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Cytochrome c oxidase catalyzes the reduction of oxy-
gen to water. This process is accompanied by the vecto-
rial transport of protons across the mitochondrial or
bacterial membrane (“proton pumping”). The mecha-
nism of proton pumping is still a matter of debate. Many
proposed mechanisms require structural changes dur-
ing the reaction cycle of cytochrome ¢ oxidase. There-
fore, the structure of the cytochrome ¢ oxidase was de-
termined in the completely oxidized and in the
completely reduced states at a temperature of 100 K. No
ligand exchanges or other major structural changes
upon reduction of the cytochrome ¢ oxidase from Para-
coccus denitrificans were observed. The three histidine
Cug ligands are well defined in the oxidized and in the
reduced states. These results are hardly compatible
with the “histidine cycle” mechanisms formulated
previously.

Cytochrome ¢ oxidase (EC 1.9.3.1) is the terminal enzyme in
the respiratory chains of mitochondria and many aerobic bac-
teria (see for reviews Refs. 1 and 2). It catalyzes the electron
transfer from cytochrome ¢ to molecular oxygen and forms
water as the product of the reaction. The free energy of this
electron transfer reactions is used to generate an electrochem-
ical proton gradient, which drives protons back through the
ATP synthases across the membrane, a process that is coupled
to the generation of ATP. A total of eight charges is translo-
cated across the membrane per reduced dioxygen. Because the
protons needed for water formation and the electrons donated
by cytochrome ¢ are taken up from opposite sides of the mem-
brane, a pH and an electric field difference are generated. In
addition, the cytochrome c oxidase translocates (“pumps”) up to
four protons per oxygen molecule across the membrane,
thereby enhancing the yield of energy conservation. Since the
discovery that the cytochrome ¢ oxidase is a proton pump (3),
the molecular mechanism of proton pumping has remained
unclear.

Two fundamentally different types of mechanisms are usu-
ally discussed: direct mechanisms in which the redox chemistry
is associated with small changes occurring very close to the
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binuclear center, and indirect mechanisms where the coupling
is achieved by major conformational changes in the protein.
Many research groups favor a directly coupled proton pump
mechanism in combination with a gating element because the
energy for the proton pumping is generated by oxygen reduc-
tion, which takes place in the binuclear center, the character-
istic feature of the heme-copper-containing terminal oxidase
superfamily (4). Previously proposed gating mechanisms in-
volve protonation and ligand exchanges on heme a; (5), be-
tween heme a5 and Cug (6), and on Cug (the “histidine cycle”,
Refs. 7 and 8).

The antibody F, fragment-mediated crystallization of the
bacterial cytochrome ¢ oxidase from Paracoccus denitrificans
(9) allowed to determine its structure in two forms, containing
either four or two subunits (10;11). Because there was no
electron density for the Cug ligand His-325 in the oxidized,
azide-treated enzyme, Iwata et al. (10) adapted the “histidine
cycle” on the grounds of possible multiple conformations of this
ligand and two different proton access routes, maintaining
strict electroneutrality for the redox changes around the binu-
clear center (12).

In order to test the “histidine cycle” mechanism and other
proposed gating mechanisms, the structure of the cytochrome ¢
oxidase from P. denitrificans was determined at a temperature
of 100 K for the azide-free, completely oxidized, and completely
reduced states.

MATERIALS AND METHODS

Protein Preparation and Crystallization—The cytochrome ¢ oxidase
from P. denitrificans complexed with the antibody F, fragment
TE2C50S was isolated according to Kleymann et al. (13). A subsequent
high performance liquid chromatography gel filtration was performed
on a TSK 3000 column (60 cm X 0.7 cm; TosoHaas, Montgomeryville,
PA) in the presence of 10 mm Tris/HCI (pH 7.2), 20 mm NaCl, 0.03%
dodecyl-B-pD-maltoside to remove the excess of the F, fragment. The
cytochrome ¢ oxidase-containing fractions were concentrated up to
20-30 mg/ml using Centriprep concentrators (cut-off 50 kDa; Amicon).
Co-crystallization of the cytochrome ¢ oxidase with the antibody frag-
ment was performed at 14 °C using the sitting drop vapor diffusion
technique with a reservoir solution of 400 mM ammonium acetate (pH
8.0), 7% dimethyl sulfoxide (Me,SO), and 10-14% polyethylene glycol
2000 monomethylether according to Ostermeier et al. (9). For recording
optical spectra, the crystals were grown on non-siliconized cover slides
in order to fix them by adhesion onto the glass surface.

Measurement of Single Crystal Absorbance Spectra—Optical absorb-
ance spectra of crystals fixed onto glass surfaces were recorded with a
single crystal microscope-photometer (Zeiss Microscope UEM, Photom-
eter 03) controlled by A-Scan software package (Zeiss) (14). The crystals
on the glass cover slides were mounted in airtight home-built flow cells
filled with the mother liquor (220 mM ammonium acetate, 60 mm
Tris/HCI, 60 mm NaCl, 7% Me,SO, 0.03% dodecyl-B-D-maltoside, and
12% polyethylene glycol 2000 monomethylether (pH 8.0)). They were
reduced by exchanging the filling of the flow cell with mother liquor
plus 2 mMm sodium dithionite. A reference spectrum was recorded with
mother liquor next to the crystal.

X-ray Data Collection—For x-ray data collection, the crystals were
transferred into 220 mM ammonium acetate (pH 8.0), 60 mMm Tris/HCl
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TABLE I
Data collection and refinement statistics
Redox state Oxidized Reduced
Data collection and processing

Unit cell dimensions

a(A) 204.7 206.5

b (@A) 204.7 206.5

c(A) 80.4 81.4

a, B, v (°) 90, 90, 90 90, 90, 90
Space group P4 P4
Number of reflections 165,650 120,987
Unique data_ 64,653 48,955
Resolution (A) 3 3.3
I/a(I) 9.6 10.5
Completeness (%) 95.2 94.1
R erge (%) 11.5 10.5

Refinement

No. of protein atoms 10,529 10,529
No. of cofactor atoms® 123 123
No. of lipid atoms® 108 108
Ryt (%) 23.5 23.6
Rioo (%) 30.1 29.3
rms deviations from ideal
geometry? .

Bond length (A) 0.012 0.009

Bond angles (°) 1.6 14

Dihedral angles (°) 23.8 23.8

Improper angles (°) 1.5 1.4
“Roperge = 2 2ilI(h) — <I(h) >|/ 3, 3, I,(h).

® Cofactor atoms include all heme and bound metal atoms; lipid
atoms include the atoms of the two bound phosphatidyl choline mole-
cules.

Reryse = 25 || Fopsl = B | Foaic| [ /2, | Fop,e|- The free R-factor (Ry) (30)
was calculated for a “test” set of reflections (5%), which were not
included in atomic refinement.

< With respect to Engh and Huber parameters (18). rms, root mean
square.

(pH 8.0), 60 mm NaCl, 7% Me,SO, 0.03% dodecyl-B-pD-maltoside, 12%
polyethylene glycol 2000 monomethylether, and 25% glycerol as cryo-
buffer. The glycerol concentration was raised in 5% steps. The crystals
were frozen in liquid propane at liquid nitrogen temperatures. During
data collection the crystals were cooled at 100 K using a cryostream
(Oxford Cryosystems). In the case of oxidized crystals, 2 mM potassium
hexacyanoferrate (III) was added to all buffers. In order to reduce the
crystals, sodium dithionite was added to the cryo-buffer to a final
concentration of 5 mM. After 10 min of incubation, the completely
reduced crystals were frozen as described.

X-ray diffraction data were collected at the high brilliance beamline
ID02 (ESRF, Grenoble, France) with a MAR imaging plate detector in
frames of 0.7° through a continuous angular range of 90°. All diffraction
data were processed and scaled with the programs DENZO/SCALE-
PACK (15) and TRUNCATE from the CCP4 program suite (16). Data
collection is summarized in Table I.

Model Refinement—The two cryo-structures of the cytochrome ¢ ox-
idase (completely oxidized and completely reduced) were refined with
CNS 0.3 (17) using the room-temperature structure of the cytochrome ¢
oxidase (10) as a starting model. In the early stages slow cool energy
minimization protocols were performed, while in the final stages only
positional and grouped B-factor refinement were employed. The force
constants derived by Engh and Huber (18) were used as geometrical
restraints. A bulk solvent correction and an overall anisotropic temper-
ature factor were applied. o,-weighted 2F, — F, and F, — F, electron
density maps were calculated with CNS 0.3 (17). For the critical parts
of the model, simulated annealing omit electron density maps were
generated (19). Model building and inspection of the electron density
maps were done using O (20). The overall stereochemical quality of the
structure was analyzed using PROCHECK (21), WHAT-CHECK (22),
and CNS. The refinement and quality of the final models are summa-
rized in Table I.

RESULTS

Single Crystal Absorbance Spectra—Spectral measurements
with single crystals of the cytochrome ¢ oxidase show that the
enzyme is completely oxidized under the crystallization condi-
tions (Fig. 1). After addition of sodium dithionite, a complete
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reduction is observed immediately (Fig. 1). Carbon monoxide
binds after reduction to heme a5 as expected.

There is no difference between the optical spectra of the
oxidized and of the reduced cytochrome ¢ oxidase in the crystals
and spectra of the same species in solution.

Structure of the Binuclear Center—Simulated annealing
omit electron density maps (19) were calculated for the binu-
clear center in order to reduce the model bias (Fig. 2). The three
histidine ligands of Cup (His-276, His-325, His-326) can be
detected clearly in the completely oxidized and in the com-
pletely reduced state. In contrast, in the structure determined
at 18 °C of the oxidized, azide-treated enzyme, no electron
density for the ligand His-325 had been observed beyond Cj. As
observed for the ligands of Cug, the ligand of heme a3, His-411,
does not change its conformation upon reduction. The distance
between the heme a iron and Cug is 5.2 A in all structures and
therefore appears to be independent of the redox state.

The continuous electron density between Cup and the heme
a5 iron observed in the two-subunit cytochrome ¢ oxidase from
P. denitrificans (11) is also visible in the oxidized cryo-struc-
ture of the entire enzyme presented here. In the structure of
the completely reduced cytochrome ¢ oxidase, this electron
density is missing.

Redox-coupled Conformational Changes in Other Parts of the
Protein—At the present resolution, no conformational changes
could be detected in the protein moiety. Helix movements or
loop rearrangements can be excluded with certainty. The root
mean square difference of the C_-positions of the oxidized and
the reduced subunit I is 0.37 A, and within the range of the
expected statistical error. In addition significant conforma-
tional changes cannot be observed around the other metal
centers (Cu,, heme a, Mg?*/Mn?" binding site, and the pro-
posed Ca?" binding site (Ref. 11)).

DISCUSSION

The mechanism of coupling between electron transfer and
proton pumping in cytochrome ¢ oxidases is a subject of intense
studies. The missing electron density for the Cug ligand His-
325 in the oxidized, azide-treated cytochrome c oxidase from P.
denitrificans (10) can be interpreted in two different ways; (a)
the treatment of the enzyme with azide results in a ligand
displacement on Cug, or (b) the crystals are partially reduced
by free electrons and radicals produced by the x-rays during
data collection. Both interpretations indicate a possible struc-
tural flexibility of this Cugy ligand. On the basis of possible
multiple orientations for the ligand His-325, the “histidine
cycle” (7) was adapted by Iwata et al. (10). It predicts that one
histidine ligand is not a Cug ligand anymore in the completely
reduced state. This prediction was tested by the use of cryo-
crystallography. Care was taken that the x-ray data were col-
lected on defined redox states. At a temperature of 100 K,
structural changes following the possible reduction of the oxi-
dized cytochrome c oxidase by radicals and free electrons pro-
duced by the x-rays can be prevented. As a second advantage,
the reduced enzyme does not react with oxygen and therefore
the reduced state can be studied easily. Because only very
small crystals can be frozen without drastic lost of crystal
quality, the effective resolution is slightly lower than that of
the non-frozen crystals (10). The quality of the synchrotron
beam must be very high to enable data collection. For the
measurements using frozen cytochrome c oxidase crystals, the
availability of the high brilliance beamline at the European
Synchrotron Radiation Facility (Grenoble, France) was abso-
lutely necessary.

In order to show that the experimental procedures resulted
in the expected redox states and that these are not influenced
by the crystal lattice of cytochrome ¢ oxidase, optical absorb-
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Fic. 1. Single crystal microspectrophotometry of air oxidized (thick solid curve), dithionite reduced (¢hin solid curve), and
reduced carbon monoxide-treated (dashed curve) cytochrome ¢ oxidase crystals from P. denitrificans. A shows the absolute spectra
and B the difference spectra between dithionite reduced and air oxidized crystals.
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Fic. 2. Simulated annealing omit electron density maps (19) of
Cug and the three histidine ligands (counter level 1 o) for the
oxidized cytochrome ¢ oxidase measured at 100 K (A) and the
dithionite reduced cytochrome ¢ oxidase measured at 100 K (B).
The electron density maps are superimposed on the refined models.

ance spectra were recorded with a single crystal microscope-
photometer. The spectra of the cytochrome ¢ oxidase crystals do
not differ from the spectra of the enzyme in solution. The
cytochrome c oxidase in the crystals can be reduced and binds
carbon monoxide after reduction. It is therefore unlikely that
the crystal contacts between adjacent molecules inhibit large
domain or helix movements.

One would expect reduction of the metal centers to induce
structural changes coupled to proton pumping. However, sig-
nificant structural differences between the completely oxidized
and completely reduced cytochrome ¢ oxidase could not be
observed at the given resolution. Although high resolution x-
ray data could not be collected, the crystallographic measure-
ments show that no ligand exchange occurs at the binuclear
center. All three Cug ligands are well defined in the completely
oxidized and completely reduced states. This observation is in
agreement with recent extended X-ray absorption fine struc-
ture data, which describe only minor changes at Cug of the
ubiquinol oxidase from Escherichia coli upon reduction (23),
whereas the structural changes observed upon ligation with
carbon monoxide (23) are hardly compatible with earlier x-ray
crystallographic data observed with the bovine heart mitochon-
drial cytochrome c¢ oxidase (24). Additionally, the histidine
heme a5 ligand does not change its conformation in a redox-de-
pendent manner. An exchange with a nearby tyrosine residue
has already been ruled out by mutagenesis experiments (25).
These results are clearly not compatible with the proposed
pumping mechanisms, which postulate ligand exchanges at
heme a5 (5), between heme a5 and Cug (6), and at Cug (the
“histidine cycle”; Ref. 7).

An indirect mechanism associated with major conforma-
tional changes in the protein can also be excluded for this
bacterial cytochrome ¢ oxidase, because no backbone move-

ments occur in the protein moiety. Such a movement has been
described for the bovine heart cytochrome ¢ oxidase affecting a
loop in subunit I around the residue Asp-51 (24). However, this
loop facing the cytoplasm is not conserved in the cytochrome ¢
oxidase from P. denitrificans. It is only found in cytochrome ¢
oxidases of animals. Therefore, it cannot be part of a general
mechanism, which must be expected due to the remarkable
structural conservation of the key features of this enzyme
(10;11;26). Redox structural changes, apart from the movement
of this non conserved surface loop, are not described for the
bovine heart cytochrome c oxidase (24). The most likely expla-
nation for the structural change around Asp-51 observed upon
reduction of the bovine cytochrome c¢ oxidase is the following;
Asp-51is deprotonated in the oxidized enzyme, and its negative
charge is stabilized by the three hydrogen bonds observed with
the carboxylate group as acceptor. Upon reduction of Cuy,
which is only 6.7 A away from this carboxylate group, Asp-51
will be electrostatically repelled from the electron on Cu,, and
assumes its new position further away from Cuy,.

Mechanisms, which involve structural changes of cyto-
chrome ¢ oxidases upon reduction, are not compatible with the
results of the crystallographic studies, on both the bacterial
and the mammalian enzyme. The existence of large volume
changes upon reduction postulated on the basis of dilatometry
measurements (27) is not observed for the bacterial and mam-
malian enzymes in the crystallographic studies.

Not only the structure but also the static behavior upon
reduction seem to be conserved among the cytochrome ¢ oxi-
dases. This feature makes it inevitable that we consider new
mechanisms for the coupling between electron transfer and
proton pumping which do not involve ligand exchanges or ma-
jor conformational changes. A new detailed mechanism (28)
has been suggested on the basis of the structure and electro-
static calculations (29), proposing that the interplay of the
conserved residue Glu-278 with the propionates of the two
hemes is sufficient for the proton pumping across the mem-
brane and there is no need for exchanging protonatable metal
ligands. In this mechanism protons are taken up from the inner
side to balance the charge of the electron. These protons are
stored around the heme propionates, and electrostatically re-
pelled and thus pumped by protons approaching the catalytic
site in line with Rich’s electroneutrality principle (12).
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