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Abstract

Following hints from X-ray data~Ostermeier C et al., 1997,Proc Natl Acad Sci USA 94:10547–10553; Yoshikawa S
et al., 1998,Science 280:1723–1729!, chemical evidence is presented from four distantly related cytochrome-c oxidases
for the existence of a copperB-coordinated His240–Tyr244! cross-link at the O2-activating Heme Fea3–CuB center in the
catalytic subunit I of the enzyme. The early evolutionary invention of this unusual structure may have prevented
demaging•OH-radical release at e2-transfer to dioxygen and thus have enabled O2 respiration.
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Cytochromec oxidase@EC.1.9.3.1# is the main enzyme in the
animated world for the respiration of dioxygen. The enzyme is
located in the inner membrane of mitochondria in eucaryotes and
in the plasma membrane of aerobic bacteria. It catalyzes the re-
duction of dioxygen according to the equation:

4 Cyt-cFe21 1 ~4 1 n!H i
1 1 O2 5 4 Cyt-cFe31 1 nHo

1 1 2H2O

~1!

where Hi
1 and Ho

2 represent protons at the inner and outer sides of
the membrane~Babcock & Wikström, 1992; Rich, 1995!. The
exergonic O2-reaction thus enables a vectorial consumption and
outward pumping of H1, thereby contributing to the electrochem-
ical potential over the membrane that is mainly consumed for ATP
synthesis.

Subunit I of the oligomeric enzyme~complex IV of the respi-
ratory chain! contains an electron transferring heme and the cata-
lytic hemea3–CuB center invariably coordinated to a set of six
histidine residues of the protein~Ferguson-Miller & Babcock, 1996!.
Part of the reaction at this center is the activation of dioxygen
according to the equation:

4e2 1 4H1 1 O2 5 2H2O ~2!

with the inherent difficulty of successively transferring electrons
and protons to dioxygen without release of the dangerous super-

oxide anion radical•O2
2, the peroxide O222 and especially the

extremely poisonous hydroxyl radical•OH from the peroxide split.
Structural and functional knowledge about the mitochondrial

and bacterial oxidases has accumulated during the last decades,
and was recently confirmed by two high resolution X-ray struc-
tures obtained from a mitochondrial~Tsukihara et al., 1995! and a
bacterial~Iwata et al., 1995! enzyme. The necessary primary struc-
tures for these X-ray models had been obtained either from the
proteins, mostly by our group~Buse et al., 1987! or deduced from
the genes~Anderson et al., 1982; Van der Oost et al., 1991!. Es-
pecially for the large 57- to 66-kDa subunits I there exists no
complete protein sequence~Hensel & Buse, 1990!.

Although both originally published X-ray structures do not show
unusual aspects concerning the active center, S. Yoshikawa, at the
1997 Gordon Research Conference, presented a 2.3 Å refinement
of the bovine enzyme with the copper complexing His240 and
invariant Tyr244 side chains approached to a distance of a covalent
bridge between the imidazol NE2 and the CE2 of the phenol ring
~Yoshikawa et al., 1998!. Also, H. Michel and coworkers, on re-
fining the structure of theParacoccusenzyme, found the observed
electron density to be in better agreement with a covalent cross-
link ~Ostermeier et al., 1997!. Because, however, from the X-ray
data a decision of this question was not possible, both authors
demanded a protein chemical analysis of this unusual structure.

We have used the 13-subunit bovine and the 2-subunitPara-
coccus denitrificans aa3–cytochrome-c oxidases and thecaa3–
andba3–cytochrome-c oxidases fromThermus thermophilus, two
two-subunit enzymes, where cytochrome-c0subunit II and subunit
I0III are expressed as fused proteins and hemeb substitutes heme
a, respectively~Buse et al., 1989; Keightley et al., 1995! for this
analysis.
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Results

To study the situation we have modeled the active site under the
assumption of an existing covalent bridge on the basis of the
published 2.8 Å coordinates~Tsukihara et al., 1996! without chang-
ing the positions of the hemea3–iron, the copperB, and the mem-
brane helix VI. The modeling shows that the copperB must be
Nd-coordinated at His240; the imidazol NE then fits to the CE of
the Tyr244 phenol only. Another requirement for the covalent bridge
is Pro241, which introduces a slight distortion of the membrane
helix enabling the His240 and Tyr244 side chains to contact
~Fig. 1!. The model displays a distance of 5.6 Å between the
oxygen of the tyrosine–OH and the hemea3 iron, suitable for
interacting with a peroxy intermediate at the hemea3–iron. This
intermediate has been identified in the catalytic cycle of the en-
zyme~Wikström, 1989; Babcock & Wikström, 1992!; however, it
cannot be identified from the X-ray data at the present resolution.

To reach at the sequence positions His240 and Tyr244~bovine
numbering! in the middle of the 514 to 594 residues polypeptides,
we used a limited acid hydrolysis of the sensitive Asp227–Pro228
bond, which is invariably positioned 13 residues N-terminal of
His240 in the four polypeptides~see also Fig. 5 below!. In the case
of the bovine,ParacoccusandThermus caa3–enzymes, the limited
proteolytic cleavage resulted mainly in large fragments of the poly-
peptides having N-terminal proline because the subunits are
N-terminally blocked. The fragments could easily be separated and
sequenced. In theThermus ba3 subunit I~Keightley et al., 1995!,
a second site at residues Asp269–Pro270 of the chain is cleaved as
well, resulting in a 42-residue peptide that covers the sequence in
question, and could be purified in nmol amounts by reversed phase
HPLC ~Fig. 2!.

Sequencing of the C-terminal halve fragments of the bovine,
Paracoccus, and Thermus caa3 subunit I starting from Pro228
showed in all cases clearly the expected amino acid sequences~see
Fig. 5! with gaps, i.e., no new phenylthiohydantoin~PTH!–amino
acids emerging at cycles 13 and 17 of the sequences. Neither
histidine nor tyrosine or any other amino acid could be identified
in the corresponding positions; all other residues of this segment
were clearly identified as deduced from the gene sequences.

Fig. 1. The covalent histidine–tyrosine bond brings the tyrosine–OH in proper position~Fea O distance 5.6 Å! for reacting with the
Fea3–peroxy intermediate~P, not visible! identified in the catalytic cycle of the oxidase~Babcock & Wikström, 1992!. Modeling has
been performed on the basis of the published X-ray structure~Tsukihara et al., 1996! with the program “Ribbons”~Carson, 1991!.

Norm.

42-peptide

min

Fig. 2. Purification by rpHPLC of the 42-residue fragment obtained from
limited proteolytic cleavage at Asp–Pro peptide bonds of theThermus–ba3

oxidase subunit I.
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In the case of the 42-residueThermus ba3 subunit I fragments
from the reduced and the oxidized enzyme, we performed se-
quence runs with up to 4 nmol of the peptide. Although the in-
strument is normally used with low pmol amounts, we obtained the
deduced sequences, but no PTH–histidine or PTH–tyrosine at cy-
cles 13 and 17 emerged, respectively. The protein sequence con-
firmed isoleucine in the bovine homologue position Glu242, a
functionally important amino acid exchange as compared to the
proton pumping bovine andParacoccusoxidases~Fig. 3!.

The purified 42-residueThermus ba3–peptide was used for a
mass determination with an electrospray mass spectrometer that
can safely discriminate two mass units in a molecular mass of
about 5,000 Da~Fig. 4!. The average mass of the peptide is 4,816.76
Da, calculated from the deduced sequence. The molecular weight
of the peptide was determined from the masses observed for the
peptide in the charge states 4, 5, 6, and its formyl derivatives. All
in all, 18 masses were averaged to the mass of 4,814.86 0.4 Da
as expected if a covalent bond has removed 2H. A peptide frag-
mentation spectrum was recorded by the ion selection of the
@M1MH# 41-ion with the m0z value 1,204.8. The fragmentation
pattern verifies the sequence of the peptide and due to the double
chargedb-ion series the mass shift of 2 Da was localized in the 17
N-terminal amino acids~228–244! containing His240 and Tyr244
of this 42 amino acid’s long peptide. The mass spectrum shows no
evidence for the presence of any other peptide. In agreement with
the data from protein sequencing, the existence of a 4,816.8 Da
species, i.e., a peptide without cross-linked His240 and Tyr244
residues, is thus excluded.

We understand these results as:~1! Evidence for the existence of
a covalent His240–Tyr244 cross-link in the oxygen-reducing cen-
ter of this enzyme family.~2! Evidence against a formation and
opening of the bond in the catalytic cycle, because both the oxi-
dized and the reduced enzyme preparation contain the cross-link.
~3! An indication that this structure is important for the catalytic
oxygen activating mechanism itself, i.e., reaction Equation 2, be-
cause the covalently fixed tyrosine side chain may be unsuitable
for gating H1-transferring conformational energy of a proton pump.
~4! As evidence against an artefact resulting from the high-energy
X-ray treatment of the crystals in the presence of O2, copper, iron,

and the susceptible histidine and tyrosine side chains, because
active preparations also contain nothing other than the cross-linked
species.

The covalent N–C bond, as shown in Figure 1, should be more
stable against acid hydrolysis than a peptide bond. Correspond-
ingly, we have discovered a small unknown peak in the amino acid
analyses of subunits I running behind the normal histidine in the
cation exchange separation~not shown!. This species copurifies
with amino acid analyses of the 4,814 Da~42 residues! peptide and
is absent in other amino acid analyses, for example, of subunits II
or subunits III of the oxidases. We have seen a mass signal at 568
Da in the eluate of the 17. sequencing cycle of the 42-residue
peptide that may correspond to bis-PTH-His-Tyr, and a mass signal
at 334 Da in the amino acid hydrolysates of the peptide and subunit
I that would correspond to the His0Tyr product. These signals are,
however, not of similar significance as those of the 42-residue
peptide itself, because there is a vast array of signals in the lowMr

range of the mass spectra.

Discussion

To our knowledge, a covalent copper-coordinated His–Tyr cross-
link has so far not been described in biochemistry. However, a few
covalently modified tyrosine residues have been found especially
in copper proteins, for instance, a Cys–Tyr linkage in the active
site of galactose oxidase~Ito et al., 1994! and a 2,4,5-trihydroxy-
phenylalanine quinone in amine oxidase~Parsons et al., 1995!.
Nothing is known about the synthesis of the His–Tyr cross-link in
cytochrome-c oxidase. We consider the possibility of a nonenzy-
matic formation by oxygen radical mechanisms in the presence of
the electron-donating metals of the biosynthesized enzyme. The
imidazol and phenol rings of histidine and tyrosine are among the
most susceptible side chains for radical reactions of the protein
amino acids~Davies et al., 1987!. The enzyme thus may activate
itself. Experiments are in progress to show whether in a synthetic
peptide the cross-link can be formed under oxygen radical condi-
tions in the presence of iron and copper ions.

The existence of the His–Tyr cross-link in the catalytic center of
the enzyme must be meaningful. According to sequence align-

Fig. 3. Amino acid sequence at the covalent His–Tyr cross-link shows the gene-deduced sequences but no~PTH-! histidine and
tyrosine at cycles 13 and 17, respectively, of the peptide. The chromatogram of the previous cycle has been subtracted from the actual
using the Knauer “WinSeq” Program.
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ments, the -His-Pro-x-Val-Tyr- motif is present in all cytochromec
and quinol oxidases of eucaryotes~mitochondria!, eubacteria, and
archaea, respectively. It is, however, not found in the very distantly
related so-called fixN terminal heme, copper oxidases, which are
expressed during nitrogen fixation in root nodules~Preisig et al.,
1993!. The catalytic subunit of NO-reductase@EC.1.7.99.7# is ho-
mologous to subunit I of cytochrome oxidase, and contains the
canonical histidine residues in place for coordination of two heme
irons and a copper~Zumft, 1993!. However, nonheme iron has
been found instead of copperB, and the Pro241 and Tyr244 ho-
mologous positions are occupied by other residues. Figure 5 shows
the sequences around the membrane helix VI of subunit I of the
four distantly related cytochrome-c oxidases in which the bridging
structure has been found aligned to one fixN oxidase and one
NO-reductase. Irrespective of probably different mechanisms of
energy conservation~Musser & Chan, 1998; Kannt et al., 1998!,
all members of the respiratory oxidases including those phylo-
genetically reaching back to the thermophilic era~Stetter, 1996;
Deckert et al., 1998! seem to contain this structure, which first may
have enabled O2 depoisoning reactions and later achieved its mean-
ing for energy conserving respiration.

We suggest that the electron-donating properties of the con-
nected conjugated ring system~Fig. 6! depend on the oxidation
state of the imidazol Nd-coordinated copperB. The tyrosine–OH
then may transfer a hydrogen atom to the terminal oxygen of the
peroxy compound~P! ~Wikström, 1989! in the catalytic cycle,
induce its cleavage by formation of a OH-–ion, preventing•OH
radical formation. The electron gap at the conjugated ring system
can be filled from the copperB, and a proton can be accepted to
complete the phenol. The immediate advantage of this mechanism
would be that a separatee2, H1 transfer does not occur at a
released but at a bound oxygen atom, and thus cannot liberate•OH
radicals.

The existence of this structure in the active site of cytochrome
oxidase gives a new basis for the interpretation and reinvestigation
of spectroscopic and kinetic data that may help to understand the
enzyme’s catalytic mechanism~Proshlyakov et al., 1998!.

Fig. 4. Mass spectrum of the 42-residue fragment from subunit I ofThermus th. ba3–oxidase. The molecular weight of 4,814.8 Da for
the cross-linked His240–Tyr244 peptide can be calculated from the charge states 4, 5, and 6 as well as from the formyl derivatives
~0–5!.

Fig. 5. Comparison of membrane helix VI amino acid sequences with
His240 and Tyr244 cross-link of subunits I from four cytochromec oxi-
dases with one FixN oxidase and nitric oxide reductase. Bovine heart
aa3–oxidase~Bh aa3! ~AOO464!; P. denitrificans aa3–oxidase~Pd aa3!
~C35121!; T. thermophilus caa3–oxidase~Tt caa3! ~A46616!; T. thermoph-
ilus ba3–oxidase~Tt ba3! ~LO9121!; Bradyrhizobium japonicum fixN-
oxidase~Bd fixN) ~A47468!; Pseudomonas stutzeriNO-reductase~Ps NO-
red! ~S41117!. f Asp–Pro cleavage site. Accession numbers~Protein
Identification Resource databank! in parentheses. *Conserved;1conserved
in respiratory cytochromec and quinol oxidases.

988 G. Buse et al.



Materials and methods

Enzyme preparation

The bovine andParacoccus denitrificans aa3–cytochrome-c oxi-
dases were isolated as described~Steffens et al., 1993; Soulimane
& Buse, 1995!. The ba3- and caa3-type cytochrome-c oxidases
from T. thermophiluswere prepared according to previously pub-
lished procedures~Buse et al., 1989; Soulimane et al., 1995! as
normal oxidized and as dithionite reduced enzymes.

Subunit separation

Subunit I of the bovine heart andP. denitrificansenzymes were
isolated by BioGel-P100 chromatography in 3% sodiumdodecyl-
sulfate as described previously by Buse et al.~1986!. The subunits
I of the Thermusoxidized and dithionite reducedba3 and caa3

oxidases were purified on a reversed-phase Synchropak C4 column
~250 3 4.6 mm! using high-performance liquid chromatography
~Hewlett Packard 1050 with multidiode array detection! in a gra-
dient of:~1! 60% formic acid, 40% water and~2! 60% formic acid,
20% acetonitril, 15%n-propanol, and 5% water.

Aspartyl–prolyl cleavage and isolation of the peptides

The cleavage at the acid labile aspartic acid–proline peptide bonds
was performed with nmol amounts of the polypeptides in 1 mL
75% formic acid for 15 h at 458C. The reaction mixture was then
evaporated to dryness under reduced pressure, and the peptides
dissolved in buffer A of the rpHPLC~20% formic acid, 20% ac-
etonitril, 60% water! and separated on a Synchropac RP-4 column

at 308C, flow rate 0.70 mL0min in B ~20% formic acid, 78%
acetonitril, 2% water! with a gradient of 0, 40, and 100% B at 0,
60, and 90 min, respectively.

Amino acid analysis and sequencing

Quantitative amino acid analyses of the subunits and peptides were
performed on a Biotronik amino acid analyzer LC 5001 equipped
with a fluorescence detection ofo-phtalaldehyde derivatives. The
protein sample was hydrolyzed in 5.7 N HCl containing 0.2%
thioglycolic acid for 90 min at 1508C. Less reliable and non-
determined amino acids, such as cysteine and tryptophan, were not
considered in case of calculation of the protein concentration.

Automated N-terminal sequencing was carried out in a Knauer
910 gas0 liquid-phase protein sequencer on polyvinylidenfluorid
membranes with autoconversion and on-line HPLC identification
of the phenylthiohydantoin amino acids.

Mass spectrometry

Electrospray mass spectrometry~ESI-MS! was performed on a
triple-stage quadrupole mass spectrometer~Finnigan MAT TSQ
7000, Bremen! equipped with an in-house build nanospray source.
The spectrum~Fig. 4! was averaged for 4 min. The collision-
induced dissociation experiment was done by selecting the
@M14H# 41-ion in the first mass analyzer~m0z 1,204.8! and pass-
ing the ion into a collision cell filled with argon~3 mTorr!. The
third quadrupole was scanned fromm0z 40 to 2,500 Da at 10
s0scan. The spectrum was averaged for 15 min.

Modeling

Modeling of the structures of the O2-activating center of
cytochrome-c oxidase has been done on the basis of the published
structural data of the bovine oxidase~Tsukihara et al., 1996! with
the program “Ribbons”~Carson, 1991!.

Supplementary material in Electronic Appendix

Contains data on mass calculation and MS fragmentation.
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