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ABSTRACT: The active site of the heme—copper oxidases comprises a redox-active high-spin heme and a
tris-histidine copper center Cug. Two amino acids in the close vicinity of the metals, a tyrosine and a
tryptophan from helix 6, have been shown to be absolutely required for the catalytic function and should
be considered part of the active site. Additionally, amino acid residues from interhelical loops strongly
modify the activity. In a separate subfamily of heme—copper oxidases, the cbbs-type oxidases, the metal
centers are identical, the tyrosine is found in helix 7, but nothing is known of the corresponding tryptophan
or of the involvement of the loop residues. We have observed a conserved aromatic cluster in the known
oxidase structures, including the essential tryptophan and loop residues, and refined our earlier model of
the cbbs-type oxidase from Rhodobacter sphaeroides to test the feasibility of a similar structure. In the
refined model, the interactions around the A-propionate of the high-spin heme resemble closely those
seen in crystal structures of other terminal oxidases. Two alternative models (G- and C-models) that
differ for the positioning of conserved tryptophans in helix 6, are presented. Molecular dynamics simulations
on the catalytic subunit of the cbhbs-type oxidase model result in a conformational change of the active-
site tyrosine, which may be related to different ligand-binding properties of the cbbs-type oxidases. The
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relationship between sequence and functional data for defining the subfamily is discussed.

The superfamily of heme—copper oxidases can be defined
by the structure of the active site: two hemes and a copper
atom, seven invariant histidines ligating them, and a redox-
active tyrosine residue covalently bound to one of the copper
ligands. The tyrosine is a key residue for the catalysis,
donating an electron and a proton for the first steps of oxygen
reduction chemistry (/). Recent data suggest a similar role
for a tryptophan that stacks to another of the copper atom
of the binuclear site (Cug)' ligating histidines (B:W236 and
B:H291, residue numbers for the aas-type oxidases are from
the subunit I of the Bos taurus enzyme, unless specifically
mentioned) (2, 3). Catalysis occurs between the two transition
metals, central iron of the high-spin heme (Fe,3) and Cug,
within the transmembraneous protein, and the four electrons
and four protons needed to reduce O, to water are fed in via
other redox centers in the protein and water-filled channels,
respectively (4, 5). The vectorial chemistry itself generates
a transmembrane electrochemical gradient, and the large
reaction energy is converted to translocation of four more
protons across the membrane.

" The work was supported by the Academy of Finland, the Sigrid
Jusélius Foundation, and Biocentrum Helsinki.

* To whom correspondence should be addressed: P.O. Box 56,
Viikinkaari 4, University of Helsinki, Helsinki 00014, Finland.
Telephone: +358-9-191-57625. Fax: +358-9-191-57620. E-mail:
liisa.laakkonen @helsinki.fi.

! Abbreviations: COX, cytochrome ¢ oxidase; NOR, nitric oxide
reductase; PDB, Protein Data Bank; Cug copper atom of the binuclear
site; Fe,3 central iron of the high-spin heme; B, subunit I of the
cytochrome ¢ oxidase from Bos taurus.

10.1021/bi702088r CCC: $40.75

All aerobic organisms have one or more terminal oxidases,
which can be quite divergent on the level of primary
structure, even though the reaction catalyzed is identical. A
separate subfamily is formed by the cbbs-type oxidases,
defined by a unique subunit composition, three C-type hemes
in the noncatalytic subunits, two B-type hemes in the central
subunit (6, 7), and the transfer of the catalytic tyrosine from
helix 6 to helix 7 (8-11). The sequence identity of the
catalytic subunit of the cbbs-type oxidase from Rhodobacter
sphaeroides is equally low (~20%) compared to all structur-
ally resolved cytochrome ¢ oxidases. There are also numerous
oxidase sequences from genomic projects that resemble the
cbbs-type oxidases in having the conserved tyrosine in helix
7 (12). Their sequence identity to the functionally character-
ized representatives of the cytochrome cbb; subfamily varies
down to 20-30% (see below), and the metabolism of many
of these aberrant organisms from highly variant environments
is unknown. Our goal is to understand the structure and the
catalytic mechanism of the cbbs-type oxidase from R.
spaheroides, and as long as the largely divergent cbbs-like
proteins have not been shown to function similarly (e.g., act
as proton pumps and not as oxygen scavengers only), we
consider the sequence data interesting in a phylogenetic sense
but not binding in studying mechanistic details.

In the crystal structures of aas, bos, and bas oxidases, the
fully conserved tryptophan in helix 6 (B:W236) stacks to
one of the histidines ligating Cug (B:His291). In addition,
the opposite face of the tryptophan interacts with the residue
before it, B:F235, and the aromatic chain continues further
to B:W126 in loop 3—4. Mutation of the corresponding
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FIGURE 1: Superposition of the active sites of the model of the cbbs-
type oxidase (in thick lines) and the bovine aas-type oxidase (in
thin lines) viewed from above the hemes. Hemes and Cug are shown
in silver, with the low-spin heme on the left and the binuclear center
on the right. Backbone ribbons for helix 2, loop 34, helix 6, helix
7, and loop 11-12 are shown in green, counted counter-clockwise
from the lower left corner. Three areas of of interest are highlighted:
the competing hydrogen bonds with the high-spin A-propionate in
red/purple (cbbs, Y181 and R471; aa;, W126 and R438), the
aromatic cluster in yellow/orange (cbbs, W263, W264, and H318;
aas, F235, W236, and H291), and the His—Tyr pair in blue/cyan
(cbbs, H267 and Y311; aas, H240 and Y244). Ligands of the low-
spin heme b, R115 and K179, are shown in green. This model has
been constructed from the gapped alignment.

tryptophan to a phenylalanine in the Paracoccus denitrificans
aas-type oxidase renders the enzyme completely inactive (2).
The possible importance of the connection between two fully
conserved aromatics is not known. Helix 6 of the cbbs-type
oxidases has instead two consecutive conserved tryptophans,
either of which could form a similar interaction with the
copper ligand. Here, we have modeled both alternative
positions of the tryptophans separately (G- and C-models).

Electronic properties of heme groups are modified by the
interactions that they form with the environment, particularly,
via their charged propionate groups. In the known crystal
structures, each heme propionate is involved in polar
interactions with well-conserved residues in the loops
between transmembrane helices 3 and 4, 9 and 10, and 11
and 12 (/3-19) (see Figure 1), and several of these have
been shown to be central in the function of the enzyme (20-22).
The loop between helices 3 and 4 (loop 3-4) differs
intriguingly in the cbbs-type oxidases from the corresponding
one in the aas-type oxidases. However, the segment is well-
conserved within each subfamily: gtgWtvYppla in the aas-
type oxidases and keYae in the cbbs-type oxidases (residues
discussed in detail are shown in bold). The two aromatic
residues of the aas-type oxidases, B:Trp126 and B:Tyr129,
form conserved interactions within the protein: B:W126
forms a hydrogen bond to the A-propionate of the high-spin
heme and B:Y 129 to B:W236 in helix 6. The corresponding
residues have been mutated to phenylalanines in the aas-
type oxidase from P. denitrificans, and the mutants exhibit
about half of the wild-type catalytic activity: W — F at 40%
(22) and Y — F at 60% (23). In all resolved structures, the
A-propionate of the high-spin heme also interacts with
B:R438 from the loop between helices 11 and 12 (loop
11-12), and the competition between the two polar interac-
tions is proposed to be part of the mechanism by which the
proton and water exit are gated (24, 25). The mutation of

Sharma et al.

the analogous arginine to several different residues in
Escherichia coli bos oxidase and R. sphaeroides aa; oxidase
verifies its importance for activity and proton pumping in
these enzymes (20, 21).

The single aromatic residue in loop 3—4 of the cbbs-type
oxidases, Y181, could a priori match either B:-W126 or
B:Y129. In our first cbb; model (9), B:Y129 was chosen to
be the counterpart of Y181 mainly because the shorter loop
3—4 of the cbbs-type oxidases covers better the longer ones
of the template structures and allows for a full-length
transmembrane helix 4 from P184 onward. Fixing the
position of Y181 in the model was followed by a spatial
corollary: the counterion for the A-propionate would need
to be K179 from loop 3—4, and then the opposite residue is
necessarily the fully conserved W470 from loop 11-12. This
way, the interactions provided by the two loops were
inverted, and the aromatic residue of the triad K179—A-
prps3—W470 is not on the same side of the hemes as helix
6 but located in loop 11-12.

We have now remodeled the active site of the cbbs-type
oxidase from R. sphaeroides, by matching Y181 to B:-W126.
The resulting arrangement closely resembles the crystal
structures of oxidases and allows for the formation of an
analogous extended aromatic structure between helix 6 and
loop 3—4. The detailed model of the active site shows that,
despite major differences at the level of primary structure,
the atomic interactions between the redox centers and the
protein may be very similar in the oxidase subfamilies.

MATERIALS AND METHODS

Homology models of the cbbs-type oxidase from R.
sphaeroides were produced with the program MODELLER7v7
(26), as described earlier (9), and the structures were
visualized for analysis with the program Visual Molecular
Dynamics (VMD) (27). Multiple sequence alignments were
generated with ClustalX1.8 (28), and they are the same as
used previously (9), with minor manual changes performed
in helix 6 and loop 3—4/11-12 (see below). BioEdit (29) was
used for additional sequence analysis. The sequence to be
modeled was gi: 1377865 (6), and the structural templates
Protein Data Bank (PDB) 1V55 (B. taurus) and 1EHK
(Thermus thermophilus). The prehelix was omitted from the
construction (residues 1-64 of the target sequence).

Y181 and R471 of the target sequence were manually
aligned to the W126/Y 133 and R438/R449, respectively, of
the template sequences from B. taurus/T. thermophilus.
Similarly for the alternative model, W263W264 were aligned
to F235W236/F228W229 by introducing a gap in the
alignment (see the Discussion). MODELLER extracts almost
the same initial atomic coordinates for a residue in the target
sequence, when the residue in the template sequence at an
equivalent position is the same. Therefore, no explicit
MODELLER restraints were needed for enforcing those
residue positions. However, the interactions, which were
forced using distance restraints of MODELLER, are as
follows: (H267/NE2—Y311/CE2), (K179/NZ—low-spin
heme b/O1D), (R115/NH2—E472/0), and (R115/NH1—low-
spin heme b/O1A). a restraints of MODELLER were
invoked, at the positions of intrahelical insertions or
deletions in the alignment, and a six-residue surface helix
was constructed in loop 11-12. The two water molecules
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(a) ) )
helix3hhhhh------------ loop3-4------------ hhelix4h
PPSFLLLLASSMVEA- - - - - GAGTGWTVYPPLAGNLAHAG- -ASVDLTIF

Bos taurus

P.denitr.aa3 VCGVALGVASLLAPGGNDQMGSGVGWVLYPPLS - - TTEAG- - YSMDLAIF

T.thermo.ba3 FIGLVVAALPLLA- - -N- - -EATVLYTFYPPLK---------- GHWAFYL
R.sph. cbb3 NLFIVLVAQSYLLGAT- - --QSKE-Y-------------- AE----- PEW
(b) - - - -hhhhhhhhhhhh-helix6 -hhhhhhhhhhhhhhh- - - - - - - - hhh

Bos taurus GGGDPILYQHLFWFFGHPEVYILILPGF -GMISHIVTYYSGK-KEPFGYM

P.denitr.aa3 GGGDPVLYQHILWFFGHPEVYIIILPGF-GIISHVISTFAKK- -PIFGYL
T.thermo.ba3 EGVDPLVARTLFWWTGHPIVYFWLLPAY - ATIYTILPKQAGG- - KLVSDP
R.sph. cbb3C - - - -GVQDAMVQWWYGHNAVGFFLTAGFLGMMYYFVPKQAE - - RPVYSYK

R.sph. cbb3G - - -GVQDAMVQWW - YGHNAVGFFLTAGFLGMMYYFVPKQAE - -RPVYSYK

(c)

hhhhhhelix1lhhhhhhhhh---loop11-12------------ hhhhh
Bos_taurus THFAIMFVGVNMTFFPQHFLG - LSGM- PRRYSDYP - - - - - = - - - - - DAYT
P.denitr.aa3 LHFWMMFIGSNLIFFPQHFLG-RQGM-PRRYIDYP----------- VEFA
T.thermo.ba3 AVVWLWFLGMMIMAVGLHWAG - LLNV - PRRAYTIAQVP- - - - - - DAYPHAA

R.sph. cbb3

FIGURE 2: Modified alignment for (a) loop 3—4, (b) helix 6, and (c)
loop 11-12. Bt stands for B. taurus; Pd stands for P. denitrificans;
and Tt stands for 7. thermophilus.

WHFWLATIGIVLYASSMWVSGIMEGLMWREVDANGFLVNA - FADTVAAKF

between the heme propionates were modeled explicitly
from the template structures. After the same modeling
procedure was used as before (9), 5 models with the lowest
value of the MODELLER objective function were selected
for refinement and analysis of 50 models generated.

Water molecules were added to the selected models using
DOWSER (30). The energy cutoff for DOWSER was —10
kcal/mol. The hydrated system was relaxed with 2000 steps
of unconstrained conjugate gradient minimization in NAMD/
VMD (31), followed by molecular dynamics simulation. The
Ca atoms were kept under harmonic constraints of 10 kcal
mol~' A2 to compensate for missing subunits and the
membrane/water environment. The simulations were carried
out for 450 ps, with a time step of 1 fs. Langevin dynamics
was used to keep a constant temperature of 300 K. The
trajectory was saved every picosecond. Control simulations
were performed with an identical protocol for the catalytic
subunit of the bovine enzyme.

Calculations were performed with the CHARMM?27 force
field (32). For A-type hemes and the Cug(His); center, newly
developed charges (33) were used with in-house-developed
parameters, while in-house-developed topology and param-
eters were used for B-type hemes. For the covalently bound
histidine—tyrosine pair, a patch residue was constructed to
reproduce the experimental geometry. Analysis of simula-
tions and trajectories was performed with VMD and Xmgrace
(http://plasma-gate.weizmann.ac.il/Grace/).

RESULTS

Refined molecular models of the cbbs-type oxidase from
R. sphaeroides were constructed from the slightly modified
alignment shown in Figure 2. Figure 1 shows a comparison
of the active site between the model and the bovine structure.
Specifically, Y181 and R471 of the target sequence were
aligned to match W126/Y 133 and R438/R449 of the bovine/
T. thermophilus enzyme, and the interactions listed in the
Materials and Methods were constrained to form. For helix
6, two alternatives were considered. In the first case, the
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Table 1: Comparison of Interactions of Heme Propionates in the Bovine
Crystal Structure and the R. sphaeroides cbb; Model”

R. sphaeroides

heme  propionate B. taurus/aas model/cbbs
alb Ol1A Y54/0H, Y371/0H, w  R115/NHI1
02A R439/N, w E472/N
O1D WI126/N YI181/N
02D R439/NE, w K179/NZ
as/bs  O1A D364/0D2, H368/ND1  N393/ND2,H397/ND1
0O2A H368/ND1, w, w H397/ND1
O1D R438/NHI1, w, w R471/NH1
02D R438/NH2, W126/NE1  R471/NH2, Y181/OH

“ An interacting water molecule is marked with a w.

sequence was kept continuous as before (model C), and in
the second case, a gap (model G) was inserted after W264
and the helix was constrained to stay straight. In model G,
an extended aromatic cluster is formed between H318, W264,
W263, and Y181. Most of the applied distance restraints (see
the Materials and Methods) were found satisfied in the
selected models, which were optimized smoothly and ap-
peared physically reasonable by visual inspection. The
coordinates of the updated models can be obtained upon
request (liisa.laakkonen @helsinki.fi). The interactions of each
heme propionate with protein residues are listed in Table 1.

At minimization and simulation, Y311 of the His—Tyr
pair relaxes to a different conformation than in the templates,
while the internal geometry of the dimer stays intact during
450 ps of simulation. The average y, dihedral angle of
tyrosine, the interplanar angle, and the improper torsion of
the His—Tyr pair (Cé ltiso67—Ce21yr311—N€2his267—CO2his267)
are 154°, —39°, and 162° for the cbbs-type oxidase model.
The corresponding values for the bovine enzyme are —83°,
68°, and 165°. The distance for Oy3z;;—Cug is 5.1 10%, and
the distance for Oys;;—Fe is 4.8 A in the homology model,
while in crystal structure of bovine oxidases, the distance
for Oyaqs—Cug is 5.7 A and the distance for Oy—Fe is
5.7 A. The triplet interaction between R471, the A-propionate
of the high-spin heme, and Y181 in the model remains stable
during the 450 ps simulation.

The alignment of the 246 cbbs-like sequences from Hemp
et al. (/2) was analyzed further. The four well-studied cbb;
enzymes from Bradyrhizobium japonicum, R. sphaeroides,
Rhodobacter capsulatus, and Vibrio cholerae were compared
to each sequence in the complete data set from the given
alignment, and the pairwise identities are shown in Figure
3. A value of 100% is reached when the sample sequence is
compared to itself. The overall behavior is the same for each
of the four sequences studied. First, there are 17 sequences
that are 50-60% identical to each of the four. Then, the
comparison moves to the sequence space where all four
sample sequences originate, and the identities rise abruptly
to over 60%. In this interval, each of the four sample
sequences shows variable values, reflecting relationships
between the bacteria. At sequence 191, the identity scores
drop steeply. For the last two phases of the curve, the four
sample sequences again show similar values, first at identity
levels around 40% and then below 30%. We conclude that
173 sequences (from 18 to 191; Figure 3) form an internally
highly similar set, which we consider relevant for functional
comparisons, as all available data originates from this set.
In this set, loop 3—4 residues E180 and Y181 are fully
conserved, as are W263 and W264 from helix 6. K179 is
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FIGURE 3: Sequence comparison of the four functionally charaterized
cbbs-type oxidases to the large data set. The percent identity of B.
Jjaponicum sequence to each of the 246 sequences is shown as a
green dotted line; the percent identity of R. sphaeroides sequence
to each of the 246 sequences is shown as a red solid line; the percent
identity of R. capsulatus sequence to each of the 246 sequences is
shown as a blue dash-dotted line; and the percent identity of V.
cholerae sequence to each of the 246 sequences is shown as a black
dashed line.

often replaced by R, 3 times by Q, and 1 time by L. R471
is replaced 1 time by G, 4 times by S, 6 times by L, and 1
time by Q. Given the functional role assigned to K179 in
our models and the experimental data on corresponding sites
in the aas-type oxidases (20, 21), substitution of K179 by R
or Q should be functionally accepted and only the single
substitution by a leucine should be considered a problem
(172/173 = 99% conserved). For R471 as the cation in the
arginine—propionate pair, all 12 substitutions listed are
unacceptable and the site appears variable even in this smaller
set of sequences (161/173 = 93% conserved).

DISCUSSION

Structural modeling of the cbbs-type oxidases is challeng-
ing because of the low sequence identity within the super-
family and the very high sequence identity among the cbb;
oxidases themselves (>60%, see Figure 3.) Each of the three
segments discussed here, loop 3—4, helix 6, and loop 11-12,
align unambiguously, fully gaplessly, within the cbbs oxi-
dases, but the conserved residues in them (K179E180Y 181,
W263W264, and W470R471) can be aligned in alternative
ways to the known crystal structures. Especially for the loop
areas, the different alignments cannot be discriminated by
structural or bioinformatic arguments. What can be done,
though, is to constract models from the alignments and
compare them to the crystal structures, where these three
segments are linked together via contacts to the hemes. The
number of structural alternatives in modeling is limited by
the residues studied, being so close to each other in the
primary sequence and by the fully rigid arrangement of the
hemes; assigning a structural role to one residue severely
restricts possiblities for the others.

Old versus Refined Model. Our earlier model was based
on matching Y181 to B:Y129, for reasons given in the
introduction, and roles for the other residues in loops 3—4
and 11-12 followed from this. Since then, new data on the
critical role of the conserved tryptophan in helix 6 (B:W236)
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has been published (3). In the known oxidase structures, this
tryptophan stacks to one of the histidine ligands of the CuB
center (see Figure 1), and moreover, it is central in an cluster
of tightly packed hydrophobic residues extending up to the
aromatic residue of the propionate triad. We wanted now to
revisit the assignment of Y181 and study the possibility of
keeping the aromatic residue on the same side of the hemes
as helix 6, thus allowing for the formation of an analogous
hydrophobic structure. This assigns Y181 to B:W126, in
close resemblance to the bas-type oxidases, where a tyrosine,
not a tryptophan, serves as the aromatic residue in the triad
(14). Sterically, it is not possible for both next-to-neighbors
Y181 and K179 to interact with the same propionate, but
the basic residue has to reside elsewhere. We assigned this
role to the sole arginine in loop 11-12 of the cbbs-type
oxidases and matched it to the first of the two consecutive
arginines in the aas-type oxidases (see Figure 2). The
competing interactions within the triad Y181 —A-prp,;—R471
are now fully analogous to the configuration observed in the
crystal structures (see Figure 1). A drawback of the arrange-
ment is that the highly conserved tryptophan W470 in loop
11-12 is pointing out of the active site. It could well be
interacting with other subunits of the enzyme and contribute
to the electron-transfer path. A comparison of the old and
refined models is shown in Figure S1 of the Supporting
Information.

Three residues are clearly in different roles in the old and
refined models: R471, W470, and Y181. R471 is involved
in heme interactions in both models, and functional data on
mutatants are not likely to tell the options apart. W470 is
hydrogen-bonded to the heme in the old model and assumed
to interact with additional subunits in the new model in an
unknown way. No experimental data are available for W470,
and the agreement to either model cannot be estimated. The
third residue with clearly different roles in the two models
is Y181. In the old model, it forms a hydrogen bond to W263
(B:W236), and in the refined model, it forms a hydrogen
bond to the high-spin heme. The latter role is much more
critical, and it is supported by the preliminary data discussed
below (Rauhamaiki et al., unpublished results).

Active-Site Loops. The interhelical loops 3—4 and 11-12
have been suggested to participate in proton and water
exit (20-22, 25), and the ionic interactions of loop residues
with the hemes modify the midpoint potentials. Accordingly,
one of the requirements for molecular models of any terminal
oxidase is that all heme propionates participate in polar
interactions. In the models, the A-propionate of the low-
spin heme interacts with R115 and the A-propionate with
K179 (see Figure 1). Mutations to a leucine or a methionine
would test the importance of these contacts. The high-spin
heme A-propionate is bound to N393 and H397 in loop 9-10
in a fully conserved manner. Residues around the A-propi-
onate are now arranged in a fashion fully similar to that in
the aas-type oxidases, with R471 forming an ion pair with
the propionate oxygens and Y181 destabilizing it.

The role of the loop 3—4 in proton traffic is puzzling. The
loop from the chbs-type oxidases is clearly homologous to
the nitric oxide reductases (NORs) and not to the aas or bas-
type oxidases (8, 9, 34). Assuming that this is the site of a
proton path and knowing that NORs do not pump protons
(35), it would be tempting to suggest that the cbbs-type
oxidases can take protons from the outside of the cell too.
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Mutagenesis has shown that the two conserved glutamates
in loop 3—4 (kEyaE) are both important for activity in NORs
(36) and the former one in the cbbs-type oxidases (/2). In
our previous and present models, both acidic residues are in
the loop area and thus accessible to either the water medium
or other subunits.

Preliminary data on the chb;-type oxidase from R. sphaeroi-
des show full inactivation on mutations of R471, Y181, and
K179 and partial inactivation on mutations of W263 and
W264, while the subunit composition and optical absorption
spectra of the purified enzymes are unchanged (Rauhamiki
et al., unpublished results). The effects seen on mutating
K179, Y181, and R471 are in full accordance with their
proposed roles as heme counterions in the present model but
differ from the effects seen for the same loci in the aas-type
oxidases. A likely, although not very satisfying explanation,
is that the loops 3—4/11-12 are so dissimilar between the
two subfamilies, with different subunits around them, that
the behavior, too, is to differ. For example, in all enzymes
studied by specific point mutations, the destabilizing residue
to the arginine—propionate pair is a tryptophan (W164 in P.
denitrificans), while in many bacterial enzymes, it is a
tyrosine. The identity of this loop 3—4 aromatic seems to be
coupled to structural features in helix 6, as dicussed in the
next section. However, no mutation data are available for
these bacterial oxidases. Results for the bas-type oxidase from
T. thermophilus would be most informative.

Helix 6. In the aas-type oxidases, helix 6 is indisputably
the most central of all helices: over its length of 35 amino
acids, 21 are identical from Paracoccus to bovine. Four
residues are known to be absolutely required for function:
B:W236 possibly as a site for a radical (2, 3); B:H240 and
B:Y244 as the special bidentate Cug ligand; and B:E242 as
the end point of the D channel. In addition, B:V241 is
proposed to act as a steric organizer for O, entry (37). In
the cbbs-type oxidases, no acidic residues are found in this
helix, the tyrosine has moved to the neighboring helix 7,
and histidine and valine are at the same sites. However, for
the tryptophan, there are now two of them, vicinal and fully
conserved. Even for this most conserved helix, alternative
alignments can be justified between the structurally known
oxidases and the cbbs-type oxidases that match either of the
two tryptophans to the single W in the known structures.
The straightforward alignment matches the absolutely con-
served histidines (H240/H267 bovine aas/R. sphaeroides
cbbs) and valines (243/270), which brings W263 of the cbbs-
type oxidases to correspond to the single crucial W of the
canonical oxidases. This is what has been presented in all
published work thus far (8, 9, 34, 38). However, several
sequence features imply a gap right after the WW motif in
the cbb; sequences (see Figure 2), in which case W264 would
instead stack to the histidine ligand of Cug. First, among
non-cbbs-type oxidases, the dominant motif in helix 6 is
fWifgHPeVy (residues conserved in the whole superfamily
are shown in capital letters, and the discussed proline is
shown in bold). For several organisms, though, especially
all Burkholderia, the sequence motif is sWtlHaiVy. The
conserved proline is missing, and there are only two residues
between W and H. This is highly suggestive of a proline
kink being substituted by underwinding the helix one turn
earlier. Insertion of a gap into the cbb; sequences is easily
justified by the similarly absent proline. A second argument
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for inserting a gap is presented by the sequence comparison
of the bas- and cbbs-type oxidases N-terminal of the WW
motif (see Figure 2). A well-conserved site of small amino
acids A/S/T of the bas-type oxidases aligns with an invariant
A of the cbb; sequences. In the Thermus structure, alanine
224 packs tightly to neighboring residues and the helix is
constrained to place by an ionic interaction between the
following R225 and D287 from loop 7-8. The contact is
found in all sequences with Y in loop 3—4 (Y133 in T.
thermophilus). Third and most importantly, when comparing
models constructed from the two alignments, the gapped G
model structure compares better to the known structures in
the area above the hemes. In all known structures, there is a
clear “ceiling” of tightly packed hydrophobic residues above
the active site. In our G model, both tryptophans W263 and
W264 participate in an extended cluster of four aromatic
residues: H318—W264—W263—Y 181 (see Figure 1), packed
at van der Waals contacts. In the C model, the corresponding
residues are H318—W263—Q262—Y181. The polar glutamine
Q262 does not reach to pack tightly to Y181 in any of the
models. Bioinformatic arguments thus favor insertion of a
gap to helix 6 of the chbs-type oxidases.

In the aas-type oxidase from P. denitrificans, mutation
of the helix 6 tryptophan to a phenylalanine renders the
enzyme completely inactive (2), which has been suggested
to be related to radical formation during turnover (2, 3).
Because mutations of W263 or W264 in the cbb;-type
oxidases show only moderate effects (Rauhamiki et al.,
unpublished results), it can be concluded that either one
tryptophan at a time suffices in this subfamily or no
electron depository is needed, and the last electron comes
directly from the tyrosine. Data from a double mutant and
aliphatic substitutions would be needed to address the
question. A third possibility is that the mutational effects
of W263, W264, and Y181 in cbbs-type oxdases are
correlated and that the inactivating mutations mechanisti-
cally break the same unknown function.

The two alternative models for helix 6, continuous (C) or
gapped (G), both agree with the preliminary data. In the C
model, the observed effects would arise from the loss of
interactions with the histidine ligating Cug and nonspecific
changes in its interactions with the surroundings. In the G
model, we assume that the aromatic “ceiling” connecting Cug
and high-spin heme A-propionate is required for isolating
the active site from the highly hydrophilic area above it. In
this case, effects reflect the loss of the interaction to Y181
and destabilization of the cluster in a middle position.

His—Tyr Cross-Link. The unique post-translational modi-
fication of the heme—copper oxidases, the histidine—tyrosine
cross-link, has been predicted and verified to exist in different
helices in the oxidase subfamilies (8—/1). The detailed model
allows us to study the structural consequences of the
evolutionary migration. Simulations of the bovine oxidase
show different average values for the side-chain dihedral
angles than those of the chbs-type oxidase model, owing to
the different position of the Ca of tyrosine. As a result, the
tyrosine OH is clearly closer to the high-spin heme iron in
the cbb; model than in the bovine structure and would
directly reach to donate a hydrogen atom to the dioxygen
bond to be broken. This stabilizing interaction may be related
to the higher oxygen-binding affinity of the chbs-type oxidase
than that of the aas-type oxidase (39).
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If indeed the cbbs-type oxidases are evolutionarily more
ancient, as the phylogenetic breadth of the data by Hemp et
al. (12) beautifully implies, the position of the active-site
tyrosine in helix 7 should be considered the default and its
transfer to helix 6 should be considered a special case. The
dynamics simulation of the cbb; model suggests that the
position of the active-site tyrosine is related to the heme
structure: from helix 7, the tyrosine hydroxyl is closer to
the metals of the binuclear site and can interact favorably
with the substrate. In oxidases with A- or O-type high-spin
hemes, the tyrosine hydroxyl is hydrogen-bonded by the
hydroxy-ethyl farnesyl chain, which stabilizes the side chain
to a gauche—minus configuration.

Definition of the cbbs-Type Oxidases. In the sequence
analysis of the cbbs-type oxidases by Hemp et al. (/2), all
residues discussed here are claimed not to be conserved. This
demands discussion. The data set used is remarkably large,
including 246 cbb; sequences from various genomic projects.
The sequence features defining the subfamily are not
explained. We analyzed their data in Figure S1 of the
Supporting Information and find that the functionally char-
acterized cbbs-type oxidases from B. japonicum, R. sphaeroi-
des, R. capsulatus, and V. cholerae form a tight mutually
similar group, where all pairwise identities are over 60%.
We consider this central set to be the correct comparison
set for interpolating sequence motifs for mechanistic proposals.

Analysis of the large sequence alignment of Hemp et al.
(12) reveals several other features. Clearly, sequences from
202 to 223 form a phylogenetically closed set, because all
oxidase sequences from the order Campylobacterales cluster
together here (see Figure 3). It is also worth mentioning that
for many organisms, e.g., Silicibater pomeroyi and Photo-
bacter profundum, there are two different sequences from
the same strain, one of which belongs to the central set, while
the other lacks the loop 11-12 arginine (R471 R. sphaeroides
cbbs). We consider that both of these features, clustering
according to bacterial phylogeny and alternative oxidases
found from the same organisms, strengthen our definition
of the central set as mechanistically unified. In this case, the
variant cbbs-like sequences might well represent another
subfamily with varying subunit composition and perhaps with
less efficient or absent proton-pumping, being oxygen
scavengers as the NO reductases. For a comparison, the
sequence identities between three different terminal oxidases
from P. denitrificans are aas/cbb; = 21%, aa;/NOR = 17%,
and ¢bb3/NOR = 21%.

The nonconservancy of the active-site residues even in
the selected smaller set of well-conserved cbbs-type oxidases
is puzzling, especially for the loop 11-12 arginine (R471).
The demand of identical residues is not necessarily relevant
though, because it is often seen in mutation experiments that
the same functional role can be served by several different
amino acids, with changed activity. For example, in the E.
coli bos-type oxidase, the arginine in loop 11-12 that forms
an ion pair with the propionate can be substituted by a Q. If
we assume that the cbbs-type oxidases are equally tolerant,
we are still left with six leucines and four serines as the
aberrant residues at the position. The former are from
Psychrobacters, living in extremely cold and saline environ-
ments, and the latter are from the pathogen Neisseria.
Multiple occurrence and phylogenetic grouping speak against
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sequencing errors. Still, both leucine and serine differ from
arginine at the codon level by one base only.

CONCLUSIONS

Present-day huge amounts of nucleotide data are valuable
in analyzing evolutionary relationships but utmost caution
is required in interpreting the data in structural and functional
terms. Clearly, nucleotide sequence data and functional
enzymatic data do not define the cbbs-type oxidases in the
same way.

Updated homology models of the active site of the cbbs-
type oxidase from R. sphaeroides were constructed to agree
with all available data, and they show remarkably similar
interactions of the high-spin heme in the different oxidase
subfamilies. A possibly important structural feature isolating
the hydrophobic active site and the hydrophilic output area
has been identified and modeled.
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