that
the Cu?" in SOD can be reduced by H;0,. We propose
that H,O, can reduce SOD beyond the level of E- as
follows

E° + H;O; —>» E*~ 4+ 2H* + O, (15)
and that E?- can be reoxidized by O, as follows.

2H+
E* + Oy —> E~ + H:0; (16)

It appears possible that E?~ can also be generated by a
reaction of E- with O, as follows

E-+0r7 —> E* + 0O an

but this reaction must be much slower than reaction 9 in
which E- is reoxidized to E° by its encounter with O,~.
The proposal then is that H,O,, when present in suffi-
cient concentration, converts SOD to the E?- from
within | min after the O, has decayed away and that
E?~ has less absorbance at 650 nm than the mixture of
E®°, E-, and E?~ which results from the interactions of
the enzyme with O,=.  The test pulse of O, then largely
eliminates E*~ by reaction 16 and thus causes the in-
crease in absorbance shown in Figure 3. Note that the
experiments reported so far can also be interpreted in

(16) G. Rotilio, L. Calabrese, F, Bossa, D. Barra, A. Finazzi Agro,
and B. Mandovi, Biochemistry, 11, 2182 (1972).
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Figure 3. Oscilloscope traces at 650 nm (no catalase): 8.5 X

10-8 M superoxide dismutase in 0.16 M sodium formate and 104 M
EDTA; aerated; light path 12.3 cm; 1.5-usec pulse producing
1.0 X 1075 M Oy~ (G = 6) per pulse. Equilibration with air was
made after every 20th pulse. (a) Fifth pulse taken 13 min after
the previous pulse. (b) 95th pulse taken 13 min after the previous
pulse,

terms of E® and E~ alone. The reasons for invoking
E?~ and the rates of reactions 16 and 17 will be given in
the next paragraphs.

Bleaching of SOD at 300 nm by H.0,. When
oxygenated solutions of SOD in 0.16 M sodium
formate and 10—¢ M EDTA were subjected to 0.05-usec
pulses (5 X 10%¥ eV 1.-1 = 209), the absorbance at 300
nm was increased due to the generation of O,~. In
solutions which had not been previously irradiated, this
absorbance rapidly decayed to a level somewhat lower
than the initial absorbance due to the enzyme. If
however, the solution had been subjected to a series of
high intensity (1.3 X 10% eV 1.-1) pulses to accumulate
H,0; in the solution (catalase absent) and then, after a
delay of at least | min, was tested with a low intensity
pulse, the absorbance at 300 nm increased and this
increase did not decay away within the time of our
measurements.  This difference between solutions
which had not been previously irradiated and those
which were previously irradiated is shown in Figures 4a
and 4b. On the other hand, rapid pulsing (10 pulses/
sec) of a solution which had been preirradiated and then
incubated for 1 min did restore the phenomenon of
decay. Thisisshown in Figure 4c.

If we ascribe the increase at 300 nm, which accom-
panied pulsing, to O,~, then the decay shown in Figure
4a was due mainly to reaction 8. The negative plateau
seen in Figure 4a can be explained on the basis of the
conversion of some E° to E- and on the assumption
that em®® > €g-3®. When the enzyme had been
incubated with H;0O,, generated by preirradiation, the
increase in absorbance at 300 nm did not decay rapidly
(Figure 4b). This is explained by the assumption that
the decrease in absorbance at 300 nm, due to the decay
of O,~, was compensated by an equal and equally rapid
increase in absorbance due to a net reoxidation of E*-
by O,~ as in reaction 16. Rapid pulsing (10 pulses/sec)
of a solution in which H,O, had accumulated would
restore the steady-state balance of E°, E-, and E?~ and
would then allow the decay of O, to be seen at 300 nm
because the excess of E?~ had been eliminated by the
preceding rapid pulses of O,~. This is shown in Figure
4c and was made possible by the relative slowness of
reaction 15.

One might argue that H,O, reduces E° to E~ rather
than to E?~. In this case the result shown in Figure 4b

Klug-Roth, Fridovich, Rabani | Mechanism for Bovine Superoxide Dismutase
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Figure 4. Oscilloscope traces at 300 nm, 0.16 sodium formate and
10-¢ M EDTA. (a) First 0.1-usec pulse (9 X 102 eV L~! sec™?).
An oxygenated solution containing 7.1 X 10-¢ M superoxide dis-
mutase. The dotted line is computed on the basis of the two step
mechanism, ks = 1.4 X 10° M~1sec™!, ky = 2.8 X 10° M~1sec™!,
epo® = 22202 M~1cm™Y, eg,- 30 = 3507 M~1cm™), ep- 30 = o 30 —
€0,- 3 = 1870 M~1cm~!. The final plateau does not depend on
the values taken for k; and k,, within their error limits. The
light path was 12.3 cm, scattered light 5%;. (b) Same solution as in
(a) was pulse irradiated using 50 pulses, each of 1.5-usec duration
1.30 X 1020 eV 1,71 per pulse. Ten minutes later this trace has been
taken with a 0.1-usec pulse, 9 X 1018V 1.-1. (c) Eighty-first pulse
(about 0.05 usec, 5 X 10 eV 1.71 per pulse). The 81 pulses were
taken at a rate of 10 pulses per second. The enzyme solution has
been preirradiated using 50 pulses of 1.5 usec (1.3 X 102 eV 1,-!
per pulse). Three minutes separate the last of the 50 preir-
radiation pulses and the first of the series of 81 pulses. [E]iotal
= 2.5 X 107% M. The light path was 4 cm, scattered light 10%;.
(d) No light source being used.

could be explained on the basis that
€030 — €530 A gp,. 30 (18)

However, the dotted line in Figure 4a was computed on
the basis of this assumption and its failure to agree with
the results is obvious. Such disagreements were found
to be typical. SOD concentrations ranging from 7 to 25
uM have been tested. It was always found that while
the computations gave Do/Dplatess = 1, experiments
gave values of about 4. For this reason the product of
the reduction of E® by H,O; is taken to be E2-. It is, of
course, possible that E- is a transient intermediate in the
reduction of E° to E*~ by H;0,.

Discussion of the Four-Step Mechanism. The method
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used for the computation of ks and k,, based on
Schmidt’s program, !5 can now be used for the evaluation
of kg, kie, and ky;.  This method depends upon com-
parison of computed and experimental absorbances
using known or assumed rate constants and extinction
coefficients. Of the extinction coefficients eg®® = 250
M-1 cm~! has been reported previously.® eg:-%% >~ 80
M-1¢cm~! was calculated on the basis of our postulated
reactions 8, 9, 16, and 17. Use was made of the fact
that the same steady-state concentrations of E°, E—, and
E?-, and consequently the same absorbances, are pro-
duced during the O,~ decay in solutions containing
initially E® only and in solutions initially containing only
E?~. The reaction rate constants ks = (1.2 = 0.2) X
10° M—1sec~!and ks = (1.2 = 0.2) X 10° M—1 sec™!
were measured from the decay of the O,~ absorbance at
280 nm when excess of E° and of E?~ were respectively
present. Thus, of the extinction coefficients and rate
constants involved, only ks, k17, and eg-%% had to be
assumed. About 50 computations were carried out, in
which these parameters varied systematically. Agree-
ment with the experimental data was obtained when k7
ranged from (0 to 3) X 108 M—!sec!. Values of k,
which were in agreement ranged between (1 to 3) X
10° M1 sec™ 1.

These results have been cross checked at 300 nm. An
apparent reaction rate constant ‘‘k,” which is defined as
(1/[Elotar) d In [O,)/ds was evaluated on the basis of
traces similar to that shown in Figure 4c and found to be
“k” = (1.4 = 0.3) X 10® M~1sec~!. If a steady state
can be assumed for E°, E-, and E?~ under the conditions
of Figure 4c, then

“k” = ks + k)/(1 + kolks + kufkie)  (19)

Inserting ks = 1.2 X 109, ks = 1.2 X 10°% and ki =
(0 t0 0.3) X 10° M~1sec™!in eq 19 gives ks = (1.4 to
1.7) X 10° M—1sec—!. This value is in agreement with
the values of k, ranging between 1 X 10° and 3 X 10°
M—! sec™! obtained from the measurements at 650 nm.
The value k; = (1.4 to 1.7) X 10° M~1sec™! is also in
fair agreement with k; = 2.2 X 10° M~! sec™! which
could be directly estimated from traces such as those in
Figure 1 on the basis of neglect of reactions 16 and 17.
The fact that ky; is relatively small justified this neglect.
If k7 = 0 then the mechanism involves reactions 8 and 9
only, as long as the SOD was added to the reaction
mixture in the form of E° and no H,0O, was allowed to
accumulate. In fact, k;; may be as high as 3 X 108
M-1sec-!. In such case, the value of ky = 2.2 X 10°
M—1 sec—! will have to be slightly decreased (by 10-
209). We conclude that the mechanism, based upon
reactions 8 and 9 only, is at least a good approximation
for the SOD reaction in solutions which contain catalase
or in which the accumulation of H,O: is somehow
prevented. When H,O, does accumulate reaction 16
becomes important in addition to reactions 8 and 9.
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