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Abstract: The catalysis of superoxide dismutation (20,” + 2H* — O, + H,0,) by iron superoxide dismutase from Escherichia
coli has been examined with a specially constructed stopped-flow spectrophotometer. The disappearance of superoxide in the
presence of the enzyme followed the velocity expression -d[O;7]/dr = k. [0,7] + 2k, .[0,7]? + 2[enz] TN[O,]/ (K + [O7]):
numerical methods for extracting the Michaelis—-Menten parameters, TN and K, from the data were developed. TN is independent
of pH and, based on Fe concentration, is equal to ~26000 s™ at 25 °C. K, is independent of pH below 8 and increases tenfold
per pH unit above 10. The apparent ionization controlling K, has a pK, ~ 9.0, and at pH 8.4 and 25 °C, K, has a value
of ~80 uM. The activation parameters for TN and TN/K, were determined. Previous results [Fee et al. Isr. J. Chem. 1981,
21, 54-58] suggested that water bound to Fe** hydrolyzed with pK,® ~ 9. Nevertheless, reduction of the iron caused the
uptake of only one proton at any pH from 7 to 10, indicating the presence of an ionizable group close to the iron in reduced
enzyme with pK," near 9; the acid form of this group appears to promote binding of O, to the reduced protein. Several anions
were found to be competitive inhibitors. These fell into two classes: N3~ and F~ which bind directly to the Fe’* and ClO,",
SCN-, CI, HCOO-, and SO,2~ which appear not to bind to the Fe3*. A mechanism of catalysis and of anion inhibition is
presented which involves a reduction—oxidation cycle and accounts for all known equilibria involving the iron, including both
classes of anionic inhibitors. Various general acids were shown to increase TN while not affecting TN /K. On this evidence,
the rate-limiting step in catalysis is suggested to be proton donation from a general acid, most likely H,O, to an enzyme—substrate

intermediate.

There are three types of superoxide dismutases based on the
metal ion involved in catalysis. The general properties, distribution,
and possible biological functions of this disparate class of proteins
and of superoxide have been discussed in various review papers.'
The present article is concerned primarily with the mechanism
of the iron superoxide dismutase from Escherichia coli. It is now
generally accepted that metal ion catalyzed superoxide dismutation
proceeds by a cyclic oxidation—reduction mechanism (reaction 1
and 2)

M™ + 0,” = M+ + 0, (D
MO=D* + O,” + 2H* — M™ + H,0, ()

where M = Cu, Fe, or Mn and » corresponds to 2, 3, and 3,
respectively, for each of the metals. This has been demonstrated
for each type of superoxide dismutase? and for several smaller
coordination compounds® which can also be effective catalysts.
Questions remain, however, about the details of the catalytic
processes. In the case of Cu/Zn protein, pulse radiolysis studies
have suggested the reaction is diffusion limited and no rate-limiting
first-order process has been observed.?* However, an indirect,
polarographic measurement indicated that kinetic saturation of
the Cu/Zn protein might occur.* Preliminary studies of the Fe
protein from E. coli suggested that saturation occurred with some
internal step becoming rate limiting® while the Mn protein shows
a more complicated kinetic behavior which has been interpreted
in terms of fast and slow cycles.?d In this report we utilize
advances in instrumentation and data analysis which make it
possible to examine the catalyzed dismutation reaction directly
at initial superoxide concentrations up to ~4 mM and which allow
accurate determinations of steady-state kinetic parameters.

A detailed picture of the active site of the iron superoxide
dismutase is currently being developed. Recent X-ray crystal-
lographic analyses at 3-A resolution®® have shown the presence
of four protein-to-iron ligand groups, one of which is histidine
(His-26 in the E. coli protein). The identity of the others is not
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known due to lack of complete sequence data although imidazole
and carboxylate functions are likely; physical measurements ex-
clude tyrosine or sulfur ligands. NMR relaxation studies suggested
the presence of a bound water molecule.’*®

A number of physical measurements, including a partial
bleaching of the 350-nm absorption band (¢ = 1850 M™! cm™)
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at high pH, suggest that the bound water of Fe’*-dismutase may
ionize (hydrolyze) with pX, near 9 (reaction 3). The binding

P-Fel*-OH, = P-Fe3*-OH- + H* 3)

of fluoride causes spectral changes similar to those observed at
high pH_,? in keeping with the similarity of OH~ and F~ as ferric
ligands.® Azide also binds to the ferric ion, giving rise to two
new bands in the visible spectrum at 440 nm (e = 1660 M~ cm™)
and at 320 nm (e = 3300 M1 cm™) 3% Crystallographic analyses
have shown that azide binds to a single coordination position of
the Fe’* 64> These results are consistent with a coordination site
for water on the Fe* ion; the importance of such an open co-
ordination position for metal ion catalysis of superoxide dismu-
tation was discussed several years ago.!!

Preliminary investigation of the steady-state properties of the
enzyme have shown that the maximal turnover number is inde-
pendent of pH while K, is influenced by an ionization (pK, =
8.8, basic form inactive).” Azide and F~ are also inhibitors, 311122
but cyanide is not.”»® Azide inhibits competitively, and a distinct
discrepancy between azide inhibition (K;) and binding (K,) was
noted.’%!! In this article we investigate this behavior and show
that it arises as a natural consequence of the catalytic cycle of
superoxide dismutases. Inhibition by several other anions is shown
to be competitive with O,”, and the presence of an anion binding
pocket near the iron!® is confirmed. In addition we have found
that the published redox potential'? of iron superoxide dismutase
is untrustworthy due to the apparent lack of reactivity of the
mediators employed. The observed steady-state kinetics have been
reconciled with all equilibria known for the protein, and a catalytic
mechanism is proposed in which proton transfer from general acids
within the solution to the protein is the rate-limiting step.

Materials and Methods

Superoxide dismutase concentrations (expressed on an active site ba-
sis) were determined from visible spectra with the following extinction
coefficients ([metal]™ cm™): for Cu/ZnSD 150;'5 for FeSD 1850;% and
for MnSD 910.!¢ Bovine Cu/ZnSD was purchased from Diagnostic
Data, Inc. (Mountain View, CA), and used as received. FeSD was
prepared from E. coli (Grain Products) as described by Slykehouse and
Fee,? while MnSD was prepared from Thermus thermophilus as reported
by Sato and Nakazawa.!s

The stopped-flow apparatus and associated computer equipment have
been described previously.*'7 Briefly, the apparatus uses three driving
syringes of 0.25-, 2.5-, and 2.5-mL capacity. Potassium superoxide,
dissolved in a miscible organic solvent, generally with the aid of crown
ether, is maintained in the small syringe, and appropriate buffer solutions
are placed in the larger syringes. Typically, the O, solution is mixed first
with a weak buffer of pH ~ 10, and the resulting solution is combined
with a strong buffer of the desired pH in the second mixer. When
present, enzyme solutions were added in this last mixer. The dead time
from the first mixer to the observation cell is 5 ms, while from the second
mixer it is only 2 ms. The volume used per shot is 0.02, 0.2, and 0.2 mL
from each syringe.

The concentration of the superoxide solution is generally adjusted to
give [O,7], ~ 1-2 mM after mixing, but initial concentrations as high
as 4 mM can easily be obtained. At this concentration of O,7, the
resulting O, will not stay in solution at atmospheric pressure, but the
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dismutation reaction can be readily observed if the driving pressure is not
released until the reaction is complete. For [O57], less than 2 mM, it is
sufficient to degas the aqueous solutions on an aspirator. H,0, is con-
tinuously removed from the superoxide stock solution by reaction with
Me,SO to give dimethyl sulfone,'® so that immediately after mixing very
little H,0O, is present. This reaction is slow in aqueous solutions, so at
anytime after mixing the concentration of peroxide is half the concen-
tration of superoxide that has decayed (cf. ref 3).

The concentration of superoxide was followed by using its absorbance
in the UV. The following extinction coefficients (M~ cm™) were de-
termined at 10-nm intervals from 260 to 330 nm: 2080, 1490, 910, 534,
284, 133, 56, 33. Each kinetic trace, or “shot”, consisted of either 151
or 401 data points. Four or more shots were averaged before storage to
reduce noise. The observation path length was 2 cm, and the optical
bandwidth was 3 nm.

Since Me,SO freezes at 18 °C, a 2:1 mixture of Me,SO and DMF
was used below room temperature. Neat DMF is unsuitable due to
limited solubility of O,, even with crown ether, while acetonitrile forms
a crystalline complex with crown ether.!® These solvents were supplied
by Burdick and Jackson and were sufficiently dry that they could be used
as received.

Good’s buffers?® were obtained from Sigma and all aqueous solutions
contained 10 M DETAPAC, which is better than EDTA in suppressing
trace metal catalysis of superoxide dismutation.>?!  18-Crown-6 was
obtained from PCR and KO, from Alfa.

Anion binding studies were done on a Perkin-Elmer Model 320 with
l-cm cuvettes thremostated at 25 °C or a Zeiss DMR-21 with 4-cm
cuvettes held at 4 °C. Buffer solutions for these studies were identical
with those of the stopped-flow activity studies, including organic solvent
content (5% v/v). Buffer for F~ binding and inhibition contained 10%
glycerol.?? Binding data were analyzed with double-reciprocal plots.

Data Analysis. Superoxide decays spontaneously in aqueous solution
by dismutation producing oxygen and hydrogen peroxide. Above pH 6,
this reaction proceeds via formation of perhydroxyl radical (reactions 4
and 5. Therefore the dismutation rate is pH dependent and second order

HO, = H* + O, pK, = 4.9 4)
HO, + 0, — 0, + HO, (5)

in superoxide (cf. ref 23a,b). Trace metals also catalyze the dismutation,
and this process appears first order in superoxide, so therefore the decay
of superoxide is given by expression 6

401 _ .
-T - klir[OZ ] + 2ks:c[02 ] (6)
where kg, is a general constant indicating the small amount of O, decay
by first-order processes and kg is the true rate constant for second-order
dismutation of O,”. The concentration of superoxide can be determined
as a function of time by monitoring the UV absorbance of superoxide.
For such data, the derivative can be calculated at each data point, so that
each point provides a separate equation relating the two unknown rate
constants. Standard least-squares techniques are used to find the best
values of kp, and k.. The computational methods will be described
elsewhere.2*
Numerical differentiation generally causes a considerable increase in
noise, so that other methods (e.g., nonlinear least-squares fitting of ab-
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Figure 1. Superoxide decay catalyzed by three enzymes: Cu/ZnSD (left panel), Mn/SD (center panel), and FeSD (right panel). In each panel the
following are shown: the absorbance vs. time data; the derivative of the data; the derivative data corrected for non-enzymatic dismutation to leave
the enzyme-catalyzed component; the corrected derivative data minus the computer-fitted enzymatic component, i.e., the velocity residuals; and finally
the difference between the data and the numerically simulated reaction, i.e., the absorbance residuals. In the left panel (Cu/ZnSD), the corrected
derivative is virtually superimposed on the derivative data. The inset in this panel shows the linearity of a semilogarithmic plot of the original data.
Enzyme concentrations were as follows: Cu/Zn, 0.3 uM; MnSD, 0.6 uM; and FeSD, 1.1 uM. Cu/ZnSD and MnSD were done at 25 °Cin 0.2 M
glycine buffer, pH 9.7, while the FeSD data were taken at 3 °C in 0.05 M TAPS, pH 8.4 (warm), also 0.05 M in KCL

sorbance data) might be thought preferable. However, by maximizing
signal to noise in the absorbance data, first by instrumental design and
second by averaging several independent shots, the signal-to-noise ratio
in the velocity data can be quite acceptable. The method is simple to
program and rapid in execution, but its main advantage is the ease it
offers in analyzing a velocity expression such as eq 7.

In the presence of superoxide dismutases, the rate of superoxide decay
is given by eq 7. Again the derivative of the data may be calculated at

_d[0] 2[enz] TN[O,]
d Km + [02—]

= kﬁr[OZ—] + 2ks:c[()2—]Z + (7)

each point. Since kg, and k. are known from experiments done in the
absence of enzyme, their contribution to the derivative at each point is
easily calculated and removed from the derivative, leaving a corrected
derivative which is due only to the added enzyme. Nonlinear least-
squares methods may be used to find values of TN and K, which best
fit this corrected derivative. When the value of K, is greater than ~2
mM then one is restricted to analyzing for TN/K,,.

The quality of fit may be judged by substituting kg, ks TN, and Ky
back into eq 7, calculating the predicted velocity at each point, and
removing this from the observed velocity. These velocity residuals should
be randomly distributed around zero. In addition, the entire reaction may
be simulated numerically and subtracted from the original data. These
absorbance residuals should also exhibit no trends.

Results

Saturation Behavior of Superoxide Dismutases. Our data for
Cu/ZnSD show no evidence of saturation (Figure 1, left panel),
consistent with previously published pulse radiolysis studies.?
These data were taken with a relatively high concentration of
enzyme, so that the corrections to the derivative are small. The
enzymatic contribution is accurately fit by a simple first-order
process. Because the contribution of spontaneous dismutation to
the reaction is so small, a semilog plot of the absorbance data is
linear (see inset, left panel). The derived second-order rate
constant for the reaction of superoxide with the enzyme is 2 X
10° M~ 57! (based on Cu), in excellent agreement with pulse
radiolysis results taken at much lower Q,.%°

On attempting to fit these data to an enzymatic form, the
program did not converge on unique values for TN and K.
Instead the absolute values of TN and K, increase without bound,
while the ratio of TN/K,, remains constant and equal to the rate
constant found by assuming a first-order process. Our experience
with the iron enzyme and with simulated data has shown that,

(25) McAdam, M. E. Biochem. J, 1977, 161, 697-699.

for a saturable enzyme, even with K several times greater than
the initial O, concentration, fitting to an enzymatic form leads
to convergence, while fitting to a first-order process leaves
characteristic trends in both velocity and absorbance residuals.
Thus, if the Cu/ZnSD saturates, K, must be greater than 5 mM

2

These data were taken under conditions quite similar to those
used previously in the indirect polarographic method which re-
ported a K, near 0.5 mM.* Since our direct measurement covers
superoxide concentrations much higher than this without any sign
of saturation, the indirect result must be artifactual. The minimum
value of K, of 5 mM implies that the rate of any superoxide-
independent steps in the catalytic cycle of Cu/ZnSD must exceed
5% 10%s™!. This is a lower limit for the rate at which electron
and proton transfers occur near the Cu of the Cu/Zn protein.

Data for MnSD from T. thermophilus are also shown in Figure
1 (center panel). Saturation of the enzyme is clearly evident in
the corrected derivative where the catalyzed velocity is constant
over a wide range of superoxide concentration. These data were
taken with a relatively low concentration of enzyme to illustrate
how well the non-enzymatic contribution can be removed from
the derivative. Derived constants for these data were TN = 1300
s'and K, = 3 uM. We are presently pursuing a detailed study
of the manganese protein, and no further data are reported here.

Data for FeSD at 3 °C are shown in the right panel of Figure
1. Again saturation behavior is evident in the corrected derivative,
although it occurs at much higher O, concentrations than with
MnSD. Fitting to the enzymatic form gives satisfactory plots of
residuals with TN = 7500 s™! and K, = 100 uM. These derived
constants depend on temperature, pH, buffer, and anion con-
centrations. Before examining these effects in detail, several
aspects of the method and some control experiments are described.

Validity of the Methods. This procedure of data analysis is
related to integrated rate methods in that the entire reaction is
used to obtain the rate constants.6 Therefore the derived rate
constants could be influenced by product inhibition or enzyme
instability. Since the iron enzyme in particular is known to be
inactivated by H,0,,% considerable effort was made to rule out
possible artifacts. For FeSD, the TN and K, did not depend on
the initial O, concentration in the range 0.2 to 2 mM (the initial

(26) Cornigsh-Bowden, A, “Principles of Enzyme Kinetics”; Butterworths:
London, 1976.

(27) Asada, K.; Yoshikawa, K.; Takahashi, M.; Maeda, Y.; Enmanji, K.
J. Biol. Chem. 1975, 250, 2801-2807.



3298 J. Am. Chem. Soc., Vol. 107, No. 11, 1985

concentration should not be much less than K, if a reliable de-
termination of TN and K, is desired). Both TN and K, were
independent of enzyme concentraton. Adding H,O, (8 mM) in
the first aqueous syringe (enzyme in second aqueous syringe)
changed neither TN or K, for high concentrations of enzyme.
Inactivation by H,O, appears to occur relatively slowly over several
minutes (depending on H,0, concentration), while the entire O,
reaction occurs in less than a second. Inactivation of the iron
protein became apparent as distinct trends in both velocity and
absorbance residuals only at high pH with low concentrations of
enzyme where the reaction time approached a minute; such
conditions were avoided in this study. The activities of MnSD
and Cu/ZnSD were also independent of H,0, accumulation.
Initial oxygen concentrations of 0 and 2 mM gave identical results
for all three enzymes. Thus, for the short reaction times and final
H,0,; concentrations, less than 1 mM used in this study, product
inhibition and enzyme instability presented no problem for data
analysis. These observations rule out the formation of a stable
peroxo complex similar to the Fe-EDTA system.?

Values of TN and K, proved to be sensitive to choice of buffer
and anion concentration. The Good’s buffers® used in this study
had much less effect than carbonate or pyrophosphate. The
apparent K, increased slightly with increasing buffer concen-
tration, e.g., at pH 8.4 in 0.2 M TAPS, K (app) was 150 uM,
where extrapolating the values obtained at lower concentrations
to zero buffer gave a K, of 75 uM. Generally buffer concen-
trations of 0.05 or 0.1 M were used; this small effect was not
investigated further.

Data sets collected at several different temperatures are
presented. This is partly due to technical problems with the
apparatus. However, since K, decreases with temperature and
is thus more accurately resolved in the numerical analysis, those
perturbations which increase K, were usually done at the lowest
possible temperature.

Steady-State Analysis of Iron Superoxide Dismutase. In the
dismutases, as in catalase, two molecules of substrate add to the
enzyme in each cycle. This will lead to steady-state expressions
with terms containing the square of substrate concentration unless
the two substrate addition steps are irreversibly connected. Since
simple Michaelis—Menten kinetics fit the data very well and since
no evidence of product inhibition could be found, we assume that
the reaction cycle consists of irreversible reductive and oxidative
half-reactions. Scheme I shows the simplest scheme which can
be written (neglecting protons for the moment). Both half-re-
actions have been written with Michaelis complexes (in brackets)
because one such saturable step must exist, although its location
is not known.

Scheme I
k05 Lk
on AT [on02 ]_>Ered + 02

(8)

&0 .
Ereq T [Ered'oz ] — Ei + HZOZ

The expression for the steady-state kinetics of Scheme I may
be derived by the method of King and Altman.?® Following

2[enz](1 /kz + 1/ky)'[0;7]

_dIoy] _ ©)
dr (1 /ky + 1/k,)!
= +[0,7]
1 1
+
. k, B} ks
Tk + ky Sk + ky

Cleland,? the terms k,/(k-, + k,) and k,/(k_; + k,) represent
the commitment to catalysis of the Michaelis complexes in the
reductive and oxidative half-reactions, respectively. One may

(28) See: Segel, I. H. “Enzyme Kinetics”; Wiley-Interscience: New York,
1975; Chapter 9.
(29) Cleland, W. W. Biochemistry 1975 14, 3220-3224.
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Figure 2. Effect of various anions on the TN and K, of FeSD. Circles
indicate azide, squares fluoride, triangles chloride, and inverted triangles
formate. Conditions: 0.1 M TAPS, pH 8.4, 25 °C, initial [0,7] =1
mM.

define k, and k, as the productive binding rates of the reductive
and oxidative half-reactions

ks
k. = kl(—k-l T kz) (10)

ks
k, = k3(—k—3 T k4) (11)

and rewrite (9) to obtain

_d[0y] _ 2[enz](1/k; + 1/k)'[O7]

dt 1/ky + 1/ky)! (12
Eljki + 1;1(:)-1 + 1041
hence
TN = (1/ky + 1 /ky)™! (13)
and

-1
P (1 ks + 1/ky) (14)
T (ke k)

Inhibition by Anions. Certain anions are inhibitors of iron
superoxide dismutase. Illustrative data are shown in Figure 2.
As expected for competitive inhibition, TN is independent of
inhibitor concentration while the apparent K,, increases linearly
with inhibitor concentration. For the several anions studied the
effectiveness of inhibition decreases in the order N3~ > F~> SCN-
> ClQ,” > CI- > SO,*. Of these anions, only N3~ and F~ de-
monstrably bind to the ferric form of the enzyme causing a
perturbation of its spectral properties® and providing a possible
mechanism for inhibition. In contrast, the other anions (SCN-,
ClO,", CI, and SO,*) cause no (or minor) changes in the optical
or EPR properties of the Fe** at inhibitory concentrations (data
not shown), suggesting they do not bind directly to Fe**. The
binding of these anions to the surface of the protein such that
access to the Fe** is blocked has previously been suggested as the
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Figure 3. Difference spectra induced by adding azide to oxidized enzyme.
Conditions: 0.1 M TAPS, pH 8.4, 25 °C, [FeSD] = 59 uM, initial
volume 0,41 mL, 1 cm path length. Subsequent to the base line are three
consequetive additions of 2 uL each of 0.2 M azide followed by single
additions of 1, 2, and 4 uL of 1 M azide. The inset shows a reciprocal
plot of 320 (circles) and 440 nm (squares) absorbance data.

basis of their inhibitory properties.’® Thus, there are at least two
classes of anion inhibitors, and the factors leading to competitive
inhibition are evidently complicated. We will make the simplifying
assumption that Ny~, F-, and OH™ do not bind to the Fe?* of the
protein. This assumption is generally supported by the much
greater tendency of Fe** over Fe?* to form complexes.” The two
classes of inhibitors will be discussed separately.

Comparison of K, and K, for Azide. Preliminary results in-
dicated that K was significantly greater than K for azide.!%!!
For the present conditions (see Figure 2) K; = 6.6 mM. Difference
spectra generated on binding azide to the oxidized form of the
protein under identical experimental conditions are shown in
Figure 3, and the reciprocal plots (inset) yield K4 = 2.3 mM. The
following considerations offer a simple explanation for this ap-
parent discrepancy.

Assuming N;~ binds rapidly and reversibly only to the Fe** to
cause competitive inhibition, the steady-state behavior is described
by

d{0;7] 2[enz](1/ky + 1/k,)71[O;7]
= (15)
dr (1/ky+ 1/ky)?!
) + [0;7]
1+ ([I1/Ky) 1
k; k,

from which the apparent K, term can be rearranged to

Wkt kyY Wk,
T (1 k + 1//<0)-1(1 TR k,) (16)

ke

yielding
ko + k.

K1=Kd' &
)

17)

Thus, for the case in which the inhibitor binds to only one form
of the enzyme, K| should in general not equal K, and this result
should be applicable to all superoxide dismutases or any enzyme
where substrate enters the reaction cycle twice while the inhibitor
binds to only one form. Returning to the experimental result that
K =~ 3.0Kj, eq 17 suggests that k. must be roughly twice as great
as k,. These reactions are much too rapid to be observed with
our stopped-flow apparatus, but this prediction may be testable
with pulse radiolysis techniques.
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Table I. Thermodynamic Parameters

E, AH*, AS*,
reaction cal/mol PZ cal/mol cal/(deg-mol)
ke for Oy~ 4600 7.0 X 107 4000° -25b
TN of FeSD 7920 1.5 x 10'°  7300° -14

TN/K, of FeSD 3960 1.9 X 10"  3400¢ -8.9

4The heat of ionization of TAPS is 4000 cal/mol; these data were
corrected for the resulting pH shift of the buffer. ®At pH 8.4. Since
the reaction is pH dependent, due to the prior protonation, AS* de-
creases 4.6 cal/(deg-mol) for each pH unit increase. ‘TN is inde-
pendent of pH. ¢ TN/K,, was measured 0.5 pH unit below the appar-
ent pK, affecting K,,. This apparent pK, had a similar heat of ioniza-
tion to TAPs buffer, so no correction is necessary.

T 7 T ]
4+ - R 4 - —
fog TN
3 } + t —+

pH

Figure 4, Variation with pH of steady-state kinetic parameters and the
azide dissociation constant and inhibition constant. Filled circles show
TN (upper panel) and K, (lower panel) in the absence of azide, X
symbols show the azide dissociation constant for oxidized enzyme, and
+ symbols show the azide inhibition constant. The arrow indicates the
static pK,” observed in the oxidized enzyme under the assay conditions
0.05 M buffer, 0.3 mM initial superoxide, 1 uM FeSD, 4 °C. Data for
filled circles were taken under conditions where [0,7], > K, thus al-
lowing independent determination of K, and TN. Data for open symbols
were taken with [O;7] « K resulting in an exponential decay charac-
terized by TN/K,. K, was then calculated with the assumption that TN
is constant. K, was also determined by this method except a complete
analysis was done at pH 8.9. The lower dashed line was calculated from
eq 20 by assuming K,” = 0 and [I] = O while the upper dashed line was
calculated with eq 17 under the assumption that K,” = 0. These show
the expected results of having an ionizing group only in the oxidized form
of the enzyme.

Examination of the pH dependence of the steady-state kinetic
parameters as well as K; and K for azide led us to an interesting
new insight into the mechanism of FeSD. Partly for technical
reasons, these experiments were done at lower temperatures. The
following section threfore describes the temperature as well as
the pH dependence of the FeSD-catalyzed dismutation reaction.

Effects of Temperature and pH on TN, K, and Azide Binding
and Inhibition. TN and TN/K, were determined in the tem-
perature range 4 to 48 °C in TAPS buffer having a measured
pH of 8.4 at 25 °C. Arrhenius plots were linear, suggesting no
apparent change in mechanism over this temperature range, and
the derived thermodynamic quantities are presented in Table I
(cf. ref 30).

Values of TN and K., as well as K, and K| for azide were
determined as a function of pH at 4 °C; these are plotted in Figure
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4. The data show the general features of those determined at
25 °C.% Thus, TN is independent of pH, K; =~ 3.0K, for azide,
and the apparent pK, affecting Ky, K, and K, is ~9.4 rather than
~9.0 at the higher temperature. An independent spectral as-
sessment of the pK, of the oxidized protein at 4 °C also gave a
value of ~9.4 (data not shown). Thus at both temperatures the
pK, for reaction 3 was the same as the apparent pK, of the
ionization affecting K, for O,” and Ky and K] for azide.

Previously published results,'® confirmed here, suggested that
N, and OH" compete for the same coordination site on the Fe**.
If this is true, then the K] for competitive inhibition by OH™ should,
like the K, for Nj~, be ~3-fold larger than its static binding
constant (see Figure 4). This would have the effect of shifting
the apparent pK, in K, vs. pH data to about !/, pH unit above
the directly measured pK, of the oxidized enzyme. A difference
of '/, pH unit in these values would be easily discernable but is
not observed (cf. lower dashed line in Figure 4). It would seem
therefore that more than one pK, may be affecting the kinetic
parameters. We decided to test for the presence of an ionizing
group linked to reduction of Fe®*.

Proton Uptake on Reduction. Because reduced enzyme is
colorless and EPR silent, we turned to redox potential measure-
ments. It was recently reported!? that the £,,7 of FeSD was ca.
+260 mV and that this varied with a slope of -60 mV in the pH
range 6-10. The redox buffer used in this study was dichloro-
phenolindophenol (DCPIP) which has an £’ = + 217 mV.*
Upon examining this system more closely, we found that DCPIP
as well as other common electron transfer mediators react very
slowly if at all with FeSD. Thus anaerobic, oxidized DCPIP did
not react over several hours with reduced FeSD, nor did 8-an-
thraquinone sulfonate, Fe*3>-EDTA, or ferricyanide. Similarly,
reduced DCPIP would not reduce the oxidized enzyme. The
enzyme could be reduced slowly by benzyl viologen radical (rate
constant ~20 M~ s71) and rapidly by dithionite. The enzyme
could be reoxidized slowly by molecular oxygen and rapidly by
superoxide. Full activity was retained throughout all of these
procedures. Since measurement of a protein’s redox potential
requires that the redox buffers are equilibrating with both the
electrode(s) and with the protein, the previously reported value
must be incorrect. Until a suitable mediator is found, the redox
potential of FeSD must be considered unknown.

However, it was possible to measure the uptake of protons on
direct reduction in anaerobic, unbuffered solutions. When benzyl
viologen radical was used as reductant, any pH change on re-
duction must be due to the protein. Titration back to the starting
pH with standardized acid yielded the number of protons bound
per iron, AH*/Fe. Dithionite, which releases two protons per
electron given up,’® could also be used. Standardized base was
used to return the pH to its initial value, and AH*/Fe was obtained
as (2 - AOH /Fe). Below pH 8, correction must be made for
incomplete ionization of the sulfite produced by dithionite.*?
Titration of a mixture of ferricyanide and ovalbumin was used
to check that this correction could be done properly. A typical
experiment with the dismutase is shown in Figure 5. At each
of the arrows shown in the upper panel, an amount of dithionite
equivalent to 0.2 e/Fe was added. The pH and absorbance at

(30) The thermodynamics of self-dismutation reported here differ from the
report of Bielski and Schwarz,*! in which E, = 2000 cal/mol. This is likely
due to the differing pH at which the reaction was measured, pH 5 vs. pH 8.4
for this work. The previous data were taken close to the pK, of superoxide
(4.88) so that an appreciable fraction of the superoxide was present as HO,.
Since the reaction rate is proportional to the product [HO,][O;7], small
changes in the pK, with temperature produce little change in the product.
Hence the temperature dependence of the intrinsic second-order rate of dis-
mutation is obtained. In our measurements at high pH, the [O,7] is essentially
constant while [HO,] is changed by shifts in the pK,, so we obtain a combined
temperature dependence of the pX, of superoxide and the intrinsic dismutation
rate. The earlier results actually have some admixture of this effect since the
measurement was not done at pkK,.

(31) Bielski, B. H. J.; Schwarz, H. A. J. Phys. Chem. 1968, 72, 3836-3841.

(32) Clark, W. M. “Oxidation-Reduction Potentials of Organic Systems”;
R. E. Krieger Publishing Co.: Huntington, New York, 1972; p 405.

(33) Mayhew, S. G. Eur. J. Biochem. 1978, 85, 535-547 and references
therein.
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Figure 5. Demonstration of the linkage between reduction of oxidized
iron superoxide dismutase and proton binding. Arrows in the upper panel
indicate 5.1-uL additions of 10 mM dithionite to 1.5 mL of 130 uM
FeSD in 0.05 M KCl initially at pH 9.5, 25 °C. Response of the ab-
sorbance at 360 nm and the pH are shown as a function of time. Several
minutes after each addition of dithionite, 10 mM OH™ was used to return
the pH to 9.5. In the inset, the total hydroxide added is plotted vs. the
total reducing equivalents added; the arrow indicates the total protein
bound iron present.

2.0 T T /l/ T T
yd pl»(c:r
5~ / 4 F O 4
/
"o // 5
P _a7 a 0 3.0
‘5 1.0 o = .
> 8.5
0.5( 4 F .
8.0
0 I ! | | VI
7 8 9 i 7 8 9 10
pH pH

Figure 6. pH dependence of proton uptake on reduction of iron super-
oxide dismutase. The left panel shows data taken with dithionite as
reductant (squares) and with benzyl viologen (circles). See text for
calculation of AH*/e”. The dashed line shows the behavior expected if
the known pK, of the oxidized enzyme is added to a constant uptake of
one proton on reduction. The right panel shows the effect expected (1
+ (1 + [H*]/K™ - (1 + [H*]/K,)™) for compensating ionizations in
oxidized and reduced enzyme: pK,° = 9.0 and pK,' as indicated.

360 nm (lower panel) were followed until reaction ceased,
whereupon the standardized base was used to return the pH to
its initial value. The inset of Figure 5 plots the uptake of protons
on reduction vs. electrons added per iron. The expected stoi-
chiometry of one electron per Fe* is found, and the results show
clearly that one proton disappears from the medium on reduction
of each Fe¥*.

This experiment was performed as a function of pH as shown
in Figure 6 (left panel), and the data indicate that AH*/Fe =~
1 over the pH range 7 to 10. Considering that reaction 3 occurs
with pK, ~ 9, the data at low pH require that the pK, of some
group on the enzyme is linked to reduction of the iron. This could
be a ferric ligand which is dissociated and protonated on reduction
or it could be some ionizable group in close proximity to the iron.
This group will be designated —XH™ in its protonated state, keeping
in mind that its net charge is unknown.

While previous results suggest that a water molecule bound to
Fe3* ionizes with pK, ~ 9 to a bound hydroxyl ion, reaction 3,
similar behavior is not expected for the Fe2* ion. Thus, in the
case of Fe3*-EDTA, the bound water has pK, ~ 7.6 while
Fe?*-EDTA has no comparable ionization below pH ~11.
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Scheme II
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Figure 7. Effect of pH and azide on K,/TN. Axes are described in the
text and Table I. Filled circles show data taken at the following pH
values (starting lower left): 7.49, 7.80, 8.08, 8.38, 8.69, 8.77, 9.05, 9.35,
9.44,9.65. Open symbols show the effect of added azide at pH 7.49 (X),
8.38 (O), 8.69 (+), and 9.05 (¢). Conditions: 0.05 M buffer, 0.05 M
KCl, 0.6 uM FeSD, | mM initial O, 25 °C.

Moreover, we did not find an example where chelated Fe?*
supports ionization of bound H,0.34 Therefore, we assume that
upon reduction, Fe3*-OH- will bind a proton to form Fe**-OH,.
At high pH, protonation of both X and OH" on reduction would
give AH* /Fe approaching 2 (dashed line of left panel, Figure 6),
yet this is not observed. We deduce that there must be a com-
pensating ionization in the reduced protein. The right panel of
Figure 6 explores how close pK,™ (the ionization in the reduced
enzyme) must be to pK,° (the hydrolysis of oxidized enzyme)
in order to match the observed data. These theoretical curves
suggest that the two pK,’s must be nearly identical, and a con-
servative estimate would be that they are no further than 0.3 pH
unit apart.

Catalytic Importance of lonization in the Reduced Protein. The
existence of this ionizable group in reduced protein raises the
possibility that it may be important in catalysis. One plausible
scheme which includes all known enzyme forms is shown in
Scheme II (reaction 18). (The nature of the Michaelis complexes
shown in brackets is speculative, and based on the above discussion,
anion binding to Fe?* was not included.) In this scheme, the
reductive half of the reaction is presented as O, binding to
Fe3*-OH, followed by combined electron transfer, proton uptake,
and release of O,. Anions and hydrolysis lower the concentration
of Fe’*-OH, by simple equilibrium processes, thereby preventing
O, from binding to the metal. In the oxidative half of the reaction,
the binding of O, to the Fe?*-OH, form is combined with electron
transfer and internal proton transfer to form the peroxo complex

(34) Smith, R. M.; Martell, A. E. “Critical Stability Constants”; Plenum
Press: New York, 1976; Vol. 4, pp 5 and 7.
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- kolHA] .

|:Fl =05 ——[Fez—OH2 + 0,

|- X XH*

B 1 ka(HA]

[Fle3—@o—0H = [Ffa3+—OHz+HzOz a8)
X X

since these latter steps are likely to be quite rapid. The reverse
reaction (k_3) is expected to be very slow relative to k, due to the
large free energy change on formation of peroxide from superoxide
(cf. ref 2g). The breakdown of the peroxo complex is envisioned
to require an additional proton to release neutral peroxide. Thus,
on reduction the group X becomes protonated and XH* facilitates
the binding of O, to the reduced protein. Upon reoxidation the
proton on XH* may be used to form the peroxide monoanion,
although this is conjectural since this step never becomes rate
limiting. Free protons cannot be involved in any process since
this would require a reaction rate in excess of diffusion. Thus,
at pH 10 and 25 °C, the TN has a value of 26 000 s™!, implying
a bimolecular association with H;O% of 2.5 X 10'* M~ 57!, This
is ~10? greater than the fastest reactions of H;O" in water.* We
have therefore proposed that a general acid (HA), most likely
H,0, is donating the necessary protons and that k, and k, are
independent of pH. This scheme further assumes that O, cannot
bind to oxidized enzyme if another anion is directly bound.
The steady-state kinetics of reaction 18 are given by

1405 _
dt
2[enz](1/k, + 1/ky)'[O57]
(1/ks + 1k
(1 +K,°/[H*] + [1]/Ky) N (1+ K, /[H*])
k. P

+ [0;7]

-1

(19)

and the ratio K,/TN is particularly useful.
The expression describing the dependence of the kinetic pa-
rameter K, /TN on [H*] and [I] is given by eq 20. The following
K

TN

1
£+ K2/ + [11/K) + 301 + K, /HD)
20)

illustrates how the dependence of K,/ TN measured at different
[H*] and [I] concentrations can lend support to the catalytic
importance of an ionizing group in the reduced protein.

Case I K," does not exist (or is uninvolved in catalysis), so the
rightmost term of eq 20 reduces to 1/k,. The resulting expression
predicts that in a plot of K;/TN vs. (1 + (K,°/[H*]) + ([1]/Ky))
data for any values of [H*] and [I] will fall on a single line. As
shown in Figure 7, this is not true. When pH is varied in the
absence of azide the data conform to a particular straight line
while at constant pH and varying azide concentrations the data
conform to straight lines having quite different parameters. This
behavior is qualitatively consistent with the presence of pK,'.

Case II: Here we follow the suggestion from above (Figure
6) and allow K," = K,°. The following analysis lends quantitative
support for the catalytic importance of pK,'.

(35) Eigen, M. Angew. Chem. Int. Ed. Engl. 1964, 3, 1-19.
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Table II. Results of Plotting K,,/TN vs. (1 + K,°/[H*] + [1]/K,)

Bull and Fee

case I case Il in general
(KS = (K = K,9 (K # K.,°) obsd?
intercept (no azide, low pH) 1/k, + l/k0 1/k, + 1/k, 1/k, + 1/k, 4.0 X 10° Ms
slope (pH varied, no azide) 1/k, 1/k, + 1/k, 1/k, + (K /K. /K, 4.4 x 10° Ms
slope (azide varied, fixed pH) 1/k, 1/k, 1.3 X 107 Ms

9Determined from the data in Figure 7.

In the absence of azide, a plot of K,/TN vs. (1 + (K,°/[H*])
should be linear with slope

d(Kn/TN)
K,°
oy 1+ 111=0
[H*]
K,
al 1 +
1 1 ( [H4]
— + p—
P [¥2))]

[11=0

which is equal to (1/k;) + (1/k)(K,/K,°) and reduces to (1/k,)
+ (1/k,) when K,° = K,". The data describing this line are shown
as solid symbols in Figure 7, and the slope of the line is given in
Table II.

In the presence of azide at constant pH, the data clearly fit
different straight lines whem K /TN is plotted vs. (1 + (K,°/
[H*]) + ([I]/Ky)) as shown by the open symbols in Figure 7. The
slope of these lines should be given by

d(Kr/TN)

Hl+-— [I] ] [H¥]
[H+] Kd
K
al 1 +
( [H]

1
ks K° [
al 1+ =+ [— [HY]
[H*] Kq
and because the differential term on the right is zero, the slope

is equal to 1/k..
Thus, from Table II

(1/k) + (1/k)  4.0x10° _
1/k, 1.3 x 107

and k, = 2.1k,. This is in remarkably good agreement with the
prediction (Figures 2 and 3) that k, ~ 2.0k, (cf. ref 36).

We are now able to calculate the dependence of K, Ky, and
K; on pH as shown by the lines in Figure 4. For these conditions,
the following parameters hold: TN = 820057, k, = 4.7 X 108
M1s !k, =19% 108 M5!, K; =0.83 mM, and K,° = 4.0
X 10719 M. The solid lines were calculated with an appropriate
pH dependence of Ky, k;, and k, and by assuming K, = K,°. The
dashed lines were calculated similarly by assuming K,” = 0. The
close correspondence of the solid lines to the experimental data

+

1
P (22)

(36) One can also obtain numerical estimates of kq, k,, and K, by plotting
the data in a different manner. Equation 20 can be rewritten to

K K°[OH] (1 K.[OH-
En 1), KSIOHT MYy 1f | KTOH]
IN & K. T AR K.

A plot of K,/TN vs. [OH"] in the absence of azide has slope 71, = 1/K,.
(K.°/k, + K, /k;) = 4.3 X 10~ s and intercept b, = 1/k, + 1 /k, = 4.0 X 10
Ms. At constant pH, a plot of K,,/TN vs. [N;7] has slope m, = 1/kKy =
4.2 X 1077s. Using K4 = 2.3 X 102 M and values of m, and b, leads to &,
~1x10°M1stand k, ~ 3 X 108 M5!, Using K,° ~ 1 X 107 M and
the K, = 1 X 107", values of my, k,, and k, yield K, ~ 1 X 10 M.
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Figure 8. Anion inhibition of azide binding to iron superoxide dismutase.
Symbols: *, 0.1 M TAPS, pH 8.4 only; O, fluoride; O, thiocyanate; 4,
perchlorate; @, cyanate; B, chloride; A, sulfate. (A second point for 0.36
M cyanate conforms to the line.) Protein concentration was 130 uM as
Fe, 25 °C.

Table III. Anion Binding and Inhibition
N, F SCN- Clo,- CNO™ CIF SO

K, (mM) 22 69 32 36 47 71 190
K, (mM) 66 19 42 50 130 ~300
K,/Kq 30 28 13 1.4 18 16

provides additional support for the involvement of a ionizing group
in the reduced protein.

Other Anions. The data shown in Figure 2 established that
several anions act as competitive inhibitors of FeSD. Of these
anions, only N3~ and F~ bind directly to the ferric ion as evidenced
by modification of its optical and EPR spectra (ref 9, results not
shown), so that binding constants for the other anions cannot be
measured directly. However, all these anions alter the binding
constant for azide. For competitive binding, a linear relationship
between the apparent binding constant for azide and the anion
concentration should exist (expression 23)

Ki(app) = K4 + [anion]Ky/ Kqion (23)

where K corresponds here to the dissociation constant of N3~ and
K, .., to the dissociation constant of the competing anion, e.g.,
ClO,~. Data are shown for a number of anions in Figure 8. The
binding constant for fluoride was determined both directly by
titration and indirectly via its effect on the azide dissociation
constant with very similar results (6.9 vs. 7 mM for K, respec-
tively). The collected binding constants are presented in Table
IIL

Thus, these other anions compete with azide for a site on
oxidized enzyme which apparently cannot be the iron itself, and
this site is linked to azide binding to the iron. Temperature-jump
studies of the azide-binding reaction!® have demonstrated that
a prior complex exists on the pathway to azide coordination of
ferric ion (reaction 24)

K 3+ ks Do 3

N, + )F(e H,0 = [N, F"’ 1,01 5= )F(e N, 24

where K, = 20 mM, k5 = 40000 s!, and k_s = 8000 stat8°C

and pH 9.410 The 51mplest 1nterpretat10n is that all anions can

form a species similar to that shown in brackets, which results
in competitive binding with azide.

Table III also presents inhibition constants measured directly

for the anions studied. Both N3~ and F-, which are ferric ligands,
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[HA] (mM)

Figure 9. Effect of primary amines on TN. Concentrations after mixing:
0.1 M TAPS, pH 8.9 (at 4 °C), 0.1 M sodium sulfate, 10 M DETA-
PAC, | uM enzyme, 4 °C. Symbols show amine added: O, no addition;
O, taurine; A, glycine; ®, ammonium; @, 8-alanine; &, ethanolamine.
Inset shows the logarithm of the slope of the lines in the main figure and
of other amines vs. pKj, of the amine. Inset points: 1, glycylglyceine, 2,
taurine; 3, glycine; 4, ethanolamine; 5 ammonia; 6, 8-alanine; 7, me-
thylamine; 8, water.

show the threefold difference between K; and K, which arises from
differential binding to oxidized and reduced enzyme. However,
for the other anions, K| is closer to Ky, which implies that a similar
site exists on the reduced enzyme. This site has been termed the
anion binding pocket. If a particular anion binds to the pocket
with equal affinity in both oxidized and reduced enzyme, then
K; should equal K;. If there is strongly differential binding
(oxidized being tighter), then a threefold difference between K|
and Ky should be observed (assuming &, = 2.0k,) as seen for N3~
and F~. The results for those anions which do not bind directly
to the ferric ion in oxidized enzyme show K; between 1.5 and 2
times Ky, implying binding to both oxidized and reduced enzyme
with somewhat differing affinities.

The anions OCN™~ and SCN™ are closely similar to azide, and
together they predict that the dissociation constant for azide to
the anion binding pocket alone should be between 30 and 60 mM
at 25 °C. The T-jump result (K, ~ 20 mM) was obtained at
8 °C and in the presence of 0.15 M chloride and so is not directly
comparable, but it is certainly similar. Thus, the internal equi-
librium constant between azide in the pocket and coordinated azide
is at least 15. Although the previous conclusion that k, is twice
k, was based on the assumption that azide binds solely to oxidized
enzyme (Schemes I and II), the complete equation with differential
binding (eq 19) reduces to eq 15 if there is more than a tenfold
difference in binding between oxidized and reduced enzyme. Thus
our result that k, is twice k, in FeSD appears to be valid.

The Rate-Limiting Step in Turnover. The maximum turnover
number of FeSD was shown in Figure 2 to be independent of
anions and pH. However, certain general acids can considerably
increase the TN, and data taken at 4 °C for several primary
amines are shown in Figure 9. These general acids did not change
the rate of O, binding to the enzyme (TN/K,, was essentially
constant, data not shown). Other general acids such as carbonate
and pyrophosphate also acted to increase TN, although their
additional effect as anionic inhibitors made quantitative inter-
pretation difficult.

The slopes of the lines in Figure 9 (in units of M~ s7') represent
the effective rates of proton donation by each general acid. The
inset of Figure 9 shows a Brensted plot of these slopes, including
a point for water acting as a general acid (a TN of 6600 s™! at
52 M H,0 gives 127 M™! s7'), The line in the inset of Figure 9
shows a Brensted « of 0.6 which provides a reasonable fit to the
data. Sterically hindered amines such as Good’s buffers do not
alter the TN, suggesting that the proton donor must approach
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the active site closely. The major conclusion made from these
data is that water is probably acting as a general acid in the
rate-limiting step (see Scheme II). If this is true then lowering
the concentration of water in the medium should decrease TN.

Effect of Miscible Organic Solvents. We have briefly examined
the effects of water miscible organic solvents on the steady-state
kinetic parameters of FeSD. The protein is remarkably stable
to denaturation by organic solvents. Thus, it retained full activity
after overnight storage on ice in 70% methanol, 50% DMF, or
50% ethylene glycol in 0.1 M TAPS, pH 8.9. These organic
solvents are very poor proton donors, so their inclusion should lower
the activity of water and hence lower the TN. Data for TN in
0.1 M TAPS, pH 8.9, at 6 °C were 6600, 5700, 4900, 4300, and
3200s7'in 0, 10, 20, 30, and 40% methanol, respectively, while
K, remained constant. Similar decreases in TN occurred with
ethylene glycol. Analysis of the velocity traces gave no evidence
for denaturation during catalysis. The decline in TN is greater
than simple dilution of water could predict, especially at low
organic solvent concentrations. While the addition of organic
cosolvents certainly has much more effect than merely diluting
water,’?® these data are consistent with proton donation by water
in the limiting step of catalysis.

Discussion

Scheme I and its attendant steady-state velocity expression
describes superoxide dismutase activity in terms of three processes:
binding of superoxide on the metal, a redistribution of electronic
charge involving movement of protons and electrons, and the
release of products. This scheme should be applicable to all
superoxide dismutases. In the case of the Cu/Zn-protein the
rate-limiting step is apparently binding and no saturation is ob-
served even at very high [O,7]. The velocity of the reaction
therefore is always given by the equation

-d[0;7]/dt = (1/k, + 1/k3)72[Cu][O,7] (25)

where (1/k, + 1/k,)™! is the effective second-order constant of
O, binding to the protein. In the case of Fe- and Mn-proteins,
general expression 9 accounts for the observed saturation effects
and yields kinetic constants characteristic of binding reactions and
of charge rearrangement or product release. To the extent that
the individual proteins undergo catalytically relevant ionizations
or inhibition by anions, the expression can be modified to account
for these effects as illustrated by eq 19.

The following information has been used to suggest a mecha-
nism of the iron superoxide dismutase: a cyclic redox process,
the occurrence of simple saturation kinetics, the hydrolysis of
Fe3*-OH, with pK,° ~9,'% competitive inhibition by anions such
as N3~ and F~ which bind directly to Fe’*, a strong linkage between
reduction of Fe** and binding a proton, and rate-limiting proton
donation from general acids in the medium. The mechanism
proposed in Scheme II accounts for present observations and
conforms with the known chemistry of O, and of Fe3*/2* coor-
dination complexes. The velocity expression 19 which incorporates
hydrolysis of Fe>*-OH,, binding of anions to Fe**, and ionization
of the unidentified group X in the reduced protein predicts simple
saturation behavior and accounts for the pH dependence of K,
and TN and for competitive inhibition by anions.

The steady-state kinetic analysis using expression 19 yielded
information on both O, binding and subsequent processes. The
binding of O, to the oxidized protein appears to occur only to
the Fe**-OH, form. Thus, anions such as OH", N5, and F~ which
also bind to Fe3* act as competitive inhibitors; they have no effect
on the charge redistribution and proton transfer reactions. The
presence of an ionizable group X in reduced protein was deduced
from two effects: the strong linkage between e~ and H* binding

(37) Douzou, P. “Cryobiochemistry”; Academic Press: London, 1977.

(38) Addition of organic solvents increases the superoxide self-dismutation
rate. The effect is small below 20% MeOH, but it increases greatly above
30% MeOH (6X faster at 40%). We interpret this as an upward shift in the
pK, of superoxide as the dielectric constant of the medium is decreased,
leading to an increased rate of dismutation. The size of the effect correlates
well with the dielectric measurements of Douzou.?’
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to the protein and from the kinetic data which suggested OH-
was “binding” to both oxidized and reduced forms of the enzyme.
The binding rate of O, to the reduced form of the protein appears
to be determined by the presence of XH*. Since we suspect
electron transfer from Fe?* to coordinated O, to be very rapid,
we have combined two processes in step 3 of Scheme II. O,
binding to Fe?* and charge rearrangement to form the Fe’* peroxo
complex. The fact that TN is independent of pH suggests that
charge rearrangement in this process never becomes rate limiting.
Since it is reasonable that k_; is much smaller than k, then k,
=~ k. This argument suggests that release of peroxide from the
Fe**, step 4, may be the slow step in reoxidation by O,

The finding that general acids such as primary amines sub-
stantially increase the value of TN is good evidence that proton
transfer is the rate-limiting step in catalysis. Clearly hydronium
ions are not involved, and we suggest H,O is the usual proton donor
in steps 2 and 4 of Scheme II. Indeed, a Bronsted value of o« =
0.6 nicely connects the water point in the inset of Figure 9 with
the cluster of points relating to the primary amines. The similarity
of « in this system to that previously observed for the general acid
catalyzed decay of EDTA-Fe3*--O-OH complex? suggests that
the rate-limiting step in the overall reaction may be the general
acid assisted decay of a Fe* peroxo intermediate (cf. ref 39).
Further but less convincing evidence that H,O is directly involved
is suggested by the substantial decrease in TN which occurs when
the concentration of H,O is lowered with organic solvents.
However, kinetically important changes in redox potentials re-

(39) The mechanism for FeSD proposed in Scheme II bears some simi-
larities to widely discussed mechanisms for Cu/ZnSD. Thus, the protonation
of X might be considered analogous to the protonation of the bridging imi-
dazolate group of the Cu-protein. However, XH* of FeSD is apparently
involved in O,” binding whereas the protonated, Zn-bound imidazole was
thought to assist in proton transfer.** Recently, O’Neill et al.*! have shown
that the Zn-free protein has the same specific activity as the holoprotein.
However, because the velocity of the catalyzed reaction measures only the
rates at which O, binds to the protein, this result does not exclude the
possibility that the bridging imidazolate transfers protons to the metal bound
O, (cf. ref 42).
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sulting from changes in solvent composition cannot be ruled out.
Inhibition by anions proved to be quite complex. An earlier
study'® showed that azide binding to the Fe** occurred in two steps.
The first step was thought to be at a site near but not on the Fe**
because the anion caused no spectral change upon binding. The
second step involved direct association of the anion with Fe3* as
it changed its optical spectrum. These results led to the suggestion
that anions become bound first in a “pocket” near the Fe** and
then moved to the metal. The present results are also consistent
with a pocket near the iron to which O, binds before reaching
the active site. Thus, anions such as ClO,” and SCN~ which cause
no perturbation of Fe** spectral properties are thought to inhibit
by occupying this pocket. A similar suggestion was also made
by Benovic et al.,** and their results are consistent with ours. We
have chosen to interpret our data under the assumption that anions
do not bind to Fe?*, and this is appropriate for N;~ and F-.
However, the weaker inhibition by the other anions is more
complicated, and the data of Table III suggest that the affinity
of the pocket for anions may be different in the oxidized and
reduced forms of the protein. Such behavior would be consistent
with the group XH™* affecting the properties of the pocket.
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