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We present novel experimental evidence that, starting
with the oxidized enzyme, the internal electron transfer
in cytochrome ¢ oxidase is kinetically controlled. The
anaerobic reduction of the oxidized enzyme by ruthe-
nium hexamine has been followed in the absence and
presence of CO or NO, used as trapping ligands for re-
duced cytochrome as. In the presence of NO, the rate of
formation of the cytochrome a;>*-NO adduct is inde-
pendent of the concentration of ruthenium hexamine
and of NO, indicating that in the oxidized enzyme cyto-
chrome a and a; are not in very rapid redox equilibrium;
on the other hand, CO proved to be a poor “trapping”
ligand. We conclude that the intrinsic rate constant for a
— a4 electron transfer in the oxidized enzyme is 25 s .
These data are discussed with reference to a model
(Verkhovsky, M.I., Morgan, J.E., and Wikstrom, M.
(1995) Biochemistry 34, 7483-7491) in which H* diffusion
and/or binding at the binuclear site is the rate-limiting
step in the reduction of cytochrome a; in the oxidized
enzyme.

The three-dimensional structure of cytochrome ¢ oxidase, the
terminal enzyme of the respiratory chain, is now available for
the proteins isolated from Paracoccus denitrificans (1) and beef
heart (2, 3). The core of the active site of the beef heart enzyme,
containing three metal centers bound to subunit I and common
to all terminal oxidases (see Fig. 1) was predicted correctly on
the basis of mutagenesis and spectroscopy (4). The O, binding
site, contributed by the heme of cytochrome a5 and Cug, is at
short distance from cytochrome a, which is generally believed
to be the electron donor to that site. The two hemes lie across
helix X of subunit I, which provides two His (376 and 378) as
protein ligands for the two metals; the short distance (13 A)
between them supports the view that the a < a; eT! is very
fast.

Initiating the reaction by photolysis of the CO adduct of the
fully reduced or mixed valence enzyme yields rate constants for
internal eT ranging from 10% to 3 X 105 s (5-7). On the other
hand, stopped-flow experiments carried out starting from the
fully oxidized (resting or pulsed) enzyme indicated that the rate
of formation of reduced cytochrome a5 is by comparison very
slow (0.1 to >30 s~ ! depending on conditions (8—11)); some of
these experiments were carried out also in the presence of CO
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(10). These observations led to the hypothesis that, starting
with the oxidized enzyme, internal eT is slow because the
pathway to and/or the coordination of the binuclear center are
different from those of the transient species obtained by pho-
tolysis of the CO derivative of the reduced binuclear site (12).
More recently Verkhovsky et al. (13) have confirmed the obser-
vation that the rate of accumulation of reduced cytochrome ag
is slow; however they proposed that (i) in the oxidized enzyme
internal eT is very fast; (ii) the redox equilibrium favors cyto-
chrome a2"; and (iii) H" diffusion and/or binding to the reduced
binuclear site is the rate-limiting step. We have addressed
again this crucial question and carried out new kinetic exper-
iments using a “fast” enzyme preparation (14) and nitric oxide
(NO) to trap reduced cytochrome ag.

EXPERIMENTAL PROCEDURES

Cytochrome c oxidase was purified from beef heart according to the
method of Soulimane and Buse (14) and stored at —70 °C in 10 mM Tris
+ 500 mM sodium chloride + 0.1% (w/v) Triton X-100, pH 7.6. Before
use, oxidase was thoroughly (about 2 days) dialyzed at 4 °C against 100
mM potassium phosphate, pH 7, + 0.1% (w/v) lauryl maltoside, the
same buffer used for the kinetic experiments. This procedure yields a
fraction of the enzyme (=~30%) in the slow form, as shown by the
classical cyanide binding experiment (15); nonetheless almost complete
recovery of fast is achieved by “pulsing” (16). Oxidase concentration is
expressed as functional units (cytochrome aa,). Glucose (30 mM) and
glucose oxidase (0.3 mg/ml) were used to achieve complete deoxygen-
ation, in the presence of catalase. Stock solutions of NO (Air Liquide,
Paris, France) or CO were prepared by equilibrating degassed buffer
with the pure gases ([NO] in solution = 2 mM and [CO] in solution = 1
mM at 20°C). Lauryl maltoside was from Biomol (Hamburg, Germany).
Ascorbate and glucose oxidase were from Sigma (St. Louis, MO). Ru-
thenium hexamine was from Aldrich (Milwaukee, WI).

Stopped-flow experiments were carried out either with a Durrum-
Gibson instrument equipped with a diode array (TN6500; Tracor North-
ern, Madison, WI) or with a single wavelength apparatus (DX.17MV;
Applied Photophysics, Leatherhead, U. K.). The diode array stopped-
flow can acquire up to 80 spectra of 1,024 elements; the acquisition time
for each spectrum is 10 ms. The dead time of the single wavelength
stopped-flow is 1 ms.

Data analysis was carried out with the software MATLAB (Math-
Works, South Natick, MA) on an Intel 486 computer. Spectral smooth-
ing was performed by using the singular value decomposition algorithm
according to Henry and Hofrichter (17). Spectral deconvolution was
obtained starting from reference spectra by using the left division
option, provided by MATLAB. Kinetic simulations were carried out
using a differential equations solver algorithm implemented by Dr. E.
Henry (National Institutes of Health, Bethesda, MD).

RESULTS

The anaerobic reduction of fast oxidized cytochrome c oxi-
dase has been investigated employing ruthenium hexamine as
electron donor because (i) the reduction of cytochrome a and
Cu, is sufficiently fast and thermodynamically favorable (E° ~
—200 mV (18)); and (ii) the spectral changes of the two cyto-
chromes can be monitored over the whole range without optical
interference by the reductant. Electron entry in cytochrome c
oxidase occurs via the binuclear copper center called Cu,,

This paper is available on line at http://www.jbc.org
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Fic. 1. Structure of the active site of cytochrome ¢ oxidase.
From the Protein Data Bank coordinates deposited by Tsukihara et al.
(2).

which is in very rapid redox equilibrium with cytochrome «
(k = 1.8 X 10* s71), the electron donor to the binuclear cyto-
chrome a3-Cug center. To stabilize the reduced state of cyto-
chrome a4, we used CO and NO. NO is the most efficient
“trapping” ligand for electrons on the cytochrome a3-Cug center
because its combination is very fast and strictly bimolecular
(ky, =1 x 108 M 1571 (19)) and its affinity very high (K, = 10°
M~ ! given a dissociation rate constant k. = 0.1 s~ (20)). In
this paper we shall focus our discussion on the internal eT
between cytochrome a and the cytochrome a;-Cug center.

Kinetics of Cytochrome ag Reduction in the Presence of NO—
When degassed oxidized oxidase was anaerobically mixed with
a solution of ruthenium hexamine, ascorbate, and NO, the
time-resolved absorption spectra (Fig. 2A) can be analyzed
using the spectral components shown in Fig. 2B, i.e. the oxi-
dized, the half-reduced (cytochrome a®>* Cu, *-cytochrome a,>*
Cugp?"), and the fully reduced nitrosylated species. The calcu-
lated time courses of these spectral components are shown in
Fig. 2C. Their optical contribution was back-reconstructed us-
ing the calculated time courses and subtracted from the ob-
served spectral data; the resulting residuals (Fig. 2D) indicate
that the spectral components used are sufficient to describe the
experimental data to better than 95%. Within the first 30 ms
after mixing, the half-reduced enzyme is populated transiently,
whereas cytochrome ag remains oxidized and unligated. Later
on, the half-reduced species decays to the fully reduced nitrosyl-
ated species; this indicates that the reduction of cytochrome a4
and NO binding are synchronous. This is fully consistent with
the fact that the pseudo-first order rate constant for NO bind-
ing under these conditions is indeed very high (2’ ~ 6,000 s 1).
We may therefore conclude that NO acts as an efficient trap-
ping ligand for reduced cytochrome a5 and that the observed
rate of formation of the cytochrome a,2*-NO adduct starting
with the oxidized enzyme is slow.

As shown in Fig. 2, the time course of formation of the
cytochrome a;>*-NO adduct is not monophasic; it can be fitted
to two exponential processes, the amplitude of the rapid phase
being approximately 80% of the total. This biphasic time course
has been observed with all preparations and tentatively ex-
plained assuming that a fraction of the enzyme is in the “rest-
ing” state even in a fast preparation. Consistent with this
hypothesis, the amplitude of the slow phase decreases signifi-
cantly upon pulsing the enzyme (16) by reduction and subse-
quent exposure to oxygen (data not shown). Moreover, cyanide
binding to the oxidized enzyme is also biphasic (15).

Fig. 3 shows the results of an experiment carried out with a
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Fic. 2. Kinetics of reduction of cytochrome oxidase in the
presence of NO. Panel A, time-resolved absorption spectra collected
from 10 ms to 10 s after mixing degassed oxidized oxidase (2.5 uM aa,)
against a solution of 20 mM ascorbate and 1.2 mM ruthenium hexamine
containing 125 uM NO. Buffer was 100 mMm potassium phosphate, pH 7,
and 0.1% lauryl maltoside. Temperature was 20 °C. Light path was 2
cm. Panel B, reference spectra (shown in the Soret region): 1, oxidized;
2, half-reduced; 3, NO-bound, fully reduced. Panel C, time courses of the
species from panel B resulting from the analysis of collected spectra
shown in panel A. Oxidized oxidase (1) rapidly decays to half-reduced
oxidase (2), which eventually is transformed into fully reduced nitrosyl-
ated enzyme (3). Panel D, overall difference spectrum from panel A
(base line: last collected spectrum) shown together with the residuals
obtained by subtracting from the experimental data the optical contri-
butions of the reference spectra (panel B) according to their relative
calculated time courses (panel C). The residuals are not random, but
their relatively small amplitude (<10%) is accounted for by the heter-
ogeneity of the sample (for details, see “Experimental Procedures”).

single wavelength double mixing stopped-flow. The time
courses at 438 nm indicate that reduction of cytochrome a4 in
the presence of NO is somewhat faster (¢’ = 22 s~ 1) than in the
presence of CO at the same concentration (£’ = 13 s™1). At 431
nm the first observable event is a fast absorbance decrease
corresponding to reduction of cytochrome a; this is followed by
the formation of the reduced cytochrome a4-ligand adduct, pro-
ceeding at £’ = 19 s ! with NO and 2’ = 4.5 s~ with CO. Given
the relatively small combination rate constant for CO (¢ = 8 X
10* M~ 1 571 (21)), the formation of the CO-bound derivative (at
431 nm) lags behind the reduction of cytochrome a5 (at 438
nm), whereas NO binding is synchronous to cytochrome ag
reduction, in agreement with the experiment of Fig. 2.

Effect of Ruthenium Hexamine Concentration—The anaero-
bic reduction of oxidized oxidase was followed at different con-
centrations of ruthenium hexamine (from 125 uM to 2 mm) in
the presence of NO. The measured rate constants for the re-
duction of cytochrome a and the formation of the cytochrome
a32"-NO adduct are shown in Fig. 4. The rate of reduction of
cytochrome a increases linearly with the concentration of ru-
thenium hexamine (£ = 1.2 X 10° m™! s™1), whereas the for-
mation of cytochrome a,>*-NO is essentially independent. This
finding is consistent with the hypothesis that the reduction of
cytochrome a4 is controlled kinetically.

Effect of NO and CO Concentration—In Fig. 5 the rate con-
stant for the formation of the NO and CO adducts of cyto-
chrome a,?" is reported as a function of ligand concentration
(from 7 to 500 um). The cytochrome a,>"-NO adduct is formed
at a rate that is essentially independent of NO concentration
and slightly higher than the average rate of reduction of cyto-
chrome a; in the absence of ligands (¢’ = 16 s, arrowhead).
On the contrary, the rate of formation of the cytochrome
a,2"-CO adduct is slower than the rate of cytochrome a; reduc-
tion and increases with CO concentration. The different behav-
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Fic. 3. Time courses of cytochrome oxidase reduction in the
presence of NO and CO. Time courses at 438 nm (fop panel) and 431
nm (bottom panel) observed after mixing degassed oxidized oxidase (2
UM aas) with 20 mM ascorbate and 1.2 mM ruthenium hexamine in the
presence of NO (solid line) or CO (dashed line). [NO] = [CO] = 125 um
(after mixing). Experimental conditions were as in Fig. 2, except the
light path was 1 cm. At 438 nm there is no contribution from cyto-
chrome a, and only cytochrome a, reduction is monitored. At 431 nm the
rapid absorption decrease reflects cytochrome a reduction, whereas the
slower absorption increase monitors the formation of the NO- or CO
adduct of reduced cytochrome a,.
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Fic. 4. Effect of the concentration of ruthenium hexamine. The
rate constant for the formation of the cytochrome a,?*-NO adduct at
[NO] = 100 uM after mixing is shown (A) as a function of the final
concentration of ruthenium hexamine. The rate constant for the reduc-
tion of cytochrome a over the same concentration range is also shown
(H). Other experimental conditions are as in Fig. 2.

ior can be rationalized on the basis of the different combination
rate constants for the binding of the two ligands to reduced
cytochrome ag.

These findings demonstrate that using fast oxidase prepara-
tions, CO is inadequate to the role of trapping ligand, whereas
NO is definitely suitable.

DISCUSSION

The structure of the active site of cytochrome ¢ oxidase,
including cytochrome a and the (oxygen-binding) binuclear cen-
ter cytochrome a3-Cug, is shown in Fig. 1. Helix X (one of the
transmembrane helices of subunit I) provides ligands to both
cytochrome a (His®*"®) and cytochrome a; (His?"®). Laser pho-
tolysis and flow-flash experiments starting from the CO com-
plexes of bovine oxidase (5-7, 19, 22—25) have shown that the a
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Fic. 5. Effect of the concentration of NO and CO. The rate
constant for the formation of cytochrome a;*>"-NO (O) is essentially
independent of NO concentration (from 7 to 500 uM after mixing); on the
contrary, the formation of cytochrome a,?*-CO (e ) is dependent on CO
concentration. On the left (see arrowhead) the apparent rate constant
for the reduction of cytochrome a; was determined in the absence of
gaseous ligands. Experimental conditions were as in Fig. 2. Continuous
lines are the results of simulations obtained using the kinetic model
described in the text (Scheme 1). Rate constants: &, = 1.5 X 10° M~ * s?
(bimolecular rate constant for cytochrome a reduction by ruthenium

hexamine); k, = 25 s™%; and k_, = 125 s ! (respectively, forward and
reverse rate constants for the a © a, eT); kyo = 1 X 10° M ' 571, and

koo = 8 X 10* M~* s ! (combination rate constants for NO and CO
binding to reduced cytochrome a,, respectively).

< ag eTis very fast (kg > 10° s~ ! and kg > 10* s71). These very
rapid rates (us) are consistent with the short distance between
the two metals (13 A) which are connected via a possible path-
way involving 16 covalent bonds (26). On the other hand, it has
been observed repeatedly (8—10, 13, 27) that the apparent rate
of formation of reduced cytochrome a4, both in the presence and
absence of CO, is considerably slower (0.1 to > 30 s~ ! depend-
ing on experimental conditions). Despite some complexities
caused, for instance, by the fraction of resting and pulsed or
fast enzyme, the apparent rate constant for complete reduction
of the cytochrome as-Cup site was found to correlate under
selected conditions with the turnover number; thus Malatesta
et al. (10) concluded that internal eT to the oxidized binuclear
center is the rate-limiting step in turnover.

To account for the slow reduction of cytochrome a4 starting
with the oxidized enzyme, two different mechanisms have been
proposed. The following simplified scheme may help discussion,

ki ky ks
e —a as—qs"" - X
ko X

SCHEME 1

where e is an electron donor (ruthenium hexamine or cyto-
chrome ¢%2*) and X is a trapping ligand, i.e. a ligand that
stabilizes with sufficiently high affinity the reduced cyto-
chrome a3-Cug center. To single out the rate constant of inter-
nal eT to cytochrome a5 (k,), it is necessary to adjust experi-
mental conditions such that the reaction is driven to the right
and that %,[e”] and k4[X] > %k, and k_, (where all processes
conform to a first order or pseudo-first order rate equation).
Both conditions can be tested increasing the concentration of
e and X.

The alternative mechanisms proposed are as follows.

Kinetic Control—In the oxidized enzyme, the rate of eT from
cytochrome a to cytochrome aj is in the ms time range. If the
reduction of cytochrome a and the binding of the trapping
ligand are sufficiently fast, the reduction of cytochrome a5 will
rate limit the binding of X, making reduction and ligation
synchronous. Under these conditions, the rate of cytochrome a4
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reduction should be independent of the concentration of both
the reductant and the trapping ligand. We have developed (9,
10) an experimental protocol to probe €T to cytochrome a4 by
mixing the oxidized (fast or pulsed) enzyme with a reductant
containing X = NO or CO, known to bind quickly and tightly to
reduced cytochrome ag. In this paper we have shown that the
observed rate constant for the formation of cytochrome
a;"2-NO is independent of the concentration of ruthenium hex-
amine (Fig. 4) and of NO (Fig. 5), implying a rate-limiting
monomolecular process, which we assign to k.

Thermodynamic Control—Verkhovsky et al. (13) have sug-
gested that eT is very fast (us) even in the oxidized enzyme, but
the apparent rate constant for reduction of cytochrome a5 ap-
pears slow because thermodynamics favors reduced cyto-
chrome a. If this holds, only a fraction (=10%) of reduced
cytochrome ag will be populated on a short time scale (at the
rate of cytochrome a reduction); nevertheless this fraction
should be available for combination with a trapping ligand.
Since equilibrium measurements have shown that low pH sta-
bilizes cytochrome a32* (28, 29), Verkhovsky et al. (13) postu-
lated that (i) H* is the trapping ligand X, driving the reaction
in Scheme 1 to the right; and (ii) the rate of diffusion and/or
binding of H* to the reduced site is slow, accounting for the
relatively slow (ms) rate of reduction of cytochrome a5 vis-a-vis
a very rapid (us) eT. Verkhovsky et al. (13) observed that the
pH dependence of the process (already documented by Malat-
esta et al. (10)) was not inconsistent with their hypothesis,
although the apparent rate constant increases at acidic pH by
a factor of only 3/pH unit.

The pH dependence of the redox potential implies that low
pH stabilizes reduced cytochrome a5, without kinetic implica-
tions. Verkhovsky et al. (13) also observed that the time course
of formation of reduced cytochrome a; and of H" dissociation by
phenol red (used as a pH indicator in unbuffered medium) is
synchronous; this observation, however, is consistent with both
mechanisms, since synchrony would be expected also if T per
se was rate-limiting, with reduction of cytochrome a5 coupled to
rapid H* uptake by a redox-linked ionizable group.

In summary, there is substantial agreement about the bare
experimental observation, i.e. that starting from oxidized cyto-
chrome c oxidase, the rate of formation of reduced cytochrome
a5 is in the ms time range even with a large excess of reductant;
nevertheless, two alternative mechanisms have been proposed.
The experiments reported in this paper are consistent with a
kinetic control of internal eT, but they appear difficult to rec-
oncile with the hypothesis that cytochrome a and a4 are in fast
redox equilibrium and that uptake of protons is the rate-limit-
ing step in the reduction of cytochrome a5 (and Cug). The data
in Fig. 5 show that the rate constant for the formation of
cytochrome a,;2"-NO is independent of [NO] over a large range;
this provides unequivocal evidence that NO binding is rate-
limited by a monomolecular process, which we assign to a slow
eT to cytochrome aj, excluding that the two cytochromes are in
very rapid equilibrium in the oxidized enzyme. If a fraction
(=10%) of cytochrome a,;?>" was populated within us after re-
duction of cytochrome a, then the apparent rate constant for
reduction of cytochrome a5 should (i) increase as a hyperbolic
function of [NO] to a plateau represented by the pseudo-first
order rate constant for the reduction of cytochrome a, and (ii)
increase linearly with the reductant concentration at a suffi-
ciently high concentration of NO. As shown above (Figs. 4 and
5), this is not what we observed. In Fig. 5 we also show the CO
concentration dependence of the rate constant for the forma-
tion of the cytochrome a;%*-CO complex. Given the relatively
slow second order rate constant (¢ = 8 X 10*M s 1, (21)), CO
binding lags behind cytochrome a5 reduction, and the forma-
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tion of the cytochrome a,;2"-CO adduct is CO concentration-de-
pendent. Simulations of the kinetic model reported in Scheme
1 predict this behavior and yield an estimate of the equilibrium
constant for the a <> a5 €T (see legend to Fig. 5). Thus both sets
of data are quantitatively consistent with a kinetic control
mechanism. To maintain Verkhovsky’s hypothesis (13), one
should postulate that NO cannot bind to reduced cytochrome a4
unless a H* is already bound at that site; in this case proton
binding and/or diffusion would limit NO binding. This possibil-
ity seems difficult to reconcile with information available on
oxidase and other reduced hemeproteins, keeping in mind that
binding of NO to reduced cytochrome c oxidase is very rapid
indeed, follows bimolecular kinetics, and has a very high affin-
ity (K, = 10° M~ 1).

The three-dimensional structure of cytochrome c¢ oxidase
now available (1-3) may help further discussion and elicit some
speculation. It is intriguing that separate channels for diffusion
of oxygen and protons to the active site have been postulated.
Access of protons to the cavity in between the iron of cyto-
chrome a; and Cug may involve diffusion through pore A
and/or pore B (1); on the other hand, oxygen (and other un-
charged ligands) may have access to the binuclear center pre-
dominantly through yet another proposed channel coated with
hydrophobic side chains (3). Assuming also that NO and CO
preferentially diffuse to the cytochrome a4-Cug center via this
hydrophobic channel, why should binding of NO to reduced
cytochrome a5 be impossible unless a (rate-limiting) proton has
already diffused to this site via a separate channel? This seems
somewhat peculiar given that NO is thermodynamically and
kinetically a very efficient trapping ligand for reduced cyto-
chrome a4, possibly more effective than protons.

In conclusion, the new kinetic data on reduction of cyto-
chrome a5 and NO binding are difficult to reconcile with the
hypothesis that in the oxidized enzyme cytochrome @ and a5 are
in very fast (us) redox equilibrium and that H* diffusion and/or
binding to the reduced binuclear site is the unique rate-limiting
step in the buildup of reduced cytochrome a5. Our hypothesis is
that starting from the oxidized enzyme, internal eT to cyto-
chrome a4 is slow (ms) and rate limiting the turnover (10), and
only starting from the reduced configuration of the binuclear
center (with or without a bound ligand) is internal eT very
rapid (us). This difference may be rationalized if the introduc-
tion of electrons into the cytochrome a3-Cug binuclear site was
associated with a local structural changes, resulting in a high
reorganizational energy term.

Insofar as we have established that in the oxidized enzyme
internal eT is not in the us time range, we should attempt to
reconcile this finding with the structure. The reorganizational
energy term in the Marcus theory (see Ref. 30) is known to
affect eT at fixed D-A distance as discussed by Gray and
Malmstrom (31) and Brzezinski (32); a large reorganizational
energy associated with eT to the cytochrome a3-Cug center is
expected to slow down eT considerably. As suggested before
(12, 26), a slow eT may be accounted for if the coordination of
cytochrome a4 was different in the two oxidation states; that
was just an example among other possible mechanisms, having
in common a reorganization of the electron-accepting site.
Given that pH controls the redox potential of cytochrome aq
(28, 29) and that transient H" uptake has been observed syn-
chronous with eT (13, 29, 32, 33), it is possible that such a
structural change may involve protons. Understanding the
structural basis of the reorganizational energy term associated
with eT to cytochrome as-Cupg remains an open question, and
possibly kinetic experiments with mutants of the proton chan-
nels and higher resolution crystallographic data of the unli-
gated oxidized and the reduced enzymes may help our under-
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anding of this crucial mechanistic feature, which we believe
be general for all terminal oxidases.

Acknowledgments—We thank Prof. M. T. Wilson (Colchester, U. K.)

for stimulating discussions and Prof. G. Buse (Aachen, Germany) for
collaboration in setting up the preparation of the fast enzyme. We also

ex

press our thanks to Dr. Eric Henry for stimulating discussions about

simulations of kinetic models.

o

10.

11.

REFERENCES

. Iwata, S., Ostermeier, C., Ludwig, B., and Michel, H. (1995) Nature 376,
660-669

. Tsukihara, T., Aoyama, H., Yamashita, E., Tomikazi, T., Yamaguchi, H.,
Shinzawa-Itoh, K., Nakashima, R., Yaono, R., and Yoshikawa, S. (1995)
Science 269, 1069-1074

. Tsukihara, T., Aoyama, H., Yamashita, E., Tomikazi, T., Yamaguchi, H.,
Shinzawa-Itoh, K., Nakashima, R., Yaono, R., and Yoshikawa, S. (1996)
Science 272, 1136-1144

. Hosler, J. P., Ferguson-Miller, S., Calhoun, M. W., Thomas, J. W., Hill, J.,
Lemieux, L., Ma, J., Georgiou, C., Fetter, J., Shapleigh, J., Teclenburg,
M. M. J., Babcock, G. T., and Gennis, R. B. (1993) J. Bioenerg. Biomembr.
25, 121-135

. Han, S., Ching, Y., and Rousseau, D. (1990) Proc. Natl. Acad. Sci U. S. A. 87,
2491-2495

. Oliveberg, M., and Malmstrom, B. G. (1991) Biochemistry 30, 7053-7057

. Verkhovsky, M. I., Morgan, J. E., and Wikstréom, M. (1994) Biochemistry 33,
3079-3086

. Antalis, T. M., and Palmer, G. (1982) JJ. Biol. Chem. 257, 6194—6206

. Sarti, P., Antonini, G., Malatesta, F., Vallone, B., and Brunori, M. (1988) Ann.

N.Y. Acad. Sci. 550, 161-166
Malatesta, F., Sarti, P., Antonini, G., Vallone, B., and Brunori, M. (1990) Proc.
Natl. Acad. Sci U. S. A. 87, 7410-7413
Malatesta, F., Antonini, G., Sarti, P., and Brunori, M. (1995) Biophys. Chem.

12

13.

14.

16.

17.

19.

20.

21.
22.

23.
24.

25.

Internal Electron Transfer in Oxidase

54, 1-33
. Brunori, M., Antonini, G., Giuffre, A., Malatesta, F., Nicoletti, F., Sarti, P., and
Wilson, M. T. (1994) FEBS Lett. 350, 164-168
Verkhovsky, M. 1., Morgan, J. E., and Wikstrom, M. (1995) Biochemistry 34,
7483-7491
Soulimane, T., and Buse, G. (1995) Eur. J. Biochem. 227, 588-595
. Baker, G. M., Noguchi, M., and Palmer, G. (1987) J. Biol. Chem. 262, 595—-604
Antonini, E., Brunori, M., Colosimo, A., Greenwood, C., and Wilson, M. T.
(1977) Proc. Natl. Acad. Sci. U. S. A. 74, 3128-3132
Henry, E., and Hofrichter, J. (1992) Methods Enzymol. 210, 129-192
. Scott, R. A., and Gray, H. B. (1980) J. Am. Chem. Soc. 102, 3219-3224
Blackmore, R. S., Greenwood, C., and Gibson, Q. H. (1991) J. Biol. Chem. 266,
19245-19249
Giuffre, A., Sarti, P., D’Itri, E., Buse, G., Soulimane, T., and Brunori, M. (1996)
oJ. Biol. Chem. 271, 33404-33408
Gibson, Q. H., and Greenwood, C. (1963) Biochem. J. 86, 541-555
Verkhovsky, M. 1., Morgan, J. E., and Wikstrom, M. (1992) Biochemistry 31,
11860-11863
Einarsdéttir, O. (1995) Biochim. Biophys. Acta 1229, 129-147
Hill, B. C., Greenwood, C., and Nicholls, P. (1986) Biochim. Biophys. Acta 853,
91-113
Oliveberg, M., Brzezinski, P., and Malmstrom, B. G. (1989) Biochim. Biophys.
Acta 977, 322-328
. Woodruff, W. H. (1993) J. Bioenerg. Biomembr. 25, 177-188
. Gibson, Q. H., Greenwood, C., Wharton, D. C., and Palmer, G. (1965) J. Biol.
Chem, 240, 888—894
. Blair, D. F., Ellis, W. R., Jr., Wang, H., Gray, H. B, and Chan, S. I. (1986)
J. Biol. Chem. 261, 11524-11537
. Mitchell, R., and Rich, P. R. (1994) Biochim. Biophys. Acta 1186, 19-26
. Marcus, R. A., and Sutin, N. (1985) Biochim. Biophys. Acta 811, 265-322
. Gray, H. B., and Malmstrém, B. G. (1989) Biochemistry 28, 7459-7505
. Brzezinski, P. (1996) Biochemistry 35, 5611-5615
. Oliveberg, M., Hallén, S., Nillson, T. (1991) Biochemistry 30, 436—440

6702 ‘22 1udy uo 158nB Aq /610°0q ['mmany/:dny wouy pepeojumoq


http://www.jbc.org/

Internal Electron Transfer in Cu-Heme Oxidasess THERM ODYNAMIC OR
KINETIC CONTROL?
Maurizio Brunori, Alessandro Giuffre, Emilio D'ltri and Paolo Sarti

J. Biol. Chem. 1997, 272:19870-19874.
doi: 10.1074/jbc.272.32.19870

Access the most updated version of this article at http://www.jbc.org/content/272/32/19870

Alerts:
* When this article is cited
« When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 33 references, 12 of which can be accessed free at
http://www.jbc.org/content/272/32/19870.full.html#ref-list-1

6702 ‘22 1udy uo 158nB Aq /610°0q ['mmany/:dny wouy pepeojumoq


http://www.jbc.org/content/272/32/19870
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;272/32/19870&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/272/32/19870
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=272/32/19870&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/272/32/19870
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/272/32/19870.full.html#ref-list-1
http://www.jbc.org/

