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Complexes of oxidised cytochrome ¢ oxidase with NO in the absence and presence of ligands such as
formate, fluoride and cyanide are photodissociable. After photodissociation at 10 K the EPR spectrum of the
high-spin cytochrome a3* in the absence of ligands or in the presence of fluoride or formate disappears ~ as
does the EPR spectrum of the low-spin cytochrome a}* in the presence of cyanide. The action spectra of the
photodissociation reaction of these complexes show slight differences but all have maxima at 640-660 nm
and below 400 nm, and are assigned to a diamagnetic Cu;;-NO* complex. The differences in the action
spectra in the presence of various ligands are due to binding of these anions to the cytochrome (a;-Cug)
couple. The disappearance of the cytochrome a, signal upon photodissociation of the Cu-NO* complex is
explained by a magnetic interaction between cytochrome a3* and Cu?' in the photodissociated complex.
The temperature at which NO recombines with Cu%' is about 30 K and slightly affected by the presence of
added ligands. It is suggested that in the oxidised ligand-cytochrome ¢ oxidase complexes the coupling ligand
between cytochrome a3* and Cu’' is cyanide, fluoride and formate. The observation that two ligands may
bind simultaneously to the cytochrome a;-Cuy couple leads to further support for the notion that during
turnover of cytochrome ¢ oxidase both metal ions are involved in binding and reduction of oxygen.

Introduction

Cytochrome ¢ oxidase, the enzyme that cata-
lyses the electron transfer from cytochrome ¢ to
oxygen, contains four redox centres: two haem a
groups associated with cytochrome a and cyto-
chrome a,, and two copper atoms [1]. The haem in
cytochrome a and one of the copper atoms, Cu,,
are involved in the uptake of electrons from cyto-
chrome ¢ and the electron transfer to the oxygen
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binding site [2,3]. The haem of cytochrome aj, is
able to bind and reduce oxygen [4]. The other
copper atom, Cuy, is located very close to the
haem iron of cytochrome a, [5]. From EPR spectra
of cytochrome ¢ oxidase in the presence of azide
and NO it was possible even to estimate a distance
of 3.4 A between cytochrome a; and Cug [6,7]. It
is generally accepted that the Cuj, atom is also
involved in the oxygen binding and reduction
mechanism [6-8].

Oxidised cytochrome ¢ oxidase showed EPR
signals of one low-spin haem, assigned to cyto-
chrome a, and of a copper atom, Cu, [9]. The
EPR signals of cytochrome a; and Cu, are dif-
ficult to detect because of an antiferromagnetic
coupling between the high-spin haem of cyto-



chrome a, and Cug [9]. A number of reports have
appeared, however, in which it was shown that
oxidized cytochrome ¢ oxidase exhibited ‘g =12’
signals [10,11] which can be assigned to an §=2
system [12,13]. Both metal atoms can be made
visible by EPR. When fully reduced cytochrome ¢
oxidase is allowed to react with oxygen at cryo-
genic temperatures, EPR signals of Cuy are ob-
served [14-16]. Upon reduction of Cuy in the
oxidised enzyme, uncoupling of the antiferromag-
netic complex occurs and the EPR signals of the
high-spin haem of cytochrome a, become visible.
This EPR signal changes in shape when cyto-
chrome a, binds ligands such as fluoride and
formate [9,11] or can be converted into low-spin
states when it binds ligands such as cyanide,
sulphide, azide and hydroxide [9,17-19]. Also,
upon addition of nitric oxide to oxidised cyto-
chrome ¢ oxidase, EPR signals of a high-spin haem
become visible [6], due to the binding of nitric
oxide to Cuy resulting in a diamagnetic Cuj-NO™*
complex {20] and leaving cytochrome a4, in an
uncoupled high-spin state. In our previous paper
[20], we showed that the EPR signal disappears
upon illumination below 30 K and that the light
action spectrum of the reaction was that of a
copper chromophore. When NO is allowed to re-
act with cytochrome ¢ oxidase in the presence of
azide, a complex is formed that exhibits EPR
signals characteristic of a triplet species. The trip-
let signal originates from nitrosylferrocytochrome
a, interacting with Cup [6,7] and also this signal is
photodissociable [20].

In the presence of cyanide and nitric oxide,
cytochrome a, shows an EPR signal characteristic
of a low-spin haem-cyanide complex [6,12]. In this
paper the photodissociation reactions of such
oxidised cytochrome a3* ligand complexes in the
presence of nitric oxide are reported. It will be
shown that these complexes all have the light
action spectrum of a copper chromophore.

Methods

Cytochrome ¢ oxidase was isolated from bovine
heart as described in Refs. 21 and 22. The ab-
sorbance coefficient of cytochrome ¢ oxidase (re-
duced — oxidised) was 24.0 mM~'.cm™' at 605
nm [23]. Chemicals were mainly from BDH (Analar
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Grade). Nitric oxide (Matheson Gas Products) was
purified by leading the gas through a cold trap.

Cyanocytochrome ¢ oxidase was prepared by
addition of cyanide to a solution of cytochrome ¢
oxidase under turnover conditions in the presence
of ascorbate and cytochrome ¢ and through which
oxygen was bubbled for 30 min. Thereafter the
reduced cyano complex was re-oxidised with an
excess of potassium ferricyanide. Unreacted ferri-
cyanide was removed on a Sephadex G-50 column
against 1% (w/v) cholate and 50 mM Tris-H,SO,
(pH 8.0). Cyanocytochrome ¢ oxidase was con-
centrated by (NH,),SO, precipitation and centri-
fugation at 50000 rpm for 15 min.
~ The cytochrome ¢ oxidase precipitate was dis-
solved in 50 mM Tris-H,SO, (pH 8.0), 1% (w/v)
cholate. The absorbance coefficient of cyanocy-
tochrome ¢ oxidase was 22 mM™~!-cm™!' at 593
nm [22]. The sample was stored in liquid nitrogen.

The high-spin cytochrome ¢ oxidase samples
were dissolved in 50 mM potassium phosphate
(pH 7.4), 0.5% (v/v) Tween 80 and 100 mM
potassium fluoride or sodium formate.

All EPR experiments were carried out anaerobi-
cally in Thunberg-type cuvettes. Anaerobiosis was
achieved by equilibration against helium as de-
scribed previously [20]. After addition of nitric
oxide the sample was thoroughly mixed and im-
mediately frozen in liquid nitrogen.

Optical spectra were obtained on a Cary-219
recording spectrophotometer; EPR spectra were
obtained as described before [20]. Illumination
was performed by irradiation with a 150 W xenon
lamp, through a light guide on the grid of the
cavity. Intensities and wavelengths of the irradia-
ted light were varied by interference filters and the
temperature of the EPR sample was measured as
described in Ref. 20.

Results

When nitric oxide was added to oxidised cyto-
chrome ¢ oxidase, which shows the EPR signals
from cytochrome a* and Cui*, a slightly rhombic,
high-spin haem EPR signal was formed. This sig-
nal has been attributed to cytochrome a3* and
arises from the binding of NO to Cu%*, resulting
in a diamagnetic Cug-NO* complex and para-
magnetic cytochrome a3* (§=15/2) [6,20]. This
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Fig. 1. The effect of light on the EPR spectrum of formate-cy-
tochrome ¢ oxidase in the presence of NO. (A) 025 mM
formate-cytochrome ¢ oxidase in 50 mM potassium phosphate
(pH 7.4), 100 mM sodium formate, 0.5% Tween 80, p o =60
kPa. (B) After illumination of A at 10 K. (C) After warming B
to 40 K. Conditions of EPR spectroscopy: frequency 9240
MHz; microwave power 6 dB; modulation amplitude, 1 mT;
scanning rate 25 mT/min; time constant 0.1 s; temperature 10
K. The g =12 signal was recorded on a 10-fold higher gain.

complex was found to be sensitive to light and
could be photodissociated at low temperature, in
agreement with our previous results [20]. After
warming the sample, the original high-spin haem
EPR signal reappeared (not shown).

The experiment was repeated in the presence of
formate and fluoride, ligands of cytochrome a,
which leave the haem iron in the high-spin state
{9,11,24]. Upon addition of nitric oxide to oxidised
cytochrome ¢ oxidase in the presence of sodium
formate, also a high-spin haem EPR signal became
visible (Fig. 1) whereas the other signals at g =3
from cytochrome a’*, at g = 2 from Cu%*, and the
broad signal at g = 12 remained unaffected. The
high-spin haem signal in the presence of formate
was characterised by g values slightly different
from those in the absence of formate (Table I).
Also, this complex could be photodissociated and
re-formed by heating,.

In the presence of fluoride the same effects
were observed (Fig. 2). Addition of nitric oxide
leads to formation of a slightly rhombic, high-spin
haem signal, which disappears upon illumination,
and the effect of light can be reversed by warming
the sample to 40 K. The broad signal at ‘g=73

TABLE I

EPR PARAMETERS OF CYTOCHROME a}* IN
OXIDISED CYTOCHROME ¢ OXIDASE-NITRIC OXIDE
COMPLEXES

The g values were obtained from the difference spectrum (dark
minus light).

Added ligand 8y 8, 8.

None 6.17 5.75 ~

Formate 6.22 5.71 ~

Fluoride 6.13 5.80 -

Cyanide - - 3.42 (major)
- - 3.31 (minor)

upon which the g = 3.03 line of cytochrome a is
superimposed, observed in the presence of fluo-
ride, was not sensitive to NO or light. The high-spin
haem signal in the presence of fluoride also shows
g values different from those in the oxidised en-
zyme (Table I), indicating that fluoride is bonded
to cytochrome a3*.

Another well known ligand of cytochrome aj, is
cyanide [17,22]. When nitric oxide was added to
oxidised cyanocytochrome ¢ oxidase, an EPR sig-
nal at g=3.42 (Fig. 3) was found, attributed to
cytochrome a3*-CN~ in agreement with the re-
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Fig. 2. The effect of light on the EPR spectrum of fluorocyto-
chrome ¢ oxidase in the presence of NO. (A) 0.25 mM fluoro-
cytochrome ¢ oxidase in 50 mM potassium phosphate (pH 7.4),
100 mM potassium fluoride, 0.5% Tween 80, p o = 60 kPa. (B)
After illumination of A at 10 K. (C) After warming of B to 40
K. Conditions of EPR spectroscopy as in Fig. 1: frequency
9242 MHz. The g =3 region is recorded on a 5-fold higher
gain.
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Fig. 3. The effect of light on the EPR spectrum of cyanocytch-
rome ¢ oxidase in the presence of NO. (A) Cyanocyto-
chrome ¢ oxidase prepared as outlined in Methods, pyg = 60
kPa. (B) After illumination of A at 10 K. (C) After warming of
B to 40 K. Conditions of EPR spectroscopy: frequency 9243
MHz; microwave power 14 dB; modulation amplitude 1 mT:
scanning rate 12.5 mT/min; time constant 3 s; temperature 10
K.

sults in Refs. 6 and 12. Upon illumination the
low-spin haem signal disappears, and warming to
40 K results in re-formation of the g = 3.4 signal
(Fig. 3).

Photodissociation of the various complexes also
led to formation of a broad signal at 350 mT. Fig.
4 shows this signal obtained from a difference
spectrum (illuminated minus dark) of oxidised cy-
tochrome ¢ oxidase in the presence of the various
ligands. Upon warming the sample this broad
signal disappeared. We have assigned this signal to
NO interacting with the cytochrome a,-Cuy cou-
ple. In addition, illumination of the sample led to
the disappearance of small amounts of cytochrome
a3*-NO at g =2 and formation of a radical in the
cyanide complex. All complexes show formation
of the broad signal at 350 mT upon illumination
and disappearance of this signal upon heating.
This would indicate that a simple photodissocia-
tion equilibrium is operative in which light re-
moves NO from the complex and elevation of the
temperature causes recombination with Cup.

The photodissociation rates, k, of photolabile
ligand complexes are proportional to the light

intensity I [25]: k = e¢], where ¢ is the absorbance’

coefficient of the excited complex and ¢ the quan-
tum efficiency of the photodissociation process.
Fig. 5 shows that the dissociation rates of the
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Fig. 4. The effect of light on the EPR spectra of oxidised
cytochrome ¢ oxidase nitric oxide complexes in the g=2
region. The difference spectra were obtained by subtracting the
EPR spectrum obtained after illumination from that before
illumination. (A) Without added ligands. (B) In the presence of
formate. (C) In the presence of fluoride. (D) In the presence of
cyanide. Conditions of EPR spectroscopy: frequency 9249
MHz; microwave power 20 dB; modulation amplitude 1 mT;
scanning rate 0.25 mT/min; time constant 0.3 s; temperature
10 K. Other conditions as in Figs. 1-3.
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Fig. 5. Dependence of the dissociation rates on the light
intensities during illumination of the nitric oxide-cytochrome ¢
oxidase complexes. The dissociation rates were calculated from
the initial rates of the dissociation reaction. X, oxidised cyto-
chrome ¢ oxidase; 4, formate-cytochrome ¢ oxidase; {, fluoro-
cytochrome ¢ oxidase; O, cyanocytochrome ¢ oxidase. The
samples and conditions were as in Figs. 1-3. The irradiation
wavelength was 590 nm. The light-induced dissociation of the
high-spin haem complexes was followed in the peak of the
g = 6 signals, whereas the low-spin haem cyanide complex was
followed at g = 3.42.
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Fig. 6. Action spectra of the photodissociation reactions in
cytochrome ¢ oxidase-NO complexes. (A) Cyanocytochrome ¢
oxidase. (B) Oxidised cytochrome ¢ oxidase without additions.
(C) Formate-cytochrome ¢ oxidase. (D) Fluorocytochrome ¢
oxidase. Conditions: as in Fig. 4.

nitric oxide-cytochrome ¢ oxidase complexes are
proportional to the light intensity. The proportion-
ality constant ¢ has similar values for the various
high-spin haem complexes, but is much less for the
cyano complex.

Since this difference could be caused by a dif-
ferent absorbance spectrum of the cyano complex
or a variation in quantum yield compared to the
high-spin haem complexes, the light action spectra
of the photodissociation of the nitric oxide com-
plexes were measured. These spectra were ob-
tained by measuring the initial rates of the photo-
dissociation reaction in order to minimise inner
filtering effects. In Fig. 6 the action spectra for the
four nitric oxide complexes studied have been
summarised: the spectra for oxidised cytochrome c
oxidase in the absence and presence of fluoride
and formate are very similar in intensity and shape,
but the spectrum for cyanocytochrome ¢ oxidase
has a lower intensity than those of the other three
spectra and a slightly different shape. The maxima
in the action spectra of all four complexes are
around 640 nm and very similar to the action
spectrum of oxidised cytochrome ¢ oxidase ob-
tained before [20]. The action spectra do not re-
semble the absorbance spectra of haem com-
pounds and are completely different from the ac-
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Fig. 7. Fraction of recombined NO complexes of cytochrome ¢
oxidase after warming the photodissociated complex to various
temperatures. The fraction was calculated by dividing the in-
tensity of the EPR signal after warming by that before il-
lumination. All spectra were recorded at the same low tempera-
ture (approx. 15 K); during warming the steady state of the
complex was checked by recording the EPR intensity for about
5 min, The complexes were photodissociated by illumination
with white light from a xenon lamp filtered with infrared filters
for about 10 min. (X - - X ) Oxidised cytochrome ¢ oxidase;
(a------ 2) formate-cytochrome ¢ oxidase; (O-—- -+ O) fluo-
rocytochrome ¢ oxidase; (O O) cyanocytochrome ¢
oxidase. Conditions: as in Figs. 1-3.

tion spectra of cytochrome a2*-NO [20]. We have
attributed the light-absorbing chromophore to Cug
in all four nitric oxide complexes.

Though the photodissociation reactions in the
four complexes are very similar, it is possible that
the presence of ligands for cytochrome a3* affects
the recombination of nitric oxide at Cu%*. There-
fore, we studied the temperature dependence of
the re-formation of the EPR signals after photo-
dissociation at various temperatures. Fig. 7 shows
that the high-spin haem complexes show very simi-
lar transition temperatures (32-33 K), whereas
that of the cyano complex is only slightly lower
(29.6 K), indicating again that the copper com-
plexes are very similar to each other. Furthermore,
it was found that the asymmetric g = 3.42 signal
consisted of two different EPR signals at g = 3.42
and g=3.31, that recombined with a transition
temperature 1 K different from each other (not
shown).



Discussion

The experiments reported here strongly suggest
that cytochrome ¢ oxidase can bind two ligands in
the cytochrome a;-Cuy couple at the same time.
One of the ligands (NO) is bonded to Cu* and
forms a diamagnetic Cu}-NO™* complex. This
would explain the uncoupling of the EPR-invisible
cytochrome a3*-Cu?’ couple and the appearance
of the EPR signals of cytochrome a3* upon addi-
tion of nitric oxide to oxidised cytochrome c
oxidase [6]. The same phenomenon was observed
in the presence of ligands such as formate, fluoride
and cyanide, which is in agreement with the results
of Stevens et al. [6] and Brudvig et al. [12]. The
Cu™-NO™ complex can be photodissociated, which
is in agreement with previous results [20], and the
complex shows the action spectrum of a copper
chromophore, very similar to the absorbance spec-
trum of copper proteins such as ceruloplasmin [26]
and ascorbate oxidase [27]. After photodissocia-
tion, a broad signal was formed at 350 mT attribu-
table to dissociated NO. Upon warming the sam-
ple the Cuj-NO™* complex was formed again. The
effects studied are summarised by the equilibrium:

Cug-NO* hihl

temperature

Cui* +NO

This equilibrium was slightly affected by the pres-
ence of different ligands on cytochrome a3*.

The temperature at which 50% of the complex
was re-formed after photodissociation (7, ,,) was
29.6 K for cyanocytochrome ¢ oxidase, 32.4 K in
the absence of added ligands and 33 K in the
presence of fluoride and formate. The intensity
and shape of the light action spectra of Cuj-NO*
in the presence of the various ligands were also
slightly different. For the cyanide complex the
intensity was less than 30% compared with the
other complexes. Furthermore, the cyanide com-
plex showed a very low intensity in the near-ultra-
violet region. In the presence of fluoride, the band
at 640 nm in the oxidised nitric oxide-cytochrome
¢ oxidase complex shifted to 655 nm. The dif-
ferences in the optical properties of these Cuf-
NO™* complexes may be explained by binding of
the various ligands to Cug, since it is known that
anion binding to copper proteins affects their
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spectra [28]. The difference in recombination tem-
perature (7 ,,) of NO to Cuy in the presence of
cyanide can also be caused by binding of cyanide
to Cug. Since addition of NO to cyano-oxidase
results in the formation of a low-spin haem signal
with a g, value close to that observed in partially
reduced cyanocytochrome ¢ oxidase [17], it is clear
that cyanide is bonded to cytochrome a,. Thus,
cyanide is probably a bridging ligand between the
iron atom of cytochrome a; and Cuy in cyanocy-
tochrome ¢ oxidase.

Ligand binding to Cuj in cytochrome ¢ oxidase,
as observed in the Cu}-NO™* complexes, is also
found upon photodissociation of reduced cyto-
chrome ¢ oxidase-CO complexes at low tempera-
ture [29]). With Fourier transform infrared spec-
troscopy it was observed that after photodissocia-
tion of cytochrome a2*-CO, the freed CO was
bound to Cuj, and that upon warming the sample
CO jumped back to the Fe?* in the haem of
cytochrome a;. As outlined below, although not
very likely, a similar effect could be present in our
system: after photodissociation of Cuj-NO™ the
freed NO then may jump over to cytochrome a3*.
Photodissociation of the cytochrome a3*-C=N-
Cu}-NO™ complex would in that case lead to
cytochrome a3*-NO and Cul*-C=N. This
cyano-copper complex would then be responsible
for the broad EPR signal at 350 mT. However, the
presence of other ligands is then expected to affect
strongly the ligand rearrangements after photodis-
sociation and recombination upon warming the
sample. This was not observed. Therefore, we pre-
fer a model in which photodissociation of Cuj-
NO™ does not lead to ligand rearrangements and
where the bridging ligand between cytochrome
a3* and Cu%* remains bound to both metal-ions.
The broad EPR signal at 350 mT would then be
due to NO interacting with the cytochrome a3*-
Cu%* couple.

In the oxidised cytochrome c¢ oxidase-nitric
oxide complex there is no evidence that cyto-
chrome a3*. is involved in direct complexation
with NO. Upon addition of NO to oxidised cyto-
chrome ¢ oxidase the optical absorbance spectrum
of both haems in cytochrome ¢ oxidase was
unchanged [6]. Furthermore, the photodissociation
process showed an action spectrum very different
from haem spectra [20]. The observation that NO
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is unable to interact directly with cytochrome a3*
indicates that the sixth ligand-binding site is al-
ready occupied. As discussed before [20], in the
oxidised cytochrome ¢ oxidase-nitric oxide com-
plex the ligand involved is the coupling ligand
which is responsible for the antiferromagnetic in-
teraction between cytochrome a3* and Cu%'. In
the other nitric oxide complexes, fluoride, formate
or cyanide is bonded to cytochrome a}* as indi-
cated by the difference in g values in the presence
of various ligands.

The best demonstration that a second ligand
can be bonded to the cytochrome a3*-Cu}* cou-
ple simultaneously with NO is shown by the
oxidised cyanocytochrome ¢ oxidase-nitric oxide
complex., This complex shows similar properties
upon photodissociation and recombination to those
of the oxidised cytochrome ¢ oxidase-nitric oxide
complex originally studied except for the EPR
spectrum which clearly showed that the haem iron
of cytochrome a3* is in a low-spin (S = 1/2) state
with a g, value (3.42) close to the g, value (3.58) of
the cytochrome a3*-CN~ complex in partially re-
duced cytochrome ¢ oxidase [17,30]. Upon photo-
dissociation of the cyanocytochrome ¢ oxidase-
nitric oxide complex the EPR spectrum of cyto-
chrome a3*-CN~ disappears due to photodissocia-
tion of the diamagnetic Cu};-NO* compound and
coupling of Cui* (S = 1,/2) and cytochrome a3*-
CN~ (S = 1/2) to a diamagnetic singlet state (S =
0) as was proposed for cyanocytochrome ¢ oxidase
from susceptibility measurements [31] or due to a
triplet state (S = 1) as was found in recent MCD
measurements [32] and Mossbauer studies [33].
Since the latter techniques are more reliable in
separating the different redox centres in cyto-
chrome ¢ oxidase, we favour the last assignment.

Triplet systems are normally detectable by EPR.
In order to explain the absence of EPR signals,
large zero-field splittings must be present in this
triplet as was already deduced from the MCD
measurements [32). Such large zero-field splittings
(greater than 1 cm™') could not be caused by
dipolar interactions between cytochrome a3* and
Cu%' but are due to an anisotropic exchange
interaction between cytochrome a3* and Cu%'.
The ligand which is responsible for the exchange
interaction could be the CN ligand which is al-

ready bonded to cytochrome a}*. The cyanide

ligand is then a bridging ligand between cyto-
chrome a3* and Cu}' in oxidised cytochrome ¢
oxidase complexes with or without NO and a
non-bridging ligand in partially reduced cyto-
chrome ¢ oxidase. This would be in agreement
with results from near-infrared MCD measure-
ments [30,34]. That cyanide in oxidised cyto-
chrome ¢ oxidase is a bridging ligand is consistent
with the observed large stability of oxidised
cyanocytochrome ¢ oxidase compared to partially
reduced cyanide derivatives of cytochrome ¢
oxidase {35].

In the cytochrome ¢ oxidase-nitric oxide com-
plexes with fluoride and formate, these ligands
might also bridge between cytochrome a3* and
Cuj-NO™, Binding of these anions to cytochrome
a3* is then responsible for the change in rhombic-
ity of the EPR parameters compared to the oxidised
cytochrome ¢ oxidase complex. Furthermore, in
fluorocytochrome ¢ oxidase and formate-cyto-
chrome ¢ oxidase g=12 and g =3 signals were
present in different proportions. These signals did
not change upon addition of nitric oxide, indicat-
ing that NO does not bind to the paramagnetic
centres of these species of cytochrome ¢ oxidase, as
was observed already in the oxidised enzyme [10].

The observation that cytochrome ¢ oxidase
binds two different ligands simultaneously in the
cytochrome a;-Cuy couple and the finding from
EXAFS {5] and EPR measurements {6,7] that the
Fe in cytochrome a, and the Cuy are located very
close to each other, make it likely that during
turnover oxygen is bonded in a bridge between
cytochrome a; and Cuyg. Furthermore, the accessi-
bility of Cuy to ligands supports suggestions
[7,8,12,16] that Cuy is involved in binding of the
products of the oxygen reduction reaction.

Acknowledgements

The authors thank Mr. G. Schilder for his sup-
port in preparing cyanocytochrome ¢ oxidase, Mr.
J.K. Clewits of the J.H. Van ’t Hoff Institute for
manufacturing delicate glassware and Mr. K.
Jaspers and Mr. R.B. Van de Galién for excellent
technical assistance. This study was supported in
part by grants from The Netherlands Organization
for the Advancement of Pure Research (Z.W.0.)
under the auspices of The Netherlands Founda-
tion for Chemical Research (S.0.N.).



References

1

2

3

W

o0

10

1

—

13
14

15

Van Gelder, B.F. and Muijsers, A.Q. (1966) Biochim. Bio-
phys. Acta 118, 47-57

Gibson, Q.H., Greenwood, C., Wharton, D.C. and Palmer,
G. (1965) J. Biol. Chem. 240, 888-894

Greenwood, C. and Gibson, Q.H. (1967) J. Biol. Chem. 242,
1782-1787

Chance, B., Saronio, C. and Leigh, J.S. (1975) J. Biol.
Chem. 250, 9226-9237

Powers, L., Chance, B., Ching, Y. and Angjolillo, P. (1981)
Biophys. J. 34, 465-498

Stevens, T.H., Brudvig, G.W., Bocian, D.F. and Chan, S.L
(1979) Proc. Natl. Acad. Sci. U.S.A. 76, 3320-3324
Brudvig, G.W., Stevens, T.H. and Chan, S.I. (1980) Bio-
chemistry 19, 5275-5285

Malmstrom, B.G. (1982) Annu. Rev. Biochem. 51, 21-59
Van Gelder, B.F. and Beinert, H. (1969) Biochim. Biophys.
Acta 189, 1-24

Greenaway, F.T., Chan, SH.P. and Vincow, G. (1977)
Biochim. Biophys. Acta 490, 62-78

Boelens, R. and Wever, R. (1979) Biochim. Biophys. Acta
547, 296-310

Brudvig, G.W., Stevens, T.H., Morse, R.H. and Chan, S.I
(1981) Biochemistry 20, 3912-3921

Hagen, W.R. (1982) Biochim. Biophys. Acta 708, 82-98
Reinhammer, B., Malkin, R., Jensen, P., Karlsson, b,
Andréasson, L.-E., Aasa, R., Vinngard, T. and Malmstrom,
B.G. (1980), J. Biol. Chem. 255, 5000-5003

Karlsson, B., Aasa, R., Vanngard, T. and Malmstréom, B.G.
(1981) FEBS Lett. 131, 186-188

Hansson, O., Karlsson, B., Aasa, R., Vanngird, T. and
Malmstrém, B.G. (1982) EMBO J. 1, 1295-1297
Dervartanian, D.V., Lee, LY., Slater, E.C. and Van Gelder,
B.F. (1974) Biochim. Biophys. Acta 347, 321-327

Wever, R., Van Gelder, B.F. and Dervartanian, D.V. (1975)
Biochim. Biophys. Acta 387, 189-193

19

20

2

—

22

23
24
25
26

27

28

29

30

3

—

32

33

34

35

183

Lanne, B., Malmstrém, B.G. and Vinngard, T. (1979) Bio-
chim. Biophys. Acta 545, 205-214

Boelens, R., Rademaker, H., Pel, R. and Wever, R. (1982)
Biochim. Biophys. Acta 679, 84-94

Hartzell, C.R., Beinert, H., Van Gelder, B.F. and King, T.E.
(1978) Methods Enzymol. 53, 54-66

Van Buuren, K.J.H. (1972) Binding of Cyanide to Cy-
tochrome aga;, Ph.D. Thesis, University of Amsterdam,
Gerja, Waarland

Van Gelder, B.F. (1966) Biochim. Biophys. Acta 118, 36-46
Nicholls, P. (1976) Biochim. Biophys. Acta 430, 13-29
Noble, R.W., Brunori, M., Wyman, J. and Antonini, E.
(1967) Biochemistry 6, 1216-1222

Wever, R., Van Leeuwen, F.X.R. and Van Gelder, B.F.
(1973) Biochim. Biophys. Acta 302, 236-239

Van Leeuwen, F.X.R., Wever, R., Van Gelder, B.F., Avig-
liano, L. and Mondovi, B. (1975) Biochim. Biophys. Acta
403, 285-291

Malmstrom, B.G., Andréasson, L.-E. and Reinhammar, B.
(1975) in The Enzymes (Boyer, P.D., ed.), 3rd edn., Vol. 12,
pp. 507-579, Academic Press, New York

Fiamingo, F.G., Altschuld, R.A., Moh, P.P. and Alben, J.O.
(1982) J. Biol. Chem. 257, 1639-1650

Johnson, M.K., Eglinton, D.G., Gooding, P.E., Greenwood,
C. and Thomson, A.J. (1981) Biochem. J. 193, 699-708
Tweedle, M.F., Wilson, L.J., Garcia-Iiiguez, L., Babcock,
G.T. and Palmer, G. (1978) J. Biol. Chem. 253, 8065-8071
Thomson, A.J., Johnson, M.K., Greenwood, C. and Good-
ing, P.E. (1981) Biochem. J. 193, 687-697

Kent, T.A., Miinck, E., Dunham, W.R., Filter, W.F., Find-
ling, K.L., Yoshida, T. and Fee, J.A. (1982) J. Biol. Chem.
257, 12489-12492

Thomson, A.J., Eglinton, D.G., Hill, B.C. and Greenwood,
C. (1982) Biochem. J. 207, 167-170

Van Buuren, K.J.H., Zuurendonk, P.F., Van Gelder, B.F.
and Muijsers, A.O. (1972) Biochim. Biophys. Acta 256,
243-257



