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ABSTRACT: The cbb3-type oxidases are members of the heme-copper oxidase superfamily, distant by
sequence comparisons, but sharing common functional characteristics. To understand the minimal common
properties of the superfamily, and to learn aboutcbb3-type oxidases specifically, we have analyzed a
wide set of heme-copper oxidase sequences and built a homology model of the catalytic subunit of the
cbb3 oxidase fromRhodobacter sphaeroides. We conclude that with regard to the active site surroundings,
thecbb3 oxidases greatly resemble the structurally known oxidases, while major differences are found in
three segments: the additional N-terminal stretch of ca. 60 amino acids, the segment following helix 3 to
the end of helix 5, and the C-terminus from helix 11 onward. The conserved core contains the active site
tyrosine and also an analogue of the K-channel of proton transfer, but centered on a well-conserved histidine
in the lower part of helix 7. Modeling the variant parts of the enzyme suggests that two periplasmic loops
(between helices 3 and 4 and between helices 11 and 12) could interact with each other as a part of the
active site structure and might have an important role in proton pumping. An analogue of the D-channel
is not found, but an alternative channel might form around helix 9. A preliminary packing model of the
trimeric enzyme is also presented.

Heme-copper oxidases are key metabolic enzymes in
aerobic prokaryotes and mitochondria. They reduce molec-
ular oxygen with electrons from catabolic reactions and
generate an electrochemical gradient, which in turn drives
synthesis of ATP to be used in anabolic reactions. A minimal
amount of energy is lost as heat, and no reactive oxy radicals
are formed (see refs1-3).

The heme-copper oxidases are large multimeric membrane
proteins (4-8), characterized by their binuclear active site.
An overall view of oxidase structure and function is shown
in Figure 1, in the context of ourcbb3 oxidase model. The
paths of the reactants and products (electrons, protons,
oxygen, and water) are marked schematically to converge
at the active site in the central subunit, the only subunit that
is homologous in all members of the superfamily. It is
approximately 500 amino acids long and forms at least 12
transmembrane helices, generally with short interhelical
loops. The active site is buried deep in the helical bundle
and consists of a high-spin heme (A, B, or O type) and a
copper atom (CuB), between which the substrate oxygen
binds. CuB is ligated by three invariant histidines, one of
which is covalently bound to a unique tyrosine, which
participates in the catalytic reaction (9) (see the detailed
structure in Figure 4). The central subunit also houses a six-
coordinated, low-spin heme (A or B type), which serves as

the electron donor to the active site. Oxygen diffuses in
through the membrane, and protons arrive to the active site
via proton “channels” found in matrix/cytoplasmic side
cavities of the protein. Two such channels have been
characterized by site-specific mutations in bacteria and are
called D- and K-channels after their central, conserved amino
acids (10). The D-channel seems to conduct at least six of
the eight protons required in the reaction, while blocking
the K-channel hinders the reductive phase of the catalytic
cycle in the well-studiedaa3-type oxidases (11, 12). Sequence
comparisons indicate identical channels in all eukaryotic and
in several but not all bacterial enzymes.

The vectorial nature of reactant entry (electrons and
protons) generates an electrochemical gradient across the
membrane (13), and in addition, the enzyme is able to harness
the energy released in oxygen reduction to pumping protons
from inside to outside (14). How these two events, oxygen
reduction and proton transport over the membrane, are
coupled on the atomic level is still debated (15, 16). What
is known, however, is that all true members of the heme-
copper oxidase superfamily are able to do so, while their
close relatives, the nitric oxide (NO) reductases, are not (17,
18). Here, by studying widely variant oxidases, we aim to
explore the structural elements necessary for the coupling.

Thecbb3-type oxidases are found in various proteobacteria
under microaerobic conditions (19). In the superfamily of
heme-copper oxidases, they form a close-knit subfamily,
characterized by a unique subunit composition and B-type
hemes in the catalytic subunit. There are four subunits in
the cbb3-type oxidases: the catalytic subunit ccoN, which
is homologous to subunit 1 of all heme-copper oxidases; the
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probable immediate electron donor ccoO (20), which is a
membrane-anchored monoheme protein; ccoP, a membrane-
anchored diheme protein; and ccoQ, comprised of a single
transmembrane helix (21) (see Figure 1). Both subunits O
and P have been suggested to be part of the electron transfer
chain, while the role of subunit Q is unknown (20, 22-24).
Thus, compared to the canonical oxidases, thecbb3 oxidases
lack the homologues of subunits 2 and 3, as well as the
bimetallic CuA center, which is the electron entry point from
cytochromec.

It is also to be noted that thecbb3-type oxidases differ
drastically from the canonical oxidases by being catalytically

promiscuous: they can reduce both OdO and NdO, as can
the NO reductases (25, 26). The two subunits of the NO
reductases, NorB and NorC, are clearly homologous to
subunits N and O of thecbb3-type oxidases, except that the
non-heme metal in the active site of NO reductases is an
iron (FeB). Subunits P and Q are unique to thecbb3-type
oxidases.

All experimental data assert that thecbb3 oxidases function
in a manner analogous to that of the much better knownaa3-
type oxidases. It follows that in addition to the similar redox
centers in the catalytic subunit, one expects the presence of
at least one proton channel, if not two, and also a residue
similar to the Glu242 in the bovine enzyme, to guide protons
either to the binuclear center, to be consumed in oxygen
reduction, or to the pump site (27, 28). However, nothing is
known about proton channels in thecbb3 oxidases. The
extremely low degree of conservation between the different
protein subfamilies presents a possibility to identify shared
structural features that are perhaps from a different part of
the overall structure but serve the same function of coupling
electron transfer and proton transport.

A sequence comparison of the catalytic subunits shows
that the cbb3-type oxidases are divergent from both the
typicalaa3-type oxidases and the aberrantba3-type oxidases.
Very few amino acids are conserved in the whole super-
family, besides the six invariant histidines ligating the metal
atoms, as verified by point mutations (29). Few other sites
have been studied (29), and a functional role was assigned
only to an active site tyrosine in helix 7, Y255 inVibrio
cholerae, corresponding to Y311 inRhodobacter sphaeroides
(30). There are no direct structural data, and not even the
number of transmembrane helices is known: 12 or 13
transmembrane helices have been proposed, or 12 trans-
membrane helices with two prehelices lying at the membrane
surface (21, 31). Also, the cbb3 oxidases fromCampylo-
bacteraleslack the presequences but behave otherwise like
othercbb3 oxidases (32, 33). Remarkably, the loop between
helices 3 and 4 is highly conserved, among both non-cbb3

andcbb3 oxidases, yet the motifs are starkly different. Two
residues in this loop have specific roles in theaa3 oxidases
(bovine numbering): Y129 forms an H-bond to W236 in
helix 6, and W126 donates an H-bond to the D-propionate
of the high-spin heme. Mutation of W126 to F reduces proton
pumping efficiency (34). This loop cannot be modeled on
the basis of the existing structures, if specific interactions
are not restrained to form. The same need to a priori choose
which residues to align applies also to the arginines in the
loop between helices 11 and 12.

We have analyzed a large, phylogenetically representative
set of sequences for the catalytic subunit of heme-copper
oxidases and aligned them on the basis of the existing crystal
structures. Our goal is to gain structural insights into the
catalytic subunit ofcbb3 oxidase fromR. sphaeroides, in
addition to the mainly evolutionary considerations already
available (35). Homology models were constructed and found
to be physically sound, in comparison to the crystal structures
of membrane proteins (36). As in the recently presented
model of theV. choleraeenzyme (30), we also locate the
active site tyrosine in helix 7 (Y311 inR. sphaeroides). In
the same conserved core area, we additionally identify an
analogue for the K-channel, but centered on H303. No
evidence of the D-channel can be found, but a striking,cbb3-

FIGURE 1: Overall view of thecbb3 oxidase model, oriented to the
membrane, from a side view (a) and a top view (b). The cytoplasm
is down, and the periplasmic space is up. The catalytic subunit is
shown in the middle, with helices colored according to the degree
of conservation: orange for the most conserved helices, white for
the least conserved, and yellow for an intermediate degree of
sequence similarity. The soluble domains of subunit O (green) and
subunit P (light blue) are represented by their best threading results,
while the transmembrane helices are schematic. The proposed
electron transfer path via all hemes in subunits P and O to the low-
spin heme in the central subunit is shown. Protons and oxygen
arrive, and water and protons exit from the active center on the
right. The top view shows the transmembrane helices of the central
subunit, rotated 90° toward the viewer. The proposed positions for
the additional subunits are discussed in the text. The three putative
proton channels discussed are marked with arrows, and critical resi-
dues are shown as pale blue licorice models, with side chain oxy-
gens and nitrogens represented as red and blue spheres, respec-
tively: Y265 in helix 6, H303 in helix 7, and E383 in helix 9.
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specific conserved glutamate (E383) in helix 9 might be
involved in proton pumping. The loops between helices 3
and 4 (loop3-4) and between helices 11 and 12 (loop11-
12) are proposed to form interactions similar to those found
in the structurally known oxidases, but with inverted identi-
ties. Finally, a packing model for the functional trimeric
enzyme is presented.

THEORETICAL METHODS

Thousands of sequences homologous to the catalytic
subunit of heme-copper oxidases are known; however,
mitochondrial enzymes are highly overrepresented in the
database, while deviant bacterial and archaeal oxidases are
few in number. For our purposes, it is the outliers in the
superfamily that are most helpful in assessing the shared
features. The problem of identifying relevant sequences was
overcome by using several of the known variant sequences
present in earlier work (17, 35) as queries, and continuing
iteratively, until the results converged. Approximately 160
protein sequences were retrieved from the NCBI1 (ww-
w.ncbi.nlm.nih.gov), as results from Protein-Protein Blast
(37). Such a large amount of data is bound to be slightly
redundant and is likely to contain errors. The crystal
structures from the Protein Data Bank (38) are the A chains
of 1EHK, 1FFT, 1V55, 1M56, and 1AR1 (4-8). The
structures are highly similar: the rms deviations between
CR atoms of the transmembrane helices lie in the range of
0.7-2.9 Å, while sequence identities vary from high (81%)
between theaa3 enzymes ofParacoccus denitrificansand
R. sphaeroidesto low (13%) between thebo3 of Escherichia
coli and theba3 of Thermus thermophilus.

Multiple-sequence alignments were generated using Clust-
alX1.8 (39). Degrees of similarity between sequences from
different subfamilies are too low for a direct alignment, but
the results depend on which types of sequences are included
and the order in which they are included. Therefore, a
structural alignment was first constructed by superimposing
the helical segments of chain A of the five available crystal
structures, as defined by STRIDE (40), implemented in VMD
(41). A secondary structure profile ofBos taurus aa3 was
added to the structural alignment (5pdb.aln) and was used
throughout the process to emphasize structural aspects and
guide the work toward physically reasonable models: to
penalize long gaps in the helical segments, to set a minimum
length for a transmembrane helix, and to favor membrane
anchoring by helically occurring R and K (36).

Divergent non-cbb3-type sequences (∼70) were added to
this structural alignment by sequence-to-profile methodology
(cox.aln). The positioning of the catalytic site residues was
checked after each addition, and if it was found to be
incorrect, sequences were re-added and re-aligned in smaller
subsets. Thecbb3-type sequences (∼86) were first aligned
among themselves (cbb3.aln) and then added to the pre-
vious alignment by profile-to-profile methodology (all.aln).
Two segments are clearly dissimilar in thecbb3 sequences:
the segment after helix 3 untill the end of helix 5 and
loop11-12. Unambiguous results could not be found on the

basis of sequence data alone, but structural insights were
needed, as discussed below. In these segments, separate
alignments to the nitric oxide reductase sequences were also
instrumental. Final alignments and the structures generated
from them are available at request.

Phylogenetic trees were constructed with Phylip/proml
(42), at various stages of the alignment. The trees were
studied for robustness and for finding the variant sequences
to be used as additional queries. Atomic three-dimensional
structures of thecbb3 oxidase fromR. sphaeroideswere
generated with MODELLER7v7 (43). The prehelix was
omitted from the construction (residues 1-64). The sequence
to be modeled was GenBank entry 1377865 (21) and the
structural templates were 1V55 (B. taurus) and 1EHK (T.
thermophilus). These two templates were used, since they
are almost equally distant from the target sequence (∼18%
sequence identity) and from each other. Inclusion of all five
crystal structures as templates would strongly bias the results
towardaa3 oxidases. The advantage of having two templates
is that MODELLER can select the better of them, although
at the cost of a larger number of restraint violations, as
conflicting restraints cannot be satisfied simultaneously.
Approximately 15% of MODELLER’sφ-ψ restraints were
unsatisfied, mainly in the loops. In all other classes, there
were no complaints (<1%).

The default modeling routine of MODELLER was em-
ployed, with “Thorough Variable Target Function Schedule”
and “Slow MD Annealing”. In-house developed charge/
topology files were used for the heme and copper systems.
The actual charges on the redox active metals do not
influence the results to any larger degree, because the active
site surroundings are identical in all templates and thus
copied directly to the model.R. sphaeroides, P. denitrificans,
and bovine enzymes have been crystallized in both oxidized
and reduced states, and the structures are practically identical
(rmsd on all CR atoms of <0.3 Å, for the reduced and
oxidized A chain of the bovine structure). To facilitate the
construction process, the high-spin heme in the 1EHK
template was changed to a B-type heme. Also, the nomen-
clature of atoms was unified between the templates and the
topology files. These changes did not affect the modeling
procedure.

Five models were selected from the 50 generated each
time, based on the objective function value and its restraints
violation profile. The stereochemical features of selected
models were assessed by PROCHECK (44) and MolProbity
(45), and the structures were studied visually. The alignment-
modeling procedure was iterated a few times, because of
problems found in the results. The alignment was changed
by (1 position at loop regions. Specific helical restraints
were added to the sites where intrahelical indels were found,
and MODELLER’s distance restraints were used in the last
runs to keep certain proposed interactions in place. Initial
runs showed that a covalent bond could form between H267
and Y311. Accordingly, restraints were set to form the bond
(H267:NE2-Y311:CE2) and also to stabilize the interaction
between loop3-4 and helix 6 (Y181:OH-W263:NE1).
Later, additional restraints were set on E180:OE1-
R471:NH1, E180:OE2-R471:NH2 and low-spin heme
b:O1A-R115:NH1, high-spin hemeb:O1D-W470:NE1,
high-spin hemeb:O1D-K179:NZ, and high-spin heme
b:O2D-K179:NZ.

1 Abbreviations: COX, cytochromec oxidase; MD, molecular
dynamics; NOR, nitric oxide reductase; NCBI, National Center for
Biotechnology Information; PDB, Protein Data Bank; SOX,Sulfolobus
oxidase; TMPD, tetramethylphenylenediamine.
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The final models were refined by energy minimization in
VMD/NAMD ( 41, 46) for 2000 conjugate gradient optimiza-
tion steps, to remove any bad contacts and to relax the
system. Harmonic forces (10 kcal mol-1 Å-2) were applied
on the backbone atoms, on the hemes, and on CuB. The
packing of refined structures was analyzed by ANOLEA
(47). Water molecules were added with DOWSER (48), and
the structures were simulated with NAMD, as a test for
stability. Data on internal water networks are not shown,
because they are highly dependent on the detailed structure
of the helices. Before several aspects of the models can be
tested experimentally, conclusions from water positions
would be overly hypothetical, and possibly misleading.

As a test for the modeling protocol, one of the templates
(1V55, chain A) was back-modeled from the same alignment
and with identical parameters, using 1EHK and one model
structure as templates. The results show that the protocol
performs as expected: the rmsd between the CR atoms of
the model and the actual structure was<2 Å in the helical
segments.

All simulations were run on a local computer running with
Red Hat Linux 9 on a 2.4 GHz Intel Xeon Processor (1GB
RAM). The approximate time for one simulation round was
10 h.

Subunits O and P ofR. sphaeroides cbb3 oxidase were
subjected to threading trials (49), and the best matches found
for them are 1H31:B (50) and 1ETP:A (51), respectively.
These were used as templates for MODELLER.

EXPERIMENTAL METHODS

Bacteriophage vector M13mp18 containing a 2.26 kb
HindIII-SacI fragment from theccoNOQP operon encoding
subunit N ofR. sphaeroidescytochromecbb3 (21) was used
as a template for site-directed mutagenesis (52) of key amino
acid residues in subunit N ofcbb3-type oxidase. A histidine
tag was added to the C-terminus of subunitccoN, which
enables isolation of the enzyme in one step, using a metal
chelate affinity column and elution with an imidazole
gradient (V. Rauhama¨ki and A. Puustinen, manuscript in
preparation). Mutations were confirmed by DNA sequencing
(ABI PRISM 310 Genetic Analyzer, Applied Biosystems)
throughout all processing stages, as well as from cultivations
to the early stationary phase of growth in succinate minimal
medium.

Activity was measured by recording oxygen consumption
using a Clark-type oxygen electrode. The wild-type activity
was ∼500 e- s-1 (cytochrome cbb3)-1 using 50 mM
phosphate buffer (pH 6.5) supplemented with 0.05% dodecyl
maltoside, 34µM horse heart cytochromec, 0.6 mM TMPD
(tetramethylphenylenediamine), and 3 mM ascorbate. Proton
pumping was assessed in spheroplasts with succinate as the
substrate (21).

RESULTS

Our concrete result is a large alignment which yielded five
slightly different models of thecbb3 oxidase from R.
sphaeroides(rspn_12.pdb, rspn_16.pdb, rspn_30.pdb, rsnp_35.
pdb, and rspn_36.pdb). Its sequence is<20% identical to
the known structures, which is far below the commonly
suggested limit of 40% sequence identity for the success of
comparative modeling (43). However, the general structural

relationship between all heme-copper oxidases has been
clearly established (17, 35), and therefore, the construction
of atomic models of thecbb3 oxidase is feasible. It is known
that structurally conserved features are best evident in a large
sequence comparison (53). Accordingly, we wanted to con-
struct a wide, phylogenetically representative alignment of
the heme-copper oxidase superfamily. The sequence space
was searched thoroughly for highly divergent non-cbb3 oxi-
dases, because aligning these variant oxidases to the structural
alignment strongly guides the later addition of thecbb3

sequences. The reliability in aligning the aberrant oxidases
is largely due to the presence of theT. thermophilus ba3 en-
zyme in the structural alignment. Without the structural data,
the Thermusenzyme would have aligned incorrectly with
the other structurally known sequences for half of the helices.
Now, with the correspondencies certain from the structural
comparison, it adds extremely valuable variability to the
alignment. For example, the lack of residues defining the
known proton channels in thecbb3 oxidases is not surprising,
as they are also not found in theba3 oxidases. The non-cbb3

sequences were aligned three times to the structural profile,
to assess the robustness of the results. The match is most
labile for helix 5: results vary by up to 11 residues depending
on the order and the identity of the sequences that are added.
The procedural details of the alignment are of utmost
importance, as the modeling results are totally dependent on
the underlying alignment. Finally, the alignedcbb3 sequences
matched well with the previous alignment.

The outcome of the sequence work follows closely, but
not exclusively, known biological grouping: oxidases that
share the same heme types are usually closest to each other,
but for example, thebo3 and aa3 oxidases interdigitate. A
continuum of sequences is a good starting point for the
purposes of comparative modeling, as gradual changes from
one subfamily to another can be followed more reliably than
abrupt ones. The final alignment was pruned for readability
and is shown in Figure 2. Figure 3 shows the phylogenetic
tree derived from the alignment. It is rewarding how evenly
the sequence space is divided throughout. The tree empha-
sizes the close relationship within thecbb3 subfamily and
justifies the choice of the templates: the bovineaa3 sequence
and theThermus ba3 sequence are far from each other, and
from thecbb3 sequences. The three crystal structures not used
here as templates would fall too close to each other.

Sequence details are presented below, first for shared
features in the superfamily, followed by specifics for thecbb3

subfamily. Functionally relevant structural issues are dis-
cussed separately in the next section. In particular, we want
to identify amino acids whose roles could be tested experi-
mentally.

InVariant Residues.Besides the six histidines defining the
heme-copper oxidases, there are very few highly conserved
amino acids, merely a valine and a tryptophan in the active
site and an arginine in loop11-12 (see Table 1 and Figure
2). Our alignment highlights several additional residues,
specifically a proline in helix 8 and a glycine in helix 9,
found in all butSulfolobusSoxB sequences (P342 and G384
in R. sphaeroides cbb3 oxidase). G384 packs extremely close
to the porphyrin B-ring of the high-spin heme, which is
indicative of a very similar arrangement of the whole
catalytic site. P342 in helix 8 is in the immediate area of a
potential proton channel, as discussed below. We also
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propose that a tyrosine is conserved in the otherwise
divergent loop3-4 (see below).

Intrahelical Gaps.Helix 2 winds tighter in theE. coli and
T. thermophilusenzymes than in the other structures, which
produces a well-localized intrahelical gap in the structural
alignment. Similar gaps are seen in the wider alignments.
In thecbb3 sequences, helices 4, 6, and 11 have an insertion
relative to the crystal structures and helices 1, 2, and 5 a
deletion, each one residue long. All are well-justified from
the alignment. For example, the gap position selected in helix
6 maintains the match to bovine F251 and G252 throughout
the superfamily. Omitting the indels in the model construc-
tion would result in shifting of the helical faces and produce
erroneous helix-helix interactions. Initial modeling of these
segments produced strangely displaced helices, but the
situation was remedied by the use of MODELLER’s alpha
restraints.

Helical Faces.The first and last of the helices, 1 and 12,
lack conserved amino acids. However, they show conserved

small amino acids atR-helical periodicity (Figure 2).
Structurally, this corresponds to conserved tight packing
interfaces between helices 1 and 2, and between helices 12
and 11. This observation guided our alignment to results
clearly different from those previously published (17, 30,
35). Similarly, helix 8 shows a conserved face toward the
second helix of the canonical subunit 2, indicating that some
other transmembrane helix should pack here in thecbb3-
type oxidases.

Holoenzyme.The completecbb3 oxidase with its four
subunits has three or four additional transmemembrane
helices, packed around the 12 core helices of the catalytic
subunit. Some inferences to their positions can be deduced
from the alignment in a structural context. The position
adjacent to helix 7 is occupied in all crystal structures,
although differently: by subunit 4 in the bacterialaa3

enzymes, by the 13th helix in theThermusoxidase, and by
a crystallographically stable cardiolipin molecule in the
bovine structure. We assume that this observation has a

FIGURE 2: Sequence alignment of a representative set of oxidases. Names of organisms with structurally known oxidases are colored red,
divergent oxidases black, andcbb3 sequences green. The transmembrane helices are shown with the same colors as in Figure 1. Amino
acids are colored by their identity. Fully conserved residues are marked with an asterisk; highly conserved residues are underlined, and
those discussed in detail are boxed.
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functional meaning, most likely related to the deformed helix
7, and its crucial role in the catalytic site. As a corollary,
we suggest that the corresponding area is occupied in the
cbb3 oxidases, too, and that subunit Q would pack here (54;
see Figure 1b for a top view of the helix packing). Both the
bacterial fourth subunit and subunit Q are single-pass helices
of the same polarity, even though no sequence similarity can
be observed. Also occupied in all known structures are the
sites of the helices of the canonical subunit 2. By weak
sequence homology, we suggest that the transmembrane helix
of subunit O takes the place of the second helix, packing
toward helix 8 of the catalytic subunit (V. Sharma, unpub-
lished observation). In this arrangement, hemec of subunit
O could easily come to the same area where CuA is in the
canonical oxidases. This agrees with measurements that show
similar rates of electron transfer from hemec/CuA to the low-
spin heme in the homologous proteins NO reductases and
aa3-type oxidases (55). Sequence analysis suggests that the
N-terminal extra helix of subunit N, called helix 0 here,
would form one long, kinked helix. Its polarity matches that
of the first helix of the canonical subunit 2. Both helix 0
and the first helix of canonical subunit 2 are missing in some
oxidases. The fourth area that most probably accommodates
an extra transmembrane helix in all oxidases is next to helix
3 of the catalytic subunit. This helix has a rather conserved
FW sequence motif throughout all oxidases. These two
residues pack tightly to each other and seem to form the
core of a hydrophobic cluster toward the first helix of subunit
3 in the bovine structure. The same sequence feature is also
found in thecbb3 oxidases, although they lack the canonical
subunit 3, suggesting that some other helix would pack here.
By elimination, we place the transmembrane helix from
subunit P here. In this arrangement, the globular heme
domains of subunits O and P are able to pack toward each
other above the catalytic subunit (see Figure 1a), in a manner
enabling electron transfer. As is obvious from Figure 1b, all

additional helices gather around the conserved half of the
catalytic subunit, suggesting that the integrity of the active
site requires the extra helices.

Homology modeling fails for segments that show major
divergence. With regard to thecbb3 oxidases, this means
loop3-4, loop11-12, and helices 4 and 5. In the crystal
structures, the two loops come in contact with the hemes,
and certain residues have been shown to have functional roles
(34, 56, 57). As a result, all heme propionates participate in
polar interactions with protein residues. A similar situation
was considered a goal for the homology modeling and was
satisfied (Table 2). For these nonhomologous areas, specific
attention was paid to locating meaningful interactions, which
could then be imposed by restraints in the model construc-
tion. In the crystal structures, the interface between helices
4 and 5 is stabilized by polar interactions. The residues in
question are not found in thecbb3 oxidases, but there are
other invariant residues that can form analogous interactions,
as discussed below.

Loop3-4. In several publications, helix 4 is aligned by
the C-terminal basic residues (17, 30). The number of
inserted gaps varies (17), and the helices are different in
length (30). The highly conserved motif (W/YxxYPPL) in
loop3-4 of the non-cbb3 oxidases is left completely un-
matched by thecbb3 oxidases (35), or a match is made to
the C-terminal, variable part of the loop (30). Still, there are
experimental data indicating that the N-terminal, conserved
part of the loop is functionally important (34). In all crystal
structures, a W/Y at the innermost point of loop3-4 forms
an H-bond to the D-propionate of the high-spin heme, and
the conserved tyrosine after it hydrogen bonds to an invariant
tryptophan in helix 6, which in turn stacks to one of the helix
7 CuB ligand histidines. A conserved tyrosine is found also
in the corresponding loop of thecbb3 sequences. We chose
to maintain the interaction to the conserved oxidase core:
loop3-4:Y-helix6:W-helix7:H. The analogous Y181-
W263 interaction was constrained to form in thecbb3 models.
This brings the residues preceding this tyrosine to the tip of
the loop, and into interaction with the catalytic site. This
specific structural match has not been suggested before, and
if it is indeed real, the tyrosine is one of the very few com-
pletely conserved residues in the superfamily, and presum-
ably of importance in maintaining the active site structure.
The well-conserved basic residue in theK/REY motif in
loop3-4 of the cbb3 oxdases will now interact with the
D-propionate of the high-spin heme, while the A-propionate
interacts with N393 and H397 from a conserved stretch
preceding helix 10, similarly as in the known structures.
Table 2 shows all propionate-protein interactions. As a result
of the restrained interactions mentioned in Table 2, helix 4
in thecbb3 oxidases becomes rather short, and two conserved
acids are forced into the helix. Variation in the lengths of
helices is observed when comparingThermusoxidase to the
bovine enzyme. The conserved acidic residues, E185 and
D189, point toward helix 5 (see below). Loop3-4 is
homologous between thecbb3 oxidase and the NO reduc-
tases, some of which (e.g.,Thiobacillus denitrificans, Azoar-
cussp., andPhotobacterium profundum) have an insertion
before the proposed helix start, supporting the suggested
model for loop3-4 and helix 4 (data not shown).

Loop11-12.Thecbb3 oxidases also differ from the other
members of the superfamily with respect to loop11-12.

FIGURE 3: Phylogenetic tree of heme-copper oxidases, pruned for
readability. Groups of different oxidases are marked. Theaa3 and
bo3 oxidases are close to each other; the variant bacterial and
archaeal oxidases are separate from them (some withba3 hemes
and others with modified A- and O-type hemes), and thecbb3
oxidases form a totally isolated subfamily, boxed with a thick line.
Three of the structurally characterized enzymes are in small boxes.
Theaa3 oxidases fromP. denitrificansandR. sphaeroides are not
shown on the graph, as they would completely overlap with the
bovine sequence.
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Instead of the widely studied conserved double arginine
(bovine R438R439) (56-61), the cbb3 oxidases have a
tryptophan and an arginine, W470R471. A choice was made
to match the single arginine of thecbb3 sequences to the
latter of the arginine pair of the canonical oxidases and to
retain its interactions with both propionates of the low-spin
heme. The A-propionate accepts a hydrogen bond from R115
(conserved grlR) at the beginning of helix 2 and from the
backbone amide of R471, while the D-propionate interacts
with the backbone of K179 and the loop11-12 arginine (see
Table 2 and Figure 5).

Correlated Changes.Comparison of helices 4 and 5
between structures andcbb3 sequences is hard indeed: no
clear sequence motifs are found. In this area, theba3 oxidases
are closer to thecbb3 oxidases than to theaa3/bo3 oxidases,
and theT. thermophilusstructure is invaluable. For example,
tryptophans 186 and 196 ofR. sphaeroides cbb3 oxidase have
counterparts in the variant oxidases. Also, several correlated
changes between the helices are observed. The central proline
(P200) of bovine helix 5 and a helix 4 tryptophan (W196)
in the ba3/cbb3 sequences show perfect mutual exclusion.
Superposition of the bovine structure and theR. sphaeroides
model shows that the two residues would collide if they
coexisted. In the bovine structure, two conserved hydrogen-
bonded pairs are seen between these helices (helix4:D144-
helix5:R213 and helix4:H151-helix5:T207). A similar in-
timately connected interface is seen in thecbb3 model,
when subfamily-specific residues form a pair interaction

(helix4:D189-helix5:N236). The conserved pattern is sys-
tematic and complex, lending credibility to the present align-
ment. A similar situation is seen between helices 11 and 12:
whenever a well-conserved G in helix 12 (G500 inR.
sphaeroides cbb3 and G457 in bovine) is substituted with a
larger amino acid (L, I, or V) its spatially nearest neighbor
in helix 11 is a glycine or alanine, while the site otherwise
is occupied by large hydrophobic residues (M423 in bovine
and L454 incbb3 oxidases). Despite the initial problems,
the final alignment for helix 5 is highly satisfying.

cbb3-Specific Sequence Features.Besides looking for
features shared in the whole superfamily, we found it to be
informative to compare thecbb3 oxidases with one another.

Table 1: Conserved Amino Acids in the Heme-Copper Oxidase Superfamily

type or location B. taurus(aa3) T. thermophilus(ba3) R. sphaeroides(cbb3)

invariant metal ligands
low-spin heme Fe H61, H378 H72, H386 H118, H407
high-spin heme Fe H376 H384 H405
CuB H240, H290, H291 H233, H282, H283 H267, H317, H318

active site
loop3-4 Y129 Y136 Y181
loop11-12 R439 R450 R471
helix 6 W236 W229 W263
helix 6 V243 V236 V270

other conserved residues
helix 8 P315 P308 P342
helix 9 G355 G363 G384
helix 11 G420 G431 G451
helix 11 G432 G443 G463

subfamily-specific functionally
important residues

D-channel D91, E242 - -
K-channel K319 - H303a

His-Tyr Y244 Y237 Y311b

a Forming an analogous channel.b Structurally conserved, but not from the same part of the sequence.

Table 2: Interactions between Heme Propionates and the Protein

interacting residue atom

heme
propionate

oxygen B. taurus(aa3) R. sphaeroides(cbb3)

a/b O1A Y54 OH, Y371 OH, Wat5b R115 NH1a

O2A R439 N, Wat36b R471 N
O1D W126 N K179 N
O2D R439 NE, Wat36b R471 NE

a3/b3 O1A D364 OD2, H368 ND1 N393 ND2, H397 ND1
O2A H368 ND1, Wat34,b Wat16b H397 ND1
O1D R438 NH1, Wat34,b Wat44b W470 NE1,a K179 NZa

O2D R438: NH2, W126 :NE1 K179 NZa

a Atoms that are restrained to form interactions with respective heme
propionates.b Wat is a crystallographic water molecule.

FIGURE 4: Putative K-channel analogue, centered around H303.
Helices 7, 6, and 8 are shown as cylinders (from left to right) and
hemes as licorice models (hemeb on the right and hemeb3
perpendicular to the plane of the page). Colors are as in previous
figures. The channel-forming residues that are shown are Y311,
S343, H303, S300, N349, and S296, as counted from the top. The
proton path is marked with an arrow, and the covalently bound
His-Tyr pair in the active site is circled.
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One acidic residue is especially noticeable: E383 is fully
conserved among thecbb3 oxidases, and it is the only such
residue predicted to lie clearly within the membrane domain.
It is situated in the middle of transmembrane helix 9, and it
lacks obvious possibilities of forming ionic interactions. A
possible functional role of E383 was tested by mutations to
both Q and D. The more conservative E to D mutation
retained approximately one-third of the activity of the wild
type, with a normal H+/e- ratio of proton translocation, while
the E to Q mutant was virtually inactive (Table 3). The pro-
posed active site tyrosine, Y311, was also tested for its role
in catalysis. Mutation to phenylalanine yielded a completely
inactive enzyme, as found in ref27. Y265 was mutated to
phenylalanine to test whether it might be analogous to the
tyrosine in Rhodothermus marinusthat is part of the
D-channel (ref62 and Table 3). The modest inhibition of
turnover and the essentially normal efficiency of proton
translocation do not support this possibility. However, we
cannot exclude the possibility that a functional role of this
tyrosine might have been taken over by water molecules.

DISCUSSION

Thecbb3 oxidases form the most distant subgroup among
heme-copper oxidases. Minimal conservation is observed

between them and the whole superfamily: besides the histi-
dines, only eight of 535 residues are highly conserved in
our large alignment. The built homology model is very clear-
ly divided into the well-conserved surroundings of the active
site (helices 6-10) and the variant other half of the helix
bundle (see Figure 1b). In the conserved core, only few gaps
are needed in the alignment, and the models are very robust.
On the other hand, the detailed structure of the variant half
is strongly dependent on the choices made on the alignment
level and could easily vary. The core contains the active site
and the K-channel, while the other proton channel, the
functionally dominant D-channel in the canonical oxidases,
originates in helices in the variant half. The same gen-
eral result is obvious when comparing published alignments
between structurally known oxidases and thecbb3-type
oxidases (17, 30, 35). All agree well for the core but show
major variations for the termini. No comparison can be made
with the recently published model of thecbb3 oxidase from
V. cholerae(30), as the coordinates are not available.

Core Enzyme.The heme-copper oxidase superfamily is
defined by the six histidine ligands of the redox active metals,
five of which are in the conserved core part of the enzyme.
Notably, the active site tyrosine (9, 63) from helix 6, missing
only from thecbb3-type oxidases, can easily be substituted
with another tyrosine from helix 7 (see Figures 2 and 4), as
also shown recently (30). Direct chemical verification of a
covalent histidine-tyrosine adduct is still missing, but
mutations of the tyrosine render the enzyme inactive (ref30
and Table 3) as in theaa3 oxidases (64). The orientation of
the His-Tyr pair would be different, though, when the
tyrosine is not in the same helix but in a neighboring helix.
This is consistent with the different ligand dissociation
behavior in thecbb3 enzymes (65), indicative of changes in
the shape of the active site. The interface between helices 6
and 7 is highly constrained by CuB ligation, and a shift of
the tyrosine position is not likely to change the dynamics of
the active site.

“K-Channel”. A feature shared by all heme-copper
oxidases but a few archae (SufolobusandMetallosphaera)

FIGURE 5: Gating residues in the bovine structure (a) and the proposed model (b) from the top. Loop3-4 is shown as a white trace at the
left and loop11-12 at the right. The hemes are colored red; the conserved arginine in loop11-12 is colored green, and the tyrosine from
loop3-4 that interacts with tryptophan in helix 6 is colored white. The gating residues in the bovine structure (the lower number arginine
in loop11-12 and the tryptophan in loop3-4) are colored yellow, as are the proposed, inverted gating residues in the model. The glutamate
in loop3-4 of the model is colored pale blue.

Table 3: Properties of Wild-Type and Mutant Cytochromecbb3

Enzymes fromR. sphaeroides

activity
(% of wild type)

reduced
cytochromeca

proton
translocationb (H+/e-)

wild type 100 no 2.6-3
Y311G 0 yes NDc

Y311F 0 yes NDc

Y265F 19 no 2.4-2.8
E383Q 1.2 no NDc

E383D 30 no 2.5-2.9
a The three cytochromec forms in the isolated enzyme are reduced

in the as isolated minus air spectra, indicating that electrons are not
transferred to the binuclear center.b Two of the observed H+/e- are
released from the cytochromebc1 complex; thus, the wild-type
cytochromecbb3 shows a H+/e- ratio close to unity.c Not determined.
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is a central proline in helix 8 (P315 in the bovine enzyme).
The proline is one turn above the lysine defining the
K-channel (K319) and kinks the helix slightly, allowing for
a small cavity toward helix 7. The site where theaa3 oxidases
have the K is invariantly occupied by a G in the cbb3

oxidases, and its small side chain leaves space where a
histidine, H303, is found in helix 7. H303 is conserved in
all cbb3 oxidases but those ofCampylobacterales. The
corresponding histidine fromBradyrhizobium japonicumhas
been mutated by Zufferey et al. (29), who report a native
structure but catalytic inactivity, the only conserved histidine
with this phenotype. H303 in our model is situated in the
cytoplasmic half of helix 7, and around it are several
conserved hydrophilic residues: S296, S300, H303, Y311,
S343, and N349 (as shown in Figure 4). Remarkably, N349
aligns well with theba3-type oxidases, which also lack a
channel-forming lysine. Other possible channel-forming
residues in theThermusenzyme would be D262, S261, and
S309. The proposed channel looks structurally very different
from the known K-channel and rather resembles the D-
channel: several polar residues traverse the height of the
channel, tracing a path between the helices. The uppermost
residue on the suggested channel is Y311 in the active site.
If the analysis of evolution in this family is accurate (17)
and the cbb3 oxidases are remnants of the older, more
primitive enzymes, then the separation of the active site and
the proton channel, as seen inaa3 oxidases, should have
served to optimize catalytic efficiency.

Variant Loops.The loops between helices are generally
short in the oxidases. In contrast, the loops between helices
3 and 4 and between helices 11 and 12 both extend inward
and meet above the catalytic site. Residues from both loops
[bovine W126 (loop3-4) and R439 (loop11-12)] are in
contact with the hemes and have been shown to participate
in function (34, 56-61). In the bovine structure, the loops
also make direct contact with each other. The difference in
loop3-4 is striking: both the non-cbb3 and cbb3 oxidases
have well-conserved sequences here, though they are totally
different from one another (GWTVYPPL and GKEYAE,
respectively). Moreover, the ends of helices 3 and 4 are hard
to discern, and in most published alignments, this loop is
totally nonexistent (30, 35). Loop3-4 is shorter in thecbb3-
type oxidases, especially the segment C-terminal to Y181.
The only way we found to solve this problem was to shorten
helix 4 and force interactions between theKEY motif and
the heme propionate to take place. With this interaction
organizing loop3-4, contacts to loop11-12 can also be
found between the glutamate in the K/REY motif and the
single conserved R in loop11-12. Also here an active choice
was required: the loop in the canonical oxidases contains
two invariant arginines, R438 and R439, but only one
arginine in loop11-12 is conserved in thecbb3 oxidases
(R471). There are experimental data backing either choice
(56, 57, 59), and we picked the latter one, as bothcbb3

oxidases and NO reductases have a conserved pair there,
WR and QR, respectively. Following the arginine, the loop
in the cbb3 oxidases is∼10 residues longer and well-
conserved. Some non-cbb3 oxidases also have longer than
average loops between helices 11 and 12 (e.g.,Pyrobaculum
aerophilum, Halobacterium salinarium, andBacillus halo-
durans); however, these loops are clearly not homologous
with those in thecbb3 oxidases, and in the structures, this

loop binds to subunit 2. We suggest that the extra length of
loop11-12 reaches to the area left open by the short loop3-4
in the cbb3 oxidases and may contact subunit O or P. As a
result of the restrained interactions, all heme propionates end
up having polar interactions (Table 2).

The proposed role of these loops in proton pumping
suggests interesting questions about thecbb3 oxidases. Key
structural elements in this domain might be inverted in the
cbb3 oxidases but contain the same elements. The D-pro-
pionate of the high-spin heme may be locked by competing
interactions with a tryptophan and an arginine, as in the
well-studied cases, but in thecbb3 oxidases the locking
residues may have shifted places: the R/K is in loop3-4
and the W in loop11-12, as shown in Figure 5.

D-Channel.The best understood proton channel in the
canonical oxidases, the D-channel, reaches from D91 in
loop2-3 to E242 of helix 6 (bovine numbering). Several
amino acids between D91 and E242 mediate proton hopping,
among them the well-conserved N99. These residues are all
missing from thecbb3 oxidases and also from the divergent
oxidases. These two odd enzyme subgroups both have a
mostly basic loop2-3 instead of hydrophobic residues
surrounding Asp91 (bovine). A channel has been proposed
in this area from theT. thermophilus ba3 structure (4), but it
has not been verified experimentally to the best of our
knowledge. An alternative path for the proton channel has
been shown to exist in the archeaRh. marinus caa3 where
the lack of the helix 6 glutamate is compensated by a tyrosine
(62) two residues before the helix 6 histidine. A correspond-
ing tyrosine (Y265) is always found in thecbb3 oxidases,
and this presents the only trace of a possible D-channel in
this region. However,Rh. marinusdoes have the D and N
in the lower part of helix 2, as in the canonical oxidases,
but these are lacking in thecbb3 oxidases. Mutation of Y265
diminishes the activity ofR. sphaeroides cbb3 oxidase but
does not significantly affect the efficiency of proton pumping
at the cell level (Table 3), and the importance of this residue
thus remains obscure. At this time, we cannot exclude the
possibility that Y265 and the domain beneath it would not
be used as a proton transfer pathway, but if that is the case,
the channel structure would be entirely different.

E383 in helix 9 is the only carboxylic amino acid,
conserved among thecbb3 enzymes, that is predicted to reside
within the membrane domain at (or below) the level of the
heme groups. Its mutation to aspartate and glutamine shows
moderate and virtually complete inhibition of activity,
respectively. In the former case, the efficiency of proton
translocation was unaffected (Table 3). The possibility that
E383 participates in proton transfer requires further experi-
mentation, especially since its side chain points awkwardly
into the membrane area in the present models. Further
refinement of the model is underway, and the possibility that
the conserved D364 might be involved in such a putative
channel is also being tested.

In summary, combination of existing structural and
sequence data on heme-copper oxidases has allowed us to
construct models of the divergent members of the group,
thecbb3 oxidases, and to locate several functionally important
residues, the first of which have already been verified
experimentally. Consistent with the observed division of the
structure into a conserved and a variant half, an analogue is
found for the K-channel but not for the D-channel. This
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proposes radically different proton pathways in thecbb3

oxidases and even opens up the possibility of a primitive
single-channel oxidase.
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