134 Biochimica et Biophysica Acta, 680 (1982) 134141
Elsevier Biomedical Press

BBA 41075
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{1) Using the pulse-radiolysis and stopped-flow techniques, the reactions of iron-free (porphyrin) cytochrome
¢ and native cytochrome ¢ with cytochrome aa, were investigated. The porphyrin cytochrome ¢ anion radical
(generated by reduction of porphyrin cytochrome ¢ by the hydrated electron) can transfer its electron to
cytochrome aa,. The bimolecular rate constant for this reaction is 2:10” M ~!-s~! (5mM potassium
phosphate, 0.5% Tween 20, pH 7.0, 20°C). (2) The ionic strength dependence of the cytochrome c-cytochrome
aa , interaction was measured in the ionic strength range between 40 and 120 mM. At ionic strengths below
30 mM, a cytochrome c-cytochrome aa, complex is formed in which cytochrome c is no longer reducible by
the hydrated electron. A method is described by which the contributions of electrostatic forces to the reaction
rate can be determined. (3) Using the stopped-flow technique, the effect of the dielectric constant (€) of the
reaction medium on the reaction of cytochrome ¢ with cytochrome aa, was investigated. With increasing ¢

the second-order rate constant decreased.

Introduction

Understanding the mechanism of the interac-
tion between cytochrome ¢ and cytochrome aaj;,
the two terminal components of the mitochondrial
respiratory chain, requires definition of the rela-
tionship between chemical structure and biological
activity. One of the approaches which has been
widely used to provide information on the role of
different residues in the mechanism of the cyto-
chrome ¢ action is chemical modification of the
protein moiety [1-5]. A result of these studies is
that the areas on the cytochrome ¢ surface that are
involved in its interaction with mitochondrial cyto-
chrome ¢ oxidase [1-5] and reductase [6] contain a
large section of the exposed heme edge. Hence,
these studies provide circumstantial evidence that
the pathway of electron transfer to and from the
heme iron is via the exposed heme edge. Another
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approach, complementary to the studies men-
tioned above, is to investigate directly the role the
heme iron plays by examining the reaction of a
metal-substituted cytochrome ¢ with cytochrome
aa, [7). However, substitution of the heme iron by
cobalt affects the integrity of the protein structure
[7]. As a more suitable method we have chosen to
investigate the electron-transfer reaction of iron-
free cytochrome ¢ (which maintains the native
structure [8—10]) with cytochrome aa;. It has been
demonstrated that iron-free (porphyrin-) cyto-
chrome ¢ can be reduced by the strongly reducing
hydrated electron (e, ), to yield the porphyrin-
cytochrome ¢ anion radical [11]. With the pulse-
radiolysis technique it is possible to produce e,
within a microsecond and to follow the subsequent
absorbance changes spectrophotometrically [12].
We have used this technique to investigate the
reaction of the porphyrin-cytochrome ¢ anion radi-



cal with isolated cytochrome aa,.

In a previous paper, the application of the
pulse-radiolysis technique to the study of the pre-
steady-state reaction of (native) cytochrome ¢ with
cytochrome aa, was described [12]. Using this
technique, it is possible to study the pre-steady-
state reaction of cytochrome ¢ with cytochrome
aa, at a 100-fold higher time resolution than with
conventional fast-mixing techniques. With the
pulse-radiolysis technique we have studied this
reaction at ionic strengths between 60 and 100
mM. From the ionic strength dependence of the
reaction rate constant, it is possible to determine
the value of the bimolecular rate constant at 1 =0
and at I = oco; the difference between these two
values yields information about the contribution
made to the reaction by electrostatic interactions
between the two proteins [13-15].

Materials and Methods

Cytochrome aa; was isolated from beef heart
according to the methods of Fowler et al. [16] and
MacLennan and Tzagoloff [17], as modified by
Van Buuren [18]. Cytochrome ¢ was prepared from
horse heart as described by Margoliash and
Walasek [19]. Reduced cytochrome ¢ was obtained
by gel filtration after incubation with ascorbate.
Iron-free (porphyrin) cytochrome ¢ was obtained
as reported by De Kok et al. [11]. The preparation
did not contain any ascorbate-reducible con-
taminations of native cytochrome c.

Absorbance coefficients used for cytochrome
aa, (reduced minus oxidized) were 24.0 mM~!.
cm~! at 605 nm [20], for cytochrome ¢ (reduced
minus oxidized) 21.1 mM ~!-cm™! at 550 nm [21],
and for porphyrin-cytochrome ¢ 13.0 mM ~'-cm™!
at 504 nm [8)]. The experimental procedures for
measuring the pre-steady-state reaction between
cytochrome ¢ and cytochrome aa; with the
stopped-flow technique have been described be-
fore [22].

Hydrated electrons were generated by de-
livering a 0.5 ps pulse of 2-MeV electrons from a
Van de Graaff accelerator to a matrix solution.
This solution consisted of anaerobic, argon-
saturated phosphate buffer (pH 7.0) in triple-
distilled water, to which 0.5% Tween 20 was added
to solubilize cytochrome aa, and to scavenge the
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OH' radicals formed [23]. The reactions were fol-
lowed by fast spectrometry essentially as described
previously [24]). The concentration of €,q Was de-
termined by using an extinction coefficient of 14.1
mM~'-cm™! at 650 nm, or by dosimetry with a
10 mM KCNS solution (oxygen-saturated) using
Ge=21-10*M~"-cm™! at 480 nm.

Results

Fig. 1 shows the absorbance changes at 444 and
550 nm after the generation of e, in a solution
containing the cytochrome c-cytochrome aa, com-
plex at low ionic strength (traces A and B) and in
the presence of excess ferricytochrome ¢ (traces C
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Fig. 1. Redox changes of cytochrome aa, at 444 nm and of
cytochrome ¢ at 550 nm after generation of €.q- Reaction
conditions: 5 mM potassium phosphate, 0.5% Tween 20, 20°C.
(A, B) 5.7 uM cytochrome c-cytochrome aa, complex, 5.8 pM
€.q- (C, D) 5.4 uM cytochrome c-cytochrome aa; complex, 4.3
uM cytochrome ¢, 3.8 uM €ag-
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and D). Under conditions when all cytochrome ¢
is bound to cytochrome aa, (i.e., at low ionic
strength and [cytochrome aa,] = [cytochrome c]),
small absorbance changes were observed at both
wavelengths (Fig. 1A and B) after the generation
of e, in the solution. From these absorbance
changes it can be calculated that less than 2% of
the e, directly reduces cytochrome ¢, which subse-
quently reduces cytochrome aa;. The fast (¢, ,, <
10 us) absorbance change at 550 nm is attributed
to the reduction of free cytochrome ¢ by e_; this
reaction occurs rapidly (k,~10' M ™! -s_?) and
with a high yield (80-100%) [25]. It is therefore
concluded that in the cytochrome c-cytochrome
aa, complex, neither heme ¢ nor heme a.is easily
accessible to e, .

When e,, was prepared in a solution that con-
tained the cytochrome c-cytochrome aa, complex
in the presence of excess cytochrome ¢ (Fig. 1C
and D), larger absorbance changes occurred at 550
and 444 nm, which can be ascribed to reduction of
heme ¢ and heme a, respectively. The initial fast
increase in absorbance at 550 nm had a half-life
characteristic of the reduction of ferricytochrome ¢
by e,, . The absorbance at 550 nm decayed within
1s to its equilibrium value, indicating a reoxida-
tion of the initially formed ferrocytochrome ¢. The
decrease in absorbance at 550 nm was concom-
itant with the increase in absorbance at 444 nm, at
which wavelength predominantly the reduction of
heme a was observed. These experiments indicate
that electron transfer takes place from reduced
cytochrome ¢ to the cytochrome c-cytochrome aa,
complex. This finding confirms results of previous
studies on the reaction of cytochrome ¢ with cyto-
chrome aa,, indicating the existence of two cata-
lytically active sites for cytochrome ¢ on cyto-
chrome aa, [22,26-28].

Fig. 2 shows the absorbance changes at 444 nm
when e, was generated in a solution containing
equimolar amounts of cytochrome ¢ and cyto-
chrome aa, at I = 100 mM. It has been shown that
at this ionic strength the cytochrome c-cytochrome
aa, complex dissociates readily [15]. From the
observed absorbance changes at 416 nm (not
shown) it could be calculated that under these
conditions the yield of the reaction of e, with
cytochrome ¢ is 10%. This relatively low yield is
ascribed to competitive reactions of e,, with the
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Fig. 2. Reduction of cytochrome aa; in a solution containing
equimolar amounts of cytochrome ¢ and cytochrome aa; in
high ionic strength, after generation of e, . Reaction conditions
as in Fig. 1, 1000 mM NaClO, was added. 1.9 uM ¢, 2uM
cytochrome aa, and 2 uM cytochrome c.

matrix solution and with the protein moiety of
cytochrome aa;. Although e, cannot reduce heme
a in cytochrome aa, directly, it has been shown
that it reacts with the protein moiety of the mole-
cule with a rate constant of 10'°-10"' M~ '.57!
[12}.

Fig. 3A shows the absorbance changes at 650
nm after 2.3 pM e, was generated in a solution
containing 10 uM porphyrin-cytochrome ¢. These
absorbance changes can be ascribed to the forma-
tion of the porphyrin-cytochrome ¢ anion radical,
which is formed after reduction of porphyrin-
cytochrome ¢ by €yq [11].

When e, was generated in a mixture of cyto-
chrome aa, (3.4 uM) and porphyrin-cytochrome ¢

(7.5 pM) at low ionic strength, the absorbance

changes at 650 nm observed instantaneously after
the pulse returned with in 0.1 s to the original level
(Fig. 3B); this indicates that the porphyrin-
cytochrome ¢ anion radical is oxidized. Fig. 3C
shows the absorbance changes at 444 nm under
the conditions of the experiments shown in trace B.
The initial rapid change in absorbance shown in
Fig. 3C is ascribed to the formation of the
porphyrin-cytochrome ¢ anion radical. The slower
secondary absorbance change occurred at the same
rate as the slower absorbance change at 650 nm
and is thus attributed to the reduction of heme a
by the porphyrin-cytochrome ¢ anion radical. The
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Fig. 3. Redox changes of porphyrin-cytochrome ¢ at 650 nm
and cytochrome aa; at 444 nm after generation of €,q- Condi-
tions as described in Fig. 1. (A) 10 pM porphyrin-cytochrome
¢, 23 pM e, (B) 7.5 uM porphyrin-cytochrome ¢, 3.4 pM
cytochrome aaj, 5.3 pM eg. (C) as B, 2.5 uM €aq-

low ionic strength promotes the formation of the
porphyrin-cytochrome c-cytochrome aa, complex,
in which heme a or porphyrin-cytochrome c is not
directly reducible by e,; (not shown). The experi-
ments shown in Fig. 3 indicate that electron trans-
fer between the porphyrin-cytochrome ¢ anion
radical and the porphyrin-cytochrome c-cyto-
chrome aa, complex occurs at a rate that is com-
parable with that of the reaction of the native
protein (k=2-107 M~ 1.s7 D),

The pulse-radiolysis technique can be used to
study the electron transfer from cytochrome ¢ to
cytochrome aa, at a 100-fold higher time resolu-
tion than with the conventional flow techniques,
which are limited by the time needed for mixing
the reactions (1-2 ms). Using the pulse-radiolysis
technique, we have studied the reaction of cyto-
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chrome ¢ with cytochrome aa, at ionic strengths
below 120 mM. Fig. 4 shows the second-order rate
constant of the reaction of cytochrome ¢ with
cytochrome aa, as a function of the ionic strength
() in terms of Eqn. 1.

log k, =log k;_o+CI'/? (1

where k, is the second-order rate constant at ionic
strength I, k,_, the second-order rate constant at
I=0, and C a constant that is a function of the
effective charge of the molecules, the dielectric and
Boltzmann constants, the radii of both cytochro-
mes and of the encounter complex, and the tem-
perature. Although this equation is not applicable
to a reaction between two large proteins [26], a
linear relationship was obtained in the ionic
strength range between 60 and 120 mM; by linear
extrapolation to /=0, a value of k,_, of 10!
M ™! 57! was estimated. At ionic strengths below
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Fig. 4. Effect of ionic strength on the rate constant of the
reaction of cytochrome ¢ with cytochrome aa;. Conditions as
described in Fig. 1. 6.9 uM cytochrome aa,, 3.2 pM cy-
tochrome c. fonic strength was provided by NaClO,.
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30 mM the reaction could not be measured; this is
caused by the fact at these low ionic strengths
under these conditions when [cytochrome aa,]>
{cytochrome c¢], all cytochrome ¢ is bound to cyto-
chrome aa,. The same can be concluded from
Fig.5, which shows the ratio A4, /[e,] as a
function of I. This ratio remained constant above
I =70 mM, whereas it decreased below this value,
indicating the formation of the cytochrome c-
cytochrome aa, complex. From Fig. 1A and B it
can be inferred that in the complex, neither heme ¢
nor heme a is easily accessible to e, ; hence the
decrease in the ratio A4, /[e,; ] upon diminish-
ing the ionic strength is attributed to a shift of
cytochrome ¢ from the freely dissolved state to the
cytochrome aa, bound form. The deviation of the
rate constant from the linear relationship in the
low ionic strength region of Fig.4 is similarly
ascribed to a part transformation of cytochrome
aa, into the less active cytochrome c-cytochrome
aa, complex.

Fig. 6 shows the ionic strength dependence of
k, of the reaction of cytochrome ¢ with the cyto-
chrome c-cytochrome aa, complex at ionic
strengths between 4 and 30 mM. The rate of this
reaction increased with higher ionic strengths. This
indicates the formation of the more active cyto-
chrome aa, upon increasing the ionic strength.

The dependence of the reaction rate on the
dielectric constant was determined by studying the
reaction of cytochrome ¢ with cytochrome aa; in
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Fig. 5. Ratio of AAduy .n and e as a function of ionic
strength. The absorbance change at A =444 nm was determined
2's after the pulse was given. Other conditions as described in
Fig. 4.
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Fig. 6. Effect of ionic strength on the rate constant of the
reaction of cytochrome ¢ with the cytochrome c¢-cytochrome
aay complex. 3.1 pM cytochrome ¢, 6.9 uM cytochrome c-
cytochrome aa; complex. Reaction conditions: 2 mM potas-
sium phosphate, 0.5% Tween 20, pH 7.0, 20°C. Ionic strength
was provided by NaClO,.

media containing various concentrations of glycine
in order to provide the desired dielectric constant
[29]). These experiments were performed using the
stopped-flow technique, since the pulse-radiolysis
technique is less suitable for these experiments due
to side-reactions of e, with glycine.

Fig. 7 shows the results of these experiments in
terms of the equation:

2
Z,Zge
ekTryp )

Ink=Ink;—

in which where k; is the rate constant when no
electrostatic interactions occur (at infinite € or at
infinite ionic strength), e the dielectric constant, k
Boltzmann’s constant, T the temperature (K), r5p
the radius of the encounter complex (7,p =74 +
rg), and e the charge of the electron.

From the slope of the line in Fig.7 a value of
z,zy of —15 can be determined. It is conceivable
that under the conditions of the experiments, the
effective net charges of both proteins will be di-
minished because of the screening by counterions.
Hence, the real product z, zy will be more negative
than —15. By extrapolation to 1/¢ =0 a value of
2-106 M~ '-s7! for k,,, is obtained. However,
when the reaction was measured at I = 0.9 M with
the stopped-flow technique, a rate constant of
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Fig. 7. Effect of the dielectric constant on the rate constant of
the reaction of cytochrome ¢ with cytochrome aa;. The dielec-
tric constant was varied by adding glycine (0-2 M) to the
reaction medium. 5 uM cytochrome aa;, 0.8 uM ferrocyto-
chrome c. Other conditions: 100 mM potassium phosphate (pH
6.1), 0.5% Tween 20, 10°C.

6-10* M~ '-s! was found (not shown). It is
reasonable to assume that k, -, and k;_,, must
be of the same order of magnitude, since in both
cases the reactants behave as if they are un-
charged. This discrepancy will be treated in more
detail in the Discussion.

Discussion

The comparatively high stability of the porphy-
rin-cytochrome ¢ anion radical has permitted the
measurement of the electron-transfer reaction to
ferricytochrome ¢ [11]. The present study shows
that the radical can also transfer its electron to the
porphyrin-cytochrome c¢-cytochrome aa; complex.
It is unlikely that in this electron-transfer reaction
the electron leaves the porphyrin ring of porphy-
rin-cytochrome ¢ via the residues that function in
native cytochrome ¢ as axial ligands. This suggests,
then, that in the analogous electron-transfer reac-
tion of native cytochrome ¢ with cytochrome aa,
the electrons can be transferred via the exposed
part of the heme, which is in accordance with
earlier proposals [28,30].
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In the cytochrome c-cytochrome aa, complex
the heme group of cytochrome c¢ is not accessible
to e,, . It is suggested that cytochrome c is reduced
by e, via the solvent-exposed heme edge [31].
Hence, the inaccessibil_ity for €aq of the complex-
bound cytochrome ¢ indicates that the heme group
is no longer exposed to the solvent, but is masked
by the cytochrome c¢-binding site of cytochrome
aa,. This result is in accordance with the results of
studies on chemically modified cytochrome ¢ de-
rivatives, which indicate that the areas on the
cytochrome ¢ surface that are involved in its inter-
action with cytochrome aa, contain a large section
of the heme edge [1-5). The ionic strength depen-
dence of the reaction of cytochrome ¢ with cyto-
chrome aa, confirms earlier studies that indicated
the involvement of electrostatic forces in the cyto-
chrome c-cytochrome aa, interaction [13-15].

The reaction of cytochrome ¢ with the cyto-
chrome c-cytochrome aa; complex, however, is
much less sensitive to the ionic strength than the
reaction of cytochrome ¢ with cytochrome aa,.
There are several explanations for this behavior.
Due to the presence of the bound cytochrome ¢ in
the complex, the negative charge of cytochrome
aa, will be partly neutralized [32]. This will de-
crease the effect of ionic strength on the reaction
rate. Furthermore, in the high ionic strength re-
gion (above 30 mM) part of the complex will be
dissociated, rendering the more active free cyto-
chrome aa,. In a similar way, in the low ionic
strength region, part of the cytochrome c-
cytochrome aa; complex might have bound a sec-
ond cytochrome ¢ molecule. It must be noted that
in these studies ferricytochrome ¢ was present in
excess over cytochrome aa,. For the binding of
cytochrome ¢ to the low-affinity site of the cyto-
chrome c-cytochrome aa, complex, a dissociation
constant of 0.1 uM has been reported by Fergu-
son-Miller et al. [26]. However, considerably higher
values have also been reported by other authors
[27,33].

It is clear that at low ionic strength the reaction
between cytochrome ¢ and cytochrome aa; occurs
with a rate constant of at least 108 M ~!-s~!. This
high value is due to the involvement of electro-
static forces in the reaction. Using different theo-
retical approaches, several investigators have re-
lated the ionic strength dependence of reaction
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rate constants to the net charge of the reactants
(cf. Ref. 34). However, only in limited cases can a
quantitative relationship be derived, e.g., for reac-
tions between small ions or between a charged
protein and a small ion. In order to calculate the
effective charges on the proteins under investiga-
tion, cytochrome ¢ and cytochrome aa;, we have
used Eqn.2. From the linear part of Fig.4 the
value of k can be extrapolated fairly accurately.
The value of k; is theoretically given by the value
of the rate constant at infinite dielectric constant.
However, Eqn. 2, which is used to determine the
rate constant at infinite € (cf. Fig. 7), is only appli-
cable when the reaction occurs at zero ionic
strength. Ions present in solution will screen the
reacting proteins, and this screening will be more
effective at low than at high €. Neglect of this will
lead to a serious overestimation of the value of
k) c=o- Furthermore, in the determination of
ki = it was assumed that the value of the dielec-
tric constant in the bulk of the solution is identical
to that in the vicinity of the proteins. It is likely,
however, that the effective dielectric constant in
the vicinity of the protein surface is decreased due
to the orientation of the water dipoles in the
neighborhood of ionized groups of, e.g., cyto-
chrome ¢ [35].

In view of these considerations, we believe that
the value of k obtained at 0.9 M will be a better
approximation of the reaction rate when no elec-
trostatic interactions are present between cyto-
chrome ¢ and cytochrome aa, than that obtained
by extrapolation of the rate constant to 1/e=0.
For the value of r,p we take the sum of the radii of
both cytochromes. The isolated cytochrome aa,
can be approximated by a sphere with a radius of
40 A [36]; the radius of the rather spherical cyto-
chrome ¢ molecule is 18 A [28]; we therefore ob-
tain a transition state radius r,g of 58 A. For the
value of ¢ in the vicinity of the proteins we use 50
(cf. Ref. 35). Substitution of these values in Eqn.2
yields —80 as a value for z,zy. If we introduce a
value of +6.5 for the net charge of ferrocyto-
chrome ¢ at pH 7.0 [37], we obtain a value of —12
for the effective net charge of cytochrome aa;.

The right-hand expression in Eqn. 2 represents
the potential energy of cytochrome ¢ in the electric
field of cytochrome aa, when both proteins are in
contact. It must be noted that the possible contri-

butions that are made by ion-dipole and dipole-
dipole interactions have not been taken into
account. Since the exact charge distribution of
cytochrome aa, is not yet known, it is difficult to
predict to what extent corrections for these inter-
actions will affect the results of this method.

Acknowledgements

The authors wish to thank Dr. J. Wilms for
fruitful discussion. This work has had the support
of the Netherlands Organization for the Advance-
ment of Pure Research (Z.W.0.) under the auspices
of the Foundation of Biophysics and of the
Netherlands Foundation for Chemical Research
(S.0.N)).

References

Osheroff, N., Brautigan, D.L. and Margoliash, E. (1980) J.

Biol. Chem. 255, 8245-8251

2 Wada, K. and Okunuki, K.-(1969) J. Biochem. (Tokyo) 66,
249-262

3 Staudenmayer, N., Smith, M.B., Smith, H.T., Spies, FK.
and Millett, F. (1976) Biochemistry 15, 3198-3205

4 Smith, H.T., Staudenmayer, N. and Millett, F. (1977) Bio-

chemistry 16, 4971-4974

Staudenmayer, N., Ng, S., Smith, M.B. and Millett, F.

(1977) Biochemistry 16, 600-604

6 Konig, B.W., Osheroff, N., Wilms, J., Muijsers, A.QO.,

Dekker, H.L. and Margoliash, E. (1980) FEBS Lett. 111,

395-398

Dickinson, L.C. and Chien, J.C.W. (1975) Biochemistry 14,

3526-3534

8 Flatmark, T. and Robinson, A.B. (1968) in Structure and
Function of Cytochromes (Okunuki, K., Kamen, M.D. and
Sekuzu, L., eds.), pp. 318-327, University of Tokyo Press,
Tokyo

9 Fisher, W.R., Taniuchi, H. and Anfinsen, C.B. (1973) I.
Biol. Chem. 248, 3188-3195

10 Vanderkooi, J M. and Erecinska, M. (1975) Eur. J. Bio-
chem. 60, 199-207

11 De Kok, I., Butler, J., Braams, R. and Van Gelder, B.F.
(1977) Biochim. Biophys. Acta 460, 290-298

12 Van Buuren, K.J.H., Van Gelder, B.F., Wilting, J. and
Braams, R. (1974) Biochim. Biophys. Acta 333, 421-429

13 Wainio, W.W., Person, P., Eichel, B. and Cooperstein, S.J.
(1951) J. Biol. Chem. 192, 349-360

14 Yonetani, T. (1961) J. Biol. Chem. 236, 1680-1683

15 Nicholls, P. (1974) Biochim. Biophys. Acta 346, 261-310

16 Fowler, L.R., Richardson, S.H. and Hatefi, Y. (1962) Bio-
chim. Biophys. Acta 64, 170-173

17 MacLennan, D.H. and Tzagoloff, A. (1965) Biochim. Bio-

phys. Acta 96, 166168

i

-~



18

19

20
21

22

23

24

25

26

27

Van Buuren, K.J.H. (1972) Binding of Cyanide to Cy-
tochrome aa;, Ph.D. Thesis, Amsterdam, Gerja, Waarland
Margoliash, E. and Walasek, O.F. (1967) Methods En-
zymol. 10, 339-348

Van Gelder, B.F. (1966) Biochim. Biophys. Acta 118, 36—46
Van Gelder, B.F. and Slater, E.C. (1962) Biochim. Biophys.
Acta 58, 593-595

Veerman, E.C.I., Wilms, J., Casteleijn, G. and Van Gelder,
B.F. (1980) Biochim. Biophys. Acta 590, 117-127
Greenstock, C.L. and Dunlop, L. (1973) Int. J. Radiat. Phys.
Chem. §, 231-233

Raap, A., Van Leeuwen, J.W., Rollema, H.S. and De Bruin,
S.H. (1978) Eur. J. Biochem. 88, 555-563

Land, E.J. and Swallow, A.J. (1971) Arch. Biochem. Bio-
phys. 145, 365-372

Ferguson-Miller, S., Brautigan, D.L. and Margoliash, E.
(1978) J. Biol. Chem. 253, 149-159

Errede, B. and Kamen, M.D. (1978) Biochemistry 17, 1015-
1027

28

29

30

3

32

33

34
35
36
37

141

Ferguson-Miller, S., Brautigan, D.L. and Margoliash, E.
(1979) in The Porphyrins VII (Dolphin, D., ed.), pp. 149-
240, Academic Press, New York

Douzou, P. (1977) Cryobiochemistry, Academic Press,
London

Dickerson, R.E. and Timkovich, R. (1975) in The Enzymes
(Boyer, P.D., ed.), vol. 11, pp. 397-547, Academic Press,
New York

Koppenol, W.H., Vroonland, C.A.J. and Braams, R. (1978)
Biochim. Biophys. Acta 503, 499-508

Wilms, J., Veerman, E.C.I. Konig, B.W., Dekker, H.L. and
Van Gelder, B.F. (1981) Biochim. Biophys. Acta 635, 13-24
Smith, L., Davies, H.C. and Nava, M.E. (1979) Biochem-
istry 18, 3140-3146

Koppenol, W.H. (1980) Biophys. J. 29, 493-508

Rees, D.C. (1980) J. Mol. Biol. 141, 323-326

Lemberg, M.R. (1969) Physiol. Rev. 49, 48—-121

Bull, H.B. and Breese, K. (1966) Biochem. Biophys. Res.
Commun. 24, 74-78



