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The heme-copper oxidases constitute a superfamily of terminal
dioxygen-reducing enzymes located in the inner mitochondrial or
in the bacterial cell membrane. The presence of a mechanistically
important covalent bond between a histidine ligand of the copper
ion (CuB) in the active site and a generally conserved tyrosine
residue nearby has been shown to exist in the canonical cyto-
chrome c oxidases. However, according to sequence alignment
studies, this critical tyrosine is missing from the subfamily of
cbb3-type oxidases found in certain bacteria. Recently, homology
modeling has suggested that a tyrosine residue located in a
different helix might fulfill this role in these enzymes. Here, we
show directly by methods of protein chemistry and mass spec-
trometry that there is indeed a covalent link between this tyrosine
and the copper-ligating histidine. The identity of the cross-linked
tyrosine was determined by showing that the cross-link is not
formed when this residue is replaced by phenylalanine, even
though structural integrity is maintained. These results suggest a
universal functional importance of the histidine-tyrosine cross-link
in the mechanism of O2 reduction by all heme-copper oxidases.

mass spectrometry

The heme-copper oxidases catalyze the final step of energy
conservation in the respiratory chain. These enzymes couple

the four-electron reduction of molecular oxygen to translocation
of protons across the membrane, thereby contributing to the
electrochemical potential that is used as a primary energy source
for example in ATP synthesis (1–3). The major catalytic subunit
I contains two hemes and a copper atom as redox centers, which
are coordinated by fully conserved histidine residues in all of the
heme-copper oxidases. The so-called binuclear center where the
catalytic O2 reduction takes place is formed by a high-spin heme
with a nearby copper ion (CuB). Apart from the metal ligands
themselves, there are also a few amino acids close to this active
site that are well conserved within the family. In helix VI of
subunit I there is a valine residue located next to the high-spin
heme and a tryptophan in the vicinity of the active site, both of
which are characteristic of all heme-copper oxidases (4).

The bacterial cbb3-type cytochrome c oxidase is a distant
member of the heme-copper oxidase family, characterized by its
ability to maintain catalytic activity under low oxygen tension
while retaining the capacity to translocate protons. These en-
zymes were first identified as a gene cluster fixNOQP (cco-
NOQP) in the genome of rhizobial bacteria from root nodules,
and since then they have been found and isolated from several
other bacteria as well (5–11). Subunit CcoN, corresponding to
subunit I of the canonical oxidases, contains two B-type hemes
(protohemes) in addition to CuB. Instead of the copper center
(CuA) located in subunit II of the aa3-type cytochrome c
oxidases, the electron input pathway is composed of altogether
three redox centers embedded in subunits CcoO and CcoP.
These two other subunits, which do not have counterparts in the
canonical oxidases, contain one and two C-type hemes, respec-
tively. The fourth small subunit CcoQ does not seem to take part

in catalysis (12). Even though several key structural features of
the canonical oxidases are missing from the cbb3-type enzymes
according to sequence alignment studies (4, 13, 14), the mech-
anism of four-electron reduction of oxygen to water is thought
to be the same in all heme-copper oxidases.

In the canonical heme-copper oxidases there is a fully con-
served tyrosine residue (tyrosine 244, Bos taurus) within the
active site that forms a covalent bond to one of the three histidine
ligands of CuB, which resides four amino acids apart in the same
helix VI (histidine 240, B. taurus). This unusual posttranslational
modification has been proposed to be of critical importance in
the catalytic mechanism. The first evidence for its presence in the
canonical heme-copper oxidases was obtained from crystallo-
graphic data (15, 16) and subsequently verified by protein-
chemical analysis (17). According to sequence alignments this
helix VI tyrosine is completely missing from the cbb3-type
oxidases despite the presumed catalytic importance of the
histidine-tyrosine dimer. However, recent homology modeling
has suggested that another residue, tyrosine 311 (the numbering
refers to subunit CcoN of Rhodobacter sphaeroides cytochrome
cbb3 unless otherwise stated), which is fully conserved among the
cbb3-type oxidases and is located in the nearby transmembrane
helix VII, might structurally replace the missing tyrosine in the
active site and thereby possibly fulfill the mechanistic require-
ment also in these distant members of the heme-copper oxidase
family (Fig. 1) (13, 14). However, because there is no three-
dimensional structure available for any cbb3-type oxidase, the
existence of a cross-linked histidine-tyrosine in this group of
enzymes has remained elusive. Here, we have applied methods
of protein chemistry and mass spectrometry to directly address
this question in the cbb3-type oxidase from R. sphaeroides.

Results
Cytochrome cbb3 from R. sphaeroides was produced in a
Paracoccus denitrificans strain as described in ref. 14 and
isolated as described in Materials and Methods, yielding a
highly active and pure enzyme preparation (see Fig. 5, which
is published as supporting information on the PNAS web site).
Subunit CcoN of cytochrome cbb3 was isolated from heavily
overloaded SDS-polyacrylamide gels by passive diffusion re-
sulting in good recovery of the protein. To assess whether a
covalent bond between the CuB-ligating histidine and the
proposed tyrosine residue exists in the cbb3-type oxidases, a
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suitable set of enzymatic cleavages that would yield unique
results was required. According to sequence alignment and
modeling, the residues that may form the bond in the cbb3

oxidases originate from different helices (Fig. 1): the histidine
(267) ligand of CuB is in helix VI, but the putative cross-linked
tyrosine (311) is in helix VII. Hence, polypeptide fragments
containing the potential covalent link were expected to be
large and extremely hydrophobic.

We first performed a double digestion in two stages using
endoproteinase Asp-N and trypsin (Fig. 2A). Endoproteinase
Asp-N cleaves at the N-terminal side of aspartate residues and,
on occasion, unspecifically at the N-terminal side of glutamate
residues. An 11,715-Da polypeptide (corresponding to the D258
to W358 peptide, i.e., the entire sequence in Fig. 2 A) that
contains the putative link-forming residues should result from
this cleavage {all polypeptides are referred to using mass to
charge ratios (m�z) of singly charged ions [M�H]�; hence,

individual masses of fragments do not add up}. If the link is
present, the same fragment should result even if unspecific
cleavage at E291 took place, as opposed to the case in the
absence of the cross-link, where two separate polypeptides
should be produced. As shown in Fig. 3 (black trace), a polypep-
tide fragment with a mass of 11,715 Da was systematically
detected. No fragments corresponding to the unlinked protein
were found (3,848 Da and 7,887 Da). The 11,715-Da fragment
was also detected when the holoenzyme was cleaved (data not
shown). Other peaks expected to arise from digestion fragments
of CcoN were also identified (Fig. 3), and there was no evidence
for unexpected cleavage patterns. Because no other unusual
bonds between fragments were detected, the location of the
covalent bond, if present, was presumed to be within the
11,715-Da fragment.

After the endoproteinase Asp-N treatment, subunit CcoN was
further cleaved with trypsin, which cuts at the C terminus of
lysine and arginine residues, except when the C-terminal residue
is a proline. Trypsin was expected to release a 1,241-Da fragment
(Q289 to K298) from the 11,715-Da polypeptide, resulting in the
case of an unlinked protein in two fragments, 3,649 Da (D258 to
K288) and 6,864 Da (L299 to W358) in size. In contrast, a single
10,511-Da polypeptide having the two previous fragments linked
together was expected if the cross-link is present (Fig. 2 A).
Although the trypsin cleavage was not complete, resulting in
some remnant uncleaved 11,715-Da fragment, only the
10,511-Da polypeptide was detected, which proves the existence
of the cross-link between the 3,649- and 6,864-Da protein
fragments, because the latter were not observed individually
(Fig. 3, red trace). Also, the expected 1,241-Da fragment re-
leased by trypsin from the middle of the 11,715-Da polypeptide
(Fig. 2 A) could be detected in the spectrum (Fig. 3 Insets),
proving that the 11,715-Da fragment had indeed been cleaved.
Separate digestions of both holoenzyme and subunit CcoN with
trypsin alone yielded no contradictory evidence (data not
shown). Altogether, these results clearly show that a covalent
bond exists between the described polypeptide fragments. No
other combination of peptides, including the possibility of in-
complete digestions, could result in a protein fragment of this
size. However, these data do not identify the residues forming
the link.

From sequence alignments (4, 13, 14, 19), we know that there
is a limited number of completely conserved amino acids within
the family of cytochrome cbb3-type oxidases that could form the

Fig. 1. The active site of cytochrome cbb3 from R. sphaeroides together with
residues Y267, H311, H317, H318, and H405. According to molecular model-
ing, the N�2 of the histidine 311 imidazol and the C�2 of the tyrosine 311
phenol ring may come close enough to enable the formation of a covalent
bond even though the amino acids originate from different helices (13, 14).
The figure was prepared by using the Visual Molecular Dynamics soft-
ware (18).

Fig. 2. The amino acid sequence and putative transmembrane helices of the R. sphaeroides subunit CcoN of cytochrome cbb3 in the region of the cross-link.
(For the full sequence of subunit CcoN, GenBank entry U58092 with six histidine-tag added to the C terminus.) (A) The sequence of the 11,715-Da (D258 to W358)
polypeptide resulting from endoproteinase Asp-N cleavage is presented with glutamate 291 highlighted in green and the alternative fragments after double
digestion with endoproteinase Asp-N and trypsin are shown. (B) The sizes of the alternative fragments resulting from endoproteinase Lys-C cleavage in the area
of S249 to K360 with or without cross-link are shown. The fully conserved amino acids in heme-copper oxidases are highlighted in red (W263, H267, V270, H317,
and H318), and the tyrosine residues 311 and 321 are marked with blue. The putative cross-link is indicated between histidine 267 and tyrosine 311 and the
cleavage sites of trypsin and endoproteinase Lys-C within the presented sequences are indicated with vertical bars between K288�Q289 and K298�L299.
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cross-link. We can safely assume that histidine 267 in helix VI
(marked in red in Fig. 2 A) is a CuB ligand because it is
completely conserved throughout the heme-copper oxidases and
is crucial for the cross-link in the canonical enzymes. The fact
that the middle of helix VI close the active site is among the best
conserved areas in the heme-copper oxidases makes it very likely
that histidine 267 is a partner in the cross-link. Moreover, it is the
only histidine residue within the 3,649-Da fragment shown to be
a component of the cross-linked peptide (Fig. 2 A). However, the
other partner is less obvious. There are two well conserved
tyrosines (Y311 and Y321) within the 6,864-Da fragment
(marked in blue in Fig. 2 A), either of which could be filling the
role of second partner, and we cannot exclude the possibility that
some other residue may take this role.

We used site-directed mutagenesis to determine which amino
acid forms the link with the CuB ligand histidine 267. The
proposed partner, tyrosine 311, was mutated to phenylalanine,
which resulted in an inactive but correctly assembled enzyme (13,
14). Then, both WT and Y311F mutant enzymes were digested
by using endoproteinase Lys-C, which cleaves at the C-terminal
side of lysine residues. As presented for WT enzyme in Fig. 2B,
fragments of 4,581 Da (S249 to K288) and 7,107 Da (L299 to
K360) should be observed in the case of unlinked protein, but
with the cross-link they should be connected resulting in an
11,686-Da polypeptide. As shown in Fig. 4 (black trace), no
fragments corresponding to the unlinked protein were observed
in the WT enzyme, but the 11,686-Da polypeptide was clearly
present. After the same endoproteinase Lys-C cleavage with the
mutated enzyme, the mass spectra (Fig. 4, red trace) now show
only the two peaks corresponding to the unlinked protein
fragments (4,581 Da and 7,091 Da), whereas the peak of the
cross-linked 11,670-Da structure was absent. Other peaks iden-
tified as CcoN fragments were identical to those in the spectrum
of the WT enzyme. Hence, it is evident that site-specific
mutation of tyrosine 311 to phenylalanine specifically abolishes

the histidine-tyrosine cross-link otherwise observed, identifying
this tyrosine as the second partner of the cross-link.

Discussion
Our data show unequivocally that a histidine-tyrosine cross-link
is present also in the active site of the cbb3-type oxidase from R.
sphaeroides. However, in this case the cross-linked amino acids
originate from different helices as had indeed been proposed by
molecular modeling (13, 14). We used systematic proteolytic
digestions to study the putative covalent bonding between the
fragments close to the active site, and we found that there is a
very stable cross-link keeping the resulting fragments together in
the entire protein population even after denaturation, as also
verified by using several independent enzyme preparations along
with detailed comparison of WT and mutant enzymes. This is in
harmony with the result reported for the other types of oxidases.
The chemical structure of the cross-link was shown to be a
covalent bond in the Thermus thermophilus ba3-type oxidase;
sequencing was used to provide evidence for the position of the
link also in other oxidases (17). This method was not applicable
in our case because of the large size of the fragments. Thus, we
took two different approaches to test the existence of the link
and used site-directed mutagenesis to pinpoint its location.

One unifying property of the family of heme-copper oxidases
is that the histidine ligands coordinating the cofactors in the
catalytic subunit are fully conserved. Although there is no
three-dimensional structure available for the cbb3-type oxidases,
it is likely that these histidines have the same roles also in these
enzymes (20). The three histidine ligands of CuB are all located
in helices VI and VII (Fig. 2). The region of the CuB ligand within
helix VI is one of the best conserved domains and therefore it
is predicted to be structurally very similar among all heme-
copper oxidases. Although helix VII, in which the tyrosine
partner of the cross-link resides in the cbb3 oxidases, has less
sequence similarities the two other histidine ligands of CuB in
that helix set restrictions to its structure. The fully conserved

Fig. 3. The MALDI-TOF mass spectra of the fragments from the subunit CcoN of cytochrome cbb3 after cleavage with endoproteinase Asp-N (black trace) and
after double digestion with both endoproteinase Asp-N and trypsin (red trace). The assignments of the subunit CcoN fragments as average (�3,300 Da) or
monoisotopic (�3,300 Da) masses are indicated in the spectrum and the respective amino acid numbering are shown in brackets. The most important parts of
the spectra are shown as Insets: the 11,715-Da fragment produced by endoproteinase Asp-N cleavage (Left), the 10,511-Da region before and after the trypsin
digestion (Center), and the 1,241-Da region after the double digestion (Right).
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histidine in helix VI takes part in the formation of the histidine-
tyrosine cross-link in the canonical oxidases. Thus far, amino
acids shown to be capable of forming cross-linked dimers in
biological systems always have tyrosine as one partner. In
addition to histidines, also for instance cysteines have been
shown to have this ability (21). By excluding other options, our
results show that histidine 267 is one of the partners in the
cross-link. According to mutation data, substitution of this
histidine by alanine leads to fully assembled although inactive
enzyme in Bradyrhizobium japonicum cytochrome cbb3. The CuB
center is also present despite the mutation, implying that the lack
of activity is not due to lack of cofactor (20).

A priori it was impossible to exclude that some other residue
than tyrosine 311 would be the second partner of the cross-link.
Indeed, there is a second well conserved tyrosine residue at
position 321, which is included in the same cleavage product as
tyrosine 311. We used site-directed mutagenesis to replace the
most likely candidate, tyrosine 311, with phenylalanine to min-
imize structural disturbance of the active site. This mutation
leads to an inactive phenotype (13), but the assembly of the
mutant enzyme is correct based on detection of all subunits on
SDS�PAGE gels, and a virtually unchanged optical spectrum, as
we also confirmed (data not shown). Our results showed that the
cross-link failed to form when phenylalanine replaced tyrosine
311, yielding an entirely different digestion pattern. We conclude
that the cross-link between the histidine ligand of CuB and a
tyrosine is another unifying feature of the heme-copper oxi-
dases, even though the origin of the tyrosine varies in the primary
structure.

It has been proposed that the histidine-tyrosine bond forms
during the very first turnovers of the enzyme and that it is stable
during the catalytic cycle, as supported by our data. The absence
of the cross-link in the tyrosine-phenylalanine mutant may give
a clue about the mechanism of its formation. The only difference
is the lack of the OH group in the aromatic ring while the atoms
forming the link are still present. Because the metal centers of
the active site can provide only three electrons out of the four
needed in the full reduction of molecular oxygen to water,
tyrosine has been suggested to have a key role in the O2
reduction chemistry; the hydroxyl group of the tyrosine may
donate both an electron and a proton to break the O–O bond,
thereby forming a neutral tyrosine radical in the PM state of the
catalytic cycle (22–24). This may avoid production of reactive
oxygen species and might initialize the formation of the cross-
link itself. Consequently, the absence of the hydroxyl group
might be the simple reason for the absence of the cross-link in
the mutant enzyme.

Several studies of histidine-tyrosine model compounds have
been reported (25–32) supporting stabilization of a neutral
tyrosine radical. However, the ligated copper, not included in
these models, also is likely to affect the properties of the
histidine-tyrosine dimer, which is the actual ligand of CuB (33),
and might increase its acidity and stabilize the neutral radical
beyond that shown for the model compounds. However, we
stress that our data cannot identify the cross-linked atoms in the
histidine-tyrosine dimer of cytochrome cbb3, although the mod-
eled cytochrome cbb3 structures suggest identity with the ca-
nonical oxidases in this respect (13, 14).

Fig. 4. The MALDI-TOF mass spectra of the fragments from the subunits CcoN of WT (black trace) and Y311F mutant (red trace) after endoproteinase Lys-C
digestion. The assignments of the subunit CcoN fragments as average masses together with respective amino acid numbering in brackets are presented. In the
Insets the key regions are shown in detail: the 11,686-Da peak (Top) composed of two fragments held together by a covalent bond is clearly visible only in the
WT mass spectrum, whereas the separate 7,091-Da (Middle) and 4,581-Da (Bottom) fragments are observed solely in the Y311F mutant spectrum.
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The cross-link has been proposed to maintain the structure of
the active site (34, 35). Studies with R. sphaeroides cytochrome
aa3 showed that in the tyrosine to phenylalanine mutant, one of
the histidine ligands of CuB might coordinate heme a3, CuB is
largely lost, and the optical spectrum is changed (34). This is in
contrast to the observations with cbb3 oxidase, where the
structure of the active site appears less affected (see above). As
pointed out earlier (34), the cross-link may have an important
role in holding the tyrosine residue in the correct orientation. In
cytochrome aa3 there is a hydrogen bonding interaction between
the hydroxyl group of the tyrosine and the hydroxyl group of the
hydroxyethyl farnesyl side chain of the high spin heme. The
predicted position of the tyrosine in the structure of cytochrome
cbb3 puts it in a very similar position as in the canonical oxidases
(13), but in the cbb3 oxidases the heme of the binuclear site is of
type B (protoheme), which lacks the hydroxyethyl farnesyl side
chain of hemes A and O in the canonical oxidases. Therefore, the
orientation of the cross-linked tyrosine in the cbb3 oxidases
cannot be ‘‘steered’’ by hydrogen-bonding to the heme hydroxy-
ethyl group. Switching the critical tyrosine residue to a helix
closer to the histidine with which the cross-link is formed may
therefore be coupled to the employment of heme A or O in the
active site.

It is evident that the histidine-tyrosine cross-link is a com-
pletely conserved feature of the heme-copper oxidases because
it persists even in the cbb3-type enzymes although the tyrosine
stems from a different helix. Such structural substitution of a
functionally important residue has been observed also for other
amino acids in heme-copper oxidases, for instance glutamate 278
in P. denitrificans cytochrome aa3 (36, 37).

Materials and Methods
Protein Purification and Subunit Isolation. R. sphaeroides cyto-
chrome cbb3 WT enzyme and the Y311F mutant produced as
described in ref. 14 were first isolated by using chromatographic
steps essentially as described in ref. 20 at pH 7.5. The samples
were further purified by using a Source 15Q column (Amersham
Biosciences) and concentrated to 10 mg�ml in 20 mM Tris�Cl
(pH 7.5)�0.05% n-dodecyl �-D-maltoside (DM) (Anatrace,
Maumee, OH). Subunit CcoN was isolated from a 12% SDS-
polyacrylamide minigel (Bio-Rad) supplemented with 20% glyc-
erol by using 100 �g of protein denatured in Laemmli sample
buffer (38) at room temperature. The band position of the
subunit CcoN was detected by Coomassie staining of a small slice
of the gel (see Fig. 5) containing also a molecular weight
standard (LMW standard; Amersham Biosciences). The subunit

CcoN to be continued with was excised from the unstained gel,
sliced into very small pieces, and placed into an Eppendorf tube,
and 20 mM Tris�Cl (pH 7.5)�0.05% DM was added to cover the
gel pieces. The passive elution of subunit CcoN to the liquid
phase was performed overnight at 37°C with shaking at 200 rpm.
The supernatant was collected and concentrated by using Mi-
crocon concentrators (Amicon; cut-off of 50 kDa), and the
buffer was exchanged to 50 mM sodium phosphate (pH 8.0)�
0.05% DM. The purity and quantity of the sample were esti-
mated on an SDS�PAGE gel (see Fig. 5).

Enzymatic Cleavages. Isolated subunit CcoN was exposed to
proteolytic degradation by incubating it with endoproteinase
Lys-C (sequencing grade; Waco), endoproteinase Asp-N (se-
quencing grade; Roche), or trypsin (sequencing grade; Sigma-
Aldrich, St. Louis, MO). All digestions were performed over-
night at 37°C with 200-rpm agitation (protein to enzyme ratio
of 10:1). The endoproteinase Asp-N (in 10 mM Tris�Cl, pH
7.5�0.05% DM) and trypsin (in H2O supplemented with 0.05%
DM) were used both for separate and sequential digestions of
isolated subunit CcoN as well as for holoenzyme control
digestions. The endoproteinase Lys-C (in 25 mM Tris�Cl, pH
8.8�0.05% DM) was used for cleavages of both WT and Y311F
mutant subunit CcoN. All of the protein digests were analyzed
by mass spectrometry.

Mass Spectrometry. MALDI-TOF spectrometry of protein digests
was carried out at the Protein Chemistry Unit of Biomedicum
Helsinki by using a Bruker Daltonics (Bremen, Germany)
Autoflex mass spectrometer operated in the linear positive ion
mode (large proteins) or the reflector mode (smaller peptides).
The instrument was calibrated with commercially available
protein�peptide standards. Samples were prepared in the same
buffers as used in each digestion. Sinapic acid was used as the
matrix for proteins and �-cyano-4-hydroxycinnamic acid as the
matrix for peptides (prepared as saturated solutions in 50%
acetonitrile�0.1% TFA in water). One- to 2-�l aliquots of mixed
matrix and sample were deposited on the target plate and
allowed to dry in air. Spectra were acquired as a sum of signals
recorded during 50–200 laser shots. The spectra were analyzed
by using FlexAnalysis software (Bruker Daltonics) and visual-
ized by using IGOR Pro (WaveMetrics).
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9. Preisig O, Zufferey R, Thöny-Meyer L, Appleby CA, Hennecke H (1996) J

Bacteriol 178:1532–1538.
10. Tomb JF, White O, Kerlavage AR, Clayton RA, Sutton GG, Fleischmann RD,

Ketchum KA, Klenk HP, Gill S, Dougherty BA, et al. (1997) Nature 388:539–
547.

11. Urbani A, Gemeinhardt S, Warne A, Saraste M (2001) FEBS Lett 508:29–35.
12. Pitcher RS, Watmough NJ (2004) Biochim Biophys Acta 1655:388–399.
13. Hemp J, Christian C, Barquera B, Gennis RB, Martinez TJ (2005) Biochemistry

44:10766–10775.
14. Sharma V, Puustinen A, Wikström M, Laakkonen L (2006) Biochemistry

45:5754–5765.

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

16. Iwata S, Ostermeier C, Ludwig B, Michel H (1995) Nature 376:660–669.
17. Buse G, Soulimane T, Dewor M, Meyer HE, Blüggel M (1999) Protein Sci
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