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ABSTRACT. The cbhs-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 abobb:-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
cbb; oxidase fromRhodobacter sphaeroided/e conclude that with regard to the active site surroundings,

the cbh; 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 inthe electron donor to the active site. Oxygen diffuses in
aerobic prokaryotes and mitochondria. They reduce molec-through the membrane, and protons arrive to the active site
ular oxygen with electrons from catabolic reactions and via proton “channels” found in matrix/cytoplasmic side
generate an electrochemical gradient, which in turn drives cavities of the protein. Two such channels have been
synthesis of ATP to be used in anabolic reactions. A minimal characterized by site-specific mutations in bacteria and are
amount of energy is lost as heat, and no reactive oxy radicalscalled D- and K-channels after their central, conserved amino
are formed (see refs—3). acids (0). The D-channel seems to conduct at least six of

The heme-copper oxidases are large multimeric membranethe eight protons required in the reaction, while blocking
proteins 4—8), characterized by their binuclear active site. the K-channel hinders the reductive phase of the catalytic
An overall view of oxidase structure and function is shown cycle in the well-studiedas-type oxidasesl(1, 12). Sequence
in Figure 1, in the context of ouwbhb; oxidase model. The  comparisons indicate identical channels in all eukaryotic and
paths of the reactants and products (electrons, protons,n several but not all bacterial enzymes.
oxygen, and water) are marked schematically to converge The vectorial nature of reactant entry (electrons and

at the active site'in the central subunit, the only supunit that protons) generates an electrochemical gradient across the
is_homologous in all members of the superfamily. It iS emprane13), and in addition, the enzyme is able to harness
approximately 500 amino acids long and forms at least 12 ¢ gnergy released in oxygen reduction to pumping protons
transmembrang he_llce.s, ge_nerally w!th short llnterhehcal from inside to outsideld). How these two events, oxygen
loops. The active site is buried deep in the helical bundle o4 ction and proton transport over the membrane, are

and consists of a high-spin herr]r)eh(AH B, or O type) and & ¢4 pled on the atomic level is still debatetb(16). What
copper atom I_(C*)’ betwehen which the r?ub'st.rate oxygerf1 is known, however, is that all true members of the heme-
b'g.di' Cu is |?ate|d gyt aee invariant histidines, oni_oh copper oxidase superfamily are able to do so, while their
which 'is covalently bound to a unique tyrosine, which .j,qq relatives, the nitric oxide (NO) reductases, are Lt (
pammpatgs in the catalytic reacuo@)((sge the detailed _18). Here, by studying widely variant oxidases, we aim to
structure in Figure 4.)' The central subunit also_ houses a SIX'explore the structural elements necessary for the coupling.
coordinated, low-spin heme (A or B type), which serves as . . . :
Thecbhs-type oxidases are found in various proteobacteria
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promiscuous: they can reduce botk-O and N=0O, as can
the NO reductase2b, 26). The two subunits of the NO
reductases, NorB and NorC, are clearly homologous to
subunits N and O of thebhs-type oxidases, except that the
non-heme metal in the active site of NO reductases is an
iron (Fes). Subunits P and Q are unique to tbehbs-type
oxidases.

All experimental data assert that tblets oxidases function
in @ manner analogous to that of the much better knaagn
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

/’ i reduction, or to the pump sit@7, 28). However, nothing is
- s inside known about proton channels in thabb; oxidases. The
1] . .
extremely low degree of conservation between the different
8H* protein subfamilies presents a possibility to identify shared
structural features that are perhaps from a different part of
b 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 cbhs-type oxidases are divergent from both the
typical aas-type oxidases and the aberréiat-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 mutation29). Few other sites
have been studie®9), and a functional role was assigned
only to an active site tyrosine in helix 7, Y255 Wibrio
cholerag corresponding to Y311 iRhodobacter 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-
FiGURE 1: Overall view of thechb; oxidase model, oriented to the ~ membrane helices with two prehelices lying at the membrane
membrane, from a side view (a) and a top view (b). The cytoplasm surface 21, 31). Also, the cbhb; oxidases fromCampylo-
is down, and the periplasmic space is up. The catalytic subunit is hacteraledack the presequences but behave otherwise like
shown in the middle, with helices colored according to the degree othercbhs oxidases 32, 33). Remarkably, the loop between

of conservation: orange for the most conserved helices, white forh i d 4 is hiahl d both
the least conserved, and yellow for an intermediate degree of helices 3 and 4 is highly conserved, among both oo

sequence similarity. The soluble domains of subunit O (green) and andcbb; oxidases, yet the motifs are starkly different. Two
subunit P (light blue) are represented by their best threading results,residues in this loop have specific roles in # oxidases
while the transmembrane helices are schematic. The proposed(bovine numbering): Y129 forms an H-bond to W236 in
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 hfelz< %.ar?d WthG dorll\/lates an 'T\?\?lnszto tIDe dD-proplonate
arrive, and water and protons exit from the active center on the Of theé high-spin heme. Mutation o to F reduces proton
right. The top view shows the transmembrane helices of the central pumping efficiency 84). This loop cannot be modeled on
subunit, rotated 90toward the viewer. The proposed positions for  the basis of the existing structures, if specific interactions
the additional subunits are discussed in the text. The three putativez e not restrained to form. The same need to a priori choose

proton channels discussed are marked with arrows, and critical resi-_ - - . . . .
dues are shown as pale blue licorice models, with side chain oxy- WNich residues to align applies also to the arginines in the

gens and nitrogens represented as red and blue spheres, respel@op between helices 11 and 12.
tively: Y265 in helix 6, H303 in helix 7, and E383 in helix 9. We have analyzed a large, phylogenetically representative

set of sequences for the catalytic subunit of heme-copper

probable immediate electron donor cco2D) which is a oxidases and aligned them on the basis of the existing crystal
membrane-anchored monoheme protein; ccoP, a membranestructures. Our goal is to gain structural insights into the
anchored diheme protein; and ccoQ, comprised of a singlecatalytic subunit ofcbls oxidase fromR. sphaeroidesin
transmembrane heliX() (see Figure 1). Both subunits O addition to the mainly evolutionary considerations already
and P have been suggested to be part of the electron transfegvailable 85). Homology models were constructed and found
chain, while the role of subunit Q is unknow®Q{ 22—24). to be physically sound, in comparison to the crystal structures
Thus, compared to the canonical oxidasesgcthig oxidases  of membrane proteins36). As in the recently presented
lack the homologues of subunits 2 and 3, as well as the model of theV. choleraeenzyme 80), we also locate the
bimetallic Cu, center, which is the electron entry point from active site tyrosine in helix 7 (Y311 iR. sphaeroidés In
cytochromec. the same conserved core area, we additionally identify an

It is also to be noted that thebhs-type oxidases differ  analogue for the K-channel, but centered on H303. No
drastically from the canonical oxidases by being catalytically evidence of the D-channel can be found, but a strikatodp;-
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specific conserved glutamate (E383) in helix 9 might be basis of sequence data alone, but structural insights were
involved in proton pumping. The loops between helices 3 needed, as discussed below. In these segments, separate
and 4 (loop3-4) and between helices 11 and 12 (loopll alignments to the nitric oxide reductase sequences were also
12) are proposed to form interactions similar to those found instrumental. Final alignments and the structures generated
in the structurally known oxidases, but with inverted identi- from them are available at request.

ties. Finally, a packing model for the functional trimeric Phylogenetic trees were constructed with Phylip/proml

enzyme is presented. (42), at various stages of the alignment. The trees were
studied for robustness and for finding the variant sequences
THEORETICAL METHODS to be used as additional queries. Atomic three-dimensional

structures of thecbhs oxidase fromR. sphaeroidesvere
generated with MODELLER7v74Q3). The prehelix was
omitted from the construction (residues@4). The sequence

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 ard® P& modeled was GenBank entry 13778@3) (and the
few in number. For our purposes, it is the outliers in the Structural templates were 1V58.(taurug and 1EHK .

superfamily that are most helpful in assessing the sharedth€mophiluj. These two templates were used, since they

features. The problem of identifying relevant sequences was2'® aimost equally distant from the target sequenck8po
sequence identity) and from each other. Inclusion of all five

overcome by using several of the known variant sequences .

present in earlier workl(7, 35) as queries, and continuing crystal structures as templates would strongly bias the results

iteratively, until the results converged. Approximately 160 towardags oxidases. The advantage of having two templates

protein sequences were retrieved from the NCBiw- is that MODELLER can select the better o_f the_m, a}lthough
at the cost of a larger number of restraint violations, as

w.nchi.nim.nih.gov), as results from ProteiRrotein Blast e , e .
(37). Such a large amount of data is bound to be slightly conflicting restraints cannot be satisfied simultaneously.

redundant and is likely to contain errors. The crystal APProximately 15% of MODELLER's)—y restraints were
structures from the Protein Data Bargg] are the A chains unsatisfied, mainly in the loops. In all other classes, there

of 1EHK, 1FFT, 1V55, 1M56, and 1AR14(-8). The  WE'€ no complaints{1%).
structures are highly similar: the rms deviations between _1he default modeling routine of MODELLER was em-

Co. atoms of the transmembrane helices lie in the range of Ployed, with “Thorough Variable Target Function Schedule”

0.7-2.9 A, while sequence identities vary from high (81%) 2and “Slow MD Annealing”. In-house developed charge/
between theaas enzymes ofParacoccus denitrificanand topology files were used for the heme and copper systems.

R. sphaeroidet low (13%) between theos of Escherichia '€ actual charges on the redox active metals do not
coli and thebas of Thermus thermophilus mﬂuence the r_esults to any Igrgerl degree, because the active
Multiple-sequence alignments were generated using Clust-s'te. surr.oundmgs are identical in a_II templatgg .and thus

alX1.8 39). Degrees of similarity between sequences from copied d_lrectly to the modeR. sphaermde_sP. d_enltnﬁcan_s .
different subfamilies are too low for a direct alignment, but and bovine enzymes have been crystallized in bOth o_><|d|z_ed
the results depend on which types of sequences are includec?nd reduced states, and the structures are practically identical
and the order in which they are included. Therefore, a ”T‘ds.d c()jnAa"h@ at]?rlr’:s 8f<.0'3 A, for theTre?uq?d ancri]
structural alignment was first constructed by superimposing oxi 'fe i chain of t ethowkr‘l.ehstrug:turhe). o'actlr:tat(:—:‘LéHeK
the helical segments of chain A of the five available crystal construction process, the high-spin héme in the

structures, as defined by STRID&), implemented in VMD template was changed toa B-type heme. Also, the nomen-
(41). A secondary structure profile dos taurus agwas clature of atoms was unified between the templates and the

added to the structural alignment (5pdb.aln) and was usedtOpOIOgy files. These changes did not affect the modeling

throughout the process to emphasize structural aspects an@rocedure.

guide the work toward physically reasonable models: to . Five models were _selepted from the 50 gen'erated e_ach
penalize long gaps in the helical segments, to set a minimumtime. based on the objective function value and its restraints

length for a transmembrane helix, and to favor membrane violation profile. The stereochemical features of se_lected
anchoring by helically occurring R and K36). models were assessed by PROCHE@K) @nd MolProbity

Divergent nonebhs-type sequences{70) were added to (45), and the structures were studied visually. The alignment-

this structural alignment by sequence-to-profile methodology mogfllng fprocgd_ur;ah was 'tﬁratﬁﬁ a ;‘_ew tlm?s, bec;a]\use Cg
(cox.aln). The positioning of the catalytic site residues was problems found in e results. the alignment was change

checked after each addition, and if it was found to be by +1 position at loop regions. Specific helical restraints

- . . ere added to the sites where intrahelical indels were found,
!Snuct?srgigt’.?ﬁgg;?&%Sevlirgursnigg\%snx;eaflilgt]Z?ig:]zg]a"e}gnd MODELLER's distance restraints were used in the last

to keep certain proposed interactions in place. Initial
among themselves (cbb3.aln) and then added to the pre—runS
vious alignment by profile-to-profile methodology (all.aln). ™4"S showed that a covalent bond could form between H267

ecimilap | /7 and Y311. Accordingly, restraints were set to form the bond
;I;]v;osseeggnT eenr:tsag(re? ﬂgﬁ;ly;fr?;m |It<";|]re|ne;b§ k?)fs ehc(ltlji)e(nge:hd (H267:NE2-Y311:CEZ2) and also to stabilize the interaction
= ; between loop34 and helix 6 (Y181:0HW263:NE1).
loop11-12. Unambiguous results could not be found on the Later. additional restraints were set on E180:0E1
R471:NH1, E180:0E2R471:NH2 and low-spin heme

! Abbreviations: COX, cytochrome oxidase; MD, molecular . _ . ih-cni . _ .
dynamics; NOR, nitric oxide reductase; NCBI, National Center for b:01A-R115:NH1, hlgh Spin hem®:01D-W470:NEL,

Biotechnology Information; PDB, Protein Data Bank; SGXilfolobus high-spin hemeb:O1D—-K179:NZ, and high-spin heme
oxidase; TMPD, tetramethylphenylenediamine. b:02D—K179:NZ.
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The final models were refined by energy minimization in relationship between all heme-copper oxidases has been
VMD/NAMD ( 41, 46) for 2000 conjugate gradient optimiza- clearly establishedl{, 35), and therefore, the construction
tion steps, to remove any bad contacts and to relax theof atomic models of thebk; oxidase is feasible. It is known
system. Harmonic forces (10 kcal m&lA~2) were applied that structurally conserved features are best evident in a large
on the backbone atoms, on the hemes, and on CThe sequence comparisoh3). Accordingly, we wanted to con-
packing of refined structures was analyzed by ANOLEA struct a wide, phylogenetically representative alignment of
(47). Water molecules were added with DOWSER)( and the heme-copper oxidase superfamily. The sequence space
the structures were simulated with NAMD, as a test for was searched thoroughly for highly divergent radois oxi-
stability. Data on internal water networks are not shown, dases, because aligning these variant oxidases to the structural
because they are highly dependent on the detailed structuralignment strongly guides the later addition of thieb;
of the helices. Before several aspects of the models can besequences. The reliability in aligning the aberrant oxidases
tested experimentally, conclusions from water positions is largely due to the presence of thethermophilus baen-
would be overly hypothetical, and possibly misleading. zyme in the structural alignment. Without the structural data,

As a test for the modeling protocol, one of the templates the Thermusenzyme would have aligned incorrectly with
(1V55, chain A) was back-modeled from the same alignment the other structurally known sequences for half of the helices.
and with identical parameters, using 1EHK and one model Now, with the correspondencies certain from the structural
structure as templates. The results show that the protocolcomparison, it adds extremely valuable variability to the
performs as expected: the rmsd between thea@®ms of alignment. For example, the lack of residues defining the
the model and the actual structure wa8 A in the helical known proton channels in thabhb; oxidases is not surprising,
segments. as they are also not found in thes oxidases. The nonbb

All simulations were run on a local computer running with sequences were aligned three times to the structural profile,
Red Hat Linux 9 on a 2.4 GHz Intel Xeon Processor (1GB 10 assess the robustness of the results. The match is most
RAM). The approximate time for one simulation round was labile for helix 5: results vary by up to 11 residues depending
10 h. on the order and the identity of the sequences that are added.

Subunits O and P oR. sphaeroides chloxidase were ~ The procedural details of the alignment are of utmost
subjected to threading triald9), and the best matches found ~importance, as the modeling results are totally dependent on
for them are 1H31:BH0) and 1ETP:A 61), respectively.  the underlying alignment. Finally, the alignehl; sequences

These were used as templates for MODELLER. matched well with the previous alignment.
The outcome of the sequence work follows closely, but
EXPERIMENTAL METHODS not exclusively, known biological grouping: oxidases that

share the same heme types are usually closest to each other,
but for example, théo; and aas 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 tlebb; subfamily and
justifies the choice of the templates: the bova@e sequence
and theThermus basequence are far from each other, and
from thecbhs 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
atures in the superfamily, followed by specifics for ¢y
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 ResiduesBesides the six histidines defining the

Bacteriophage vector M13mpl8 containing a 2.26 kb
Hindlll —Sacl fragment from thecoNOQP operon encoding
subunit N ofR. sphaeroidesytochromecbh; (21) was used
as a template for site-directed mutagenes® ¢f key amino
acid residues in subunit N @bhs:-type oxidase. A histidine
tag was added to the C-terminus of subwgtN, which
enables isolation of the enzyme in one step, using a metal
chelate affinity column and elution with an imidazole
gradient (V. Rauharikh 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! (cytochromecbhs)™t using 50 mM
phosphate buffer (pH 6.5) supplemented with 0.05% dodecyl
maltoside, 34(M horse heart cytochrome 0.6 mM TMPD
(tetramethylphenylenediamine), and 3 mM ascorbate. Proton

pumping was assessed in spheroplasts with succinate as thﬁeme-copper oxidases, there are very few highly conserved

substrate 21). amino acids, merely a valine and a tryptophan in the active
RESULTS site and an arginine in loop*12 (see Table 1 and Figure
2). Our alignment highlights several additional residues,
Our concrete result is a large alignment which yielded five specifically a proline in helix 8 and a glycine in helix 9,
slightly different models of thecbb; oxidase fromR. found in all butSulfolobusSoxB sequences (P342 and G384
sphaeroidegrspn_12.pdb, rspn_16.pdb, rspn_30.pdb, rsnp_35.in R. sphaeroides chloxidase). G384 packs extremely close
pdb, and rspn_36.pdb). Its sequence<i®0% identical to to the porphyrin B-ring of the high-spin heme, which is
the known structures, which is far below the commonly indicative of a very similar arrangement of the whole
suggested limit of 40% sequence identity for the success of catalytic site. P342 in helix 8 is in the immediate area of a
comparative modelingd@). However, the general structural potential proton channel, as discussed below. We also
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Secondary Structure

Bus faurus -BIPAMMWALGF| FLFMVGGLIIG! vV LANEEI B! VLH YYVAHFHYVLEBIMGAVFAI MGGFVHWFPL 39
Paracoccus denibificans - PMLWAFGFLFLFBVGGY GVVL.QAPL VY H YYVAHFHYVMBILGAVFGI FAGYVYY WI GE 434
Rhadobacter sphasroides - PMLW&LEFLFLF veevG| vLEIaABEyY Y ¥ H YYVAHFHYVM LGAVFGIFAGTGIG 442
Eschedchia colf - HEAML WM GFI vIlFElv GGMIBIGYLLAVPGABIFVLH FLIAHFHNYI | GGVVFGCFAGMEBY WWPK 442
Themus thermophilus -iPAFVAPVLGLLGFIPGGA Gl vNABIFEL Bl vvH WYPGHFHLGQVABIL Y LIAMG-LYWLLP 407
Asropyrum permix . LAF-GLMLPIILFANGGI Gl ILMNASIFGL NIV YV H Wl VGHFH VEGGABIALIFMAAMLLLA 394
Sulfolobus solfataricus - -0l AW.V‘FAGAIAAGV G| ENAB BIF@A | VvH WYVVGEGHFHAMI LFEII VPAAWAVLYILMI WM 408
Sulfolobus acidacaldsatius --iv MGALIBIL| GFI LAGAGALVLPENSI NPLFH YVVEHFHLMIWILIIMEY*VFL-ML 395
Halobactedum sp - -EFEIAMALAGLYF- AAGGFEIGMI NAGMNI NYLI H WVPGHFHL.VG AFALBMMGY AYWLYPQ 405
Aguifex asolicus WM F YFFAELVLF-FIGGI Gl VNABIYNVNLYVVH YVEGHFH vGGLvLLVFFALILvM\JﬁwG
Bradyrhizobium japonicum - - MMLALAFEBIFVML - GFGGAGGL I NMEIYy QL BlABI H WIMGHFHL| FGGAL VI MYFAI AYBILWPH 38
Themus thermophilus - -PLYWVLGBFEIFNFLL LGV ML PLBIYQFH FYVAHFHNVLMAGEBIGF GAFAGL Y Y WWPK 408
Ahodobacter sphasroides -@e L BMMY VE GFYGM FIEIG P MM AW NEIL BIH Willl GHY HEIGA L GWNGM| [lIF GALYFLIMPK 428
Vibrio cholerae -BPILAFLI VEBILEBIFYGM FIEIG P MM WV NALBIH Wil GHYHEBIGALGWY AMYEI GEIVYHLI PR 372
Bradyrhizobium faponicum -EPVLEMLYVEIYAFYGEM FIE[G P MM vy NEIL BIH Wil GHV H GiLEWVGFV FGALYCLYPW 441
Cempyfabac.rer}r:mpni -BIPLI KFMI LA FYMF LIEJGP I L VNALAH WI PGHYVHEBGIML GWY GF M MAALYHM.Plaao
Helicobacter pylari -BPLIKFLVLA FYML LIElcE aa VNALAH wua;v; GVLEWVGFML | ABIMY HwMEMP R 380

LOOP 11412

Secondary Structure

Bos faurus FEIG - WAKI HF AT M GYNMMFFPOHFLG- LEIGMP Y P - - - - - - - s e e 444
Paracoccus denibificans MEIG - AGOQLHFWMM GEINLI FF QHFLG-.QGMP TEIYP- - -« -« e m e e e e e a s 479
Rhodobacter sphaeroides MEG - AGKIL HF WMM GANLMFFPOHFLG- RQGMP L BYP-- -« - e e e 487
Escherichia coli AF G- - - wa AFWFW GFFVAFMPLYALG- FMGM Q| - - - - - e - - B 482
Themnus thermophiius L.ﬁ- BD A LGLAVVWLW GMM| MAVGLHWAG- LLNVP | AQ Y 480
Aeropyrum permix M MK - Voo LAVAAFYMW GQYLFEI GYYVAG- VMGAP LL P 448
Sulfolobus solfataricus %-G- WE - - MAWLHY | GY G&FLI VGFBEILI G- FYGV Y | YPHE- - - - - - - - - - - Vo454
Sulfolobus acidacaldstius F A FIl WMRI G MWW PFMGVGYAMBIYAG- YLGFL I AYP - 444
Halobacterium sp | WG - LQ LAAI QPFVW GMIML MBIN A MHEIGG- LAGL P AKIP L FRIG Vo 464
Aguifex asoicus LAG- W LAVLAPRYFW GMFMFEIY AMMY GGV VY GFP NAGLIMY L - 484
Brsa‘yﬂrizobium.r’agorimm LING - L L QL wLw GMI VY FPWHWVG- 1 LGMP AYFIEIF il A 442
Thamnus thermophiius MING - Y LEGEHRL HFWLF GYLLEFLPGYALG- YLGMP YMYM- - - - - - - ... | 456
Rhadobacter sphasroides L WN Y LvEBIWHF WL A gL VvLYAEEMwYEIG) MBIGL M v GF v 487
Vibrio cholerae LFG Y LI NAHFWLA GV LY VAMWI BIGYMGGL M v N G V43
Bradyrhizobium japonicum AWN Y LV NWHF WY A Gl VLY BAMWYEIG) LGGL M Y LGF V500
Campylobacter jejuni vV F I L MIAQFWI a G| VLYF MWI AGI lQGMM Y &N Vo 438
licobacter pyi 1 1 4
Helicoba ot LF LvBIFQF wi M Gl WLYF MWI A G B G MM viBlayY GN Vo438
Secondary Structure

Bus fauus NI MGEIF | MLMYFI I F 485
Paracoccus denifrificans NHNI 1 GAYI LEFFI @l V¥ L 519
Ahodobacter sphaeroides NF v LGAFL LFEFLGVI L 526
Eschedchia colf LMI AABIGA VLI LCLVI @M 1 529
Themus thermophilus EH MYFNVLAGI VL LLFI YGL L 501
Asropyrum pemix LOLGAI GGMY F VILVGELI L 488
Sulfolobus solfataricus PG .VI“VG | | A LVWFLNL L 498
Sulfolobus acidocaldarius Wl NLYV FL .IG LLMLFVG A 487
Halobacterium sp G aL@ Al @ LL ALFLAVM w 507
e e, DEXE O B VST C ol L C YL A A
radyrhizobium faponicum L - 1 1 1 L 4
Themus thermophilus AG P-ENL L 1 GAYI L Lvwl Yy M L 500
Ahodobacter sphasroides A A FPMN&V GLGGVLY LI MCYMNL W 528
Vibria chaisras ABIYPFYMVYEF| GGFI F FLMAYMNA 1 477
Bradyrhizobium japonicum ﬁa HPFYI | BRAAGGGLF LI MAYMNL W 542
Campylobactar jefuni VAIVPYYWI BAI GGLLY FMFIEEY NI 1 482
Helicabactsr pylari KALIPYYNI RGVGGEL MY I FAYNI 1 481

FIGUrRE 2: Sequence alignment of a representative set of oxidases. Names of organisms with structurally known oxidases are colored red,
divergent oxidases black, amihb; 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.

propose that a tyrosine is conserved in the otherwise small amino acids ato-helical periodicity (Figure 2).
divergent loop3-4 (see below). Structurally, this corresponds to conserved tight packing
Intrahelical GapsHelix 2 winds tighter in thee. coliand interfaces between helices 1 and 2, and between helices 12
T. thermophilusnzymes than in the other structures, which and 11. This observation guided our alignment to results
produces a well-localized intrahelical gap in the structural clearly different from those previously publisheti7( 30,
alignment. Similar gaps are seen in the wider alignments. 35). Similarly, helix 8 shows a conserved face toward the
In the cbhs; sequences, helices 4, 6, and 11 have an insertionsecond helix of the canonical subunit 2, indicating that some
relative to the crystal structures and helices 1, 2, and 5 aother transmembrane helix should pack here in dhbs-
deletion, each one residue long. All are well-justified from type oxidases.
the alignment. For example, the gap position selected in helix HoloenzymeThe completecbh; oxidase with its four
6 maintains the match to bovine F251 and G252 throughout subunits has three or four additional transmemembrane
the superfamily. Omitting the indels in the model construc- helices, packed around the 12 core helices of the catalytic
tion would result in shifting of the helical faces and produce subunit. Some inferences to their positions can be deduced
erroneous helixhelix interactions. Initial modeling of these  from the alignment in a structural context. The position
segments produced strangely displaced helices, but theadjacent to helix 7 is occupied in all crystal structures,
situation was remedied by the use of MODELLER'’s alpha although differently: by subunit 4 in the bacteriabs
restraints. enzymes, by the 13th helix in tiehermusoxidase, and by
Helical Faces.The first and last of the helices, 1 and 12, a crystallographically stable cardiolipin molecule in the
lack conserved amino acids. However, they show conservedbovine structure. We assume that this observation has a
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Natronobacterium
Magnetospirillum magnetotactic pharaonis _ )
Aquifex aeolicus Halobacterdim Exiguobacterium sp.
salind{juny Oceanobagflius ihyensis
‘Badillus halodurans

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 thebl; oxidases, this means
loop3—4, looplt-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
guestion are not found in thebls oxidases, but there are

Sulfolobus solfataricus

Bradyrhizobium japonicum Acidianus ambivalens

Burkholderia fungorum

Campylobacter lari

Pyrobaculum oguniense Helicobacter pylori

Aeropyrum pemix Cytophaga hutchinsonii

Magnetococcus sp.

Rhodobacter capsulatus

Vibrio cholerae
Bradyrhizobium japonicum

chb,

Sulfolobus acidocaldarius
Suifolobus tokodaii

pernix

etellosphaera sedula

Nostoc sp. Aeropyrum
M

Ficure 3: Phylogenetic tree of heme-copper oxidases, pruned for
readability. Groups of different oxidases are marked. a&geand

bo; oxidases are close to each other; the variant bacterial and

archaeal oxidases are separate from them (somehaitthemes

other invariant residues that can form analogous interactions,
as discussed below.
Loop3-4. In several publications, helix 4 is aligned by

and others with modified A- and O-type hemes), and thé; the C-terminal basic residued® 30). The number of
oxidases form a totally isolated subfamily, boxed with a thick line. jhserted gaps variedl?), and the helices are different in

Three of the structurally characterized enzymes are in small boxes. : . .
The aas oxidases fronP. denitrificansandR. sphaeroide are not length 80). The highly conserved motif¥/Y xxYPPL) in

shown on the graph, as they would completely overlap with the 100p3—4 of the nonebhs oxidases is left completely un-
bovine sequence. matched by thebh; oxidases §5), or a match is made to

the C-terminal, variable part of the looBQ). Still, there are
functional meaning, most likely related to the deformed helix experimental data indicating that the N-terminal, conserved
7, and its crucial role in the catalytic site. As a corollary, part of the loop is functionally importan84). In all crystal
we suggest that the corresponding area is occupied in thestructures, a W/Y at the innermost point of loep8forms
cbbs; oxidases, too, and that subunit Q would pack hée ( an H-bond to the D-propionate of the high-spin heme, and
see Figure 1b for a top view of the helix packing). Both the the conserved tyrosine after it hydrogen bonds to an invariant
bacterial fourth subunit and subunit Q are single-pass helicestryptophan in helix 6, which in turn stacks to one of the helix
of the same polarity, even though no sequence similarity can7 Cus ligand histidines. A conserved tyrosine is found also
be observed. Also occupied in all known structures are the in the corresponding loop of thebbs; sequences. We chose
sites of the helices of the canonical subunit 2. By weak to maintain the interaction to the conserved oxidase core:
sequence homology, we suggest that the transmembrane heliloop3—4:Y —helix6:W—helix7:H. The analogous Y181
of subunit O takes the place of the second helix, packing W263 interaction was constrained to form in ti#; models.
toward helix 8 of the catalytic subunit (V. Sharma, unpub- This brings the residues preceding this tyrosine to the tip of
lished observation). In this arrangement, hesr@ subunit the loop, and into interaction with the catalytic site. This
O could easily come to the same area wherg {Sun the specific structural match has not been suggested before, and
canonical oxidases. This agrees with measurements that showf it is indeed real, the tyrosine is one of the very few com-
similar rates of electron transfer from hewi€u, to the low- pletely conserved residues in the superfamily, and presum-
spin heme in the homologous proteins NO reductases andably of importance in maintaining the active site structure.
aag-type oxidasesHb). Sequence analysis suggests that the The well-conserved basic residue in tK€REY motif in
N-terminal extra helix of subunit N, called helix 0 here, loop3—4 of the cbb; oxdases will now interact with the
would form one long, kinked helix. Its polarity matches that D-propionate of the high-spin heme, while the A-propionate
of the first helix of the canonical subunit 2. Both helix 0 interacts with N393 and H397 from a conserved stretch
and the first helix of canonical subunit 2 are missing in some preceding helix 10, similarly as in the known structures.
oxidases. The fourth area that most probably accommodatesTable 2 shows all propionatgorotein interactions. As a result
an extra transmembrane helix in all oxidases is next to helix of the restrained interactions mentioned in Table 2, helix 4
3 of the catalytic subunit. This helix has a rather conserved in thecbh; oxidases becomes rather short, and two conserved
FW sequence motif throughout all oxidases. These two acids are forced into the helix. Variation in the lengths of
residues pack tightly to each other and seem to form the helices is observed when comparifigermusoxidase to the
core of a hydrophobic cluster toward the first helix of subunit bovine enzyme. The conserved acidic residues, E185 and
3 in the bovine structure. The same sequence feature is alsd189, point toward helix 5 (see below). Loop8 is
found in thecbh; oxidases, although they lack the canonical homologous between thebh; oxidase and the NO reduc-
subunit 3, suggesting that some other helix would pack here.tases, some of which (e.@-hiobacillus denitrificansAzoar-
By elimination, we place the transmembrane helix from cussp., andPhotobacterium profunduyrhave an insertion
subunit P here. In this arrangement, the globular heme before the proposed helix start, supporting the suggested
domains of subunits O and P are able to pack toward eachmodel for loop3-4 and helix 4 (data not shown).
other above the catalytic subunit (see Figure 1a), in a manner Loopl1-12.Thecbhb; oxidases also differ from the other
enabling electron transfer. As is obvious from Figure 1b, all members of the superfamily with respect to loop1P.
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Table 1: Conserved Amino Acids in the Heme-Copper Oxidase Superfamily

type or location B. taurus(aas) T. thermophilugbags) R. sphaeroideécbhy)

invariant metal ligands

low-spin heme Fe H61, H378 H72, H386 H118, H407

high-spin heme Fe H376 H384 H405

Cus 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 - H303
His-Tyr Y244 Y237 Y31%

2 Forming an analogous channeStructurally conserved, but not from the same part of the sequence.

Table 2: Interactions between Heme Propionates and the Protein

interacting residue atom

propionate
heme oxygen B. taurus(aag) R. sphaeroidegcbbs)
alb OlA Y54 OH, Y371 OH,Wat5 R115NHE
O2A  R439 N, Wat3B R471 N
OlD W126N K179 N
02D  R439 NE, Wat36 R471 NE
ag/bs Ol1A D364 OD2, H368 ND1 N393 ND2, H397 ND1

02A H368 ND1, Wat34,Watl® H397 ND1
01D R438 NH1, Wat34Wat44 W470 NE12 K179 NZ2
02D R438: NH2, W126 :NE1 K179 NZ

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

Instead of the widely studied conserved double arginine
(bovine R438R439) 56—61), the cbh; oxidases have a
tryptophan and an arginine, W470R471. A choice was made
to match the single arginine of thebb; 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 Fure 4: Putative K-channel analogue, centered around H303.
backbone amide of R471, while the D-propionate interacts Helices 7, 6, and 8 are shown as cylinders (from left to right) and
with the backbone of K179 and the loop112 arginine (see ~ hemes as licorice models (henfieon the right and hemds;
Table 2 and Figure 5). perpendicular to the plane of the page). Colors are as in previous

. . figures. The channel-forming residues that are shown are Y311,
Correlated ChangesComparison of helices 4 and 5 5343 1303, S300, N349, and S296, as counted from the top. The

between structures arebb; sequences is hard indeed: no proton path is marked with an arrow, and the covalently bound
clear sequence motifs are found. In this areapta@xidases His-Tyr pair in the active site is circled.

are closer to thebhs oxidases than to thaas/bo; oxidases,

and theT. thermophilusstructure is invaluable. For example, (helix4:D189-helix5:N236). The conserved pattern is sys-
tryptophans 186 and 196 Bf sphaeroides chlbxidase have  tematic and complex, lending credibility to the present align-
counterparts in the variant oxidases. Also, several correlatedment. A similar situation is seen between helices 11 and 12:
changes between the helices are observed. The central prolinwhenever a well-conserved G in helix 12 (G500
(P200) of bovine helix 5 and a helix 4 tryptophan (W196) sphaeroides chpand G457 in bovine) is substituted with a
in the bag/cbls sequences show perfect mutual exclusion. larger amino acid (L, I, or V) its spatially nearest neighbor
Superposition of the bovine structure and Biesphaeroides  in helix 11 is a glycine or alanine, while the site otherwise
model shows that the two residues would collide if they is occupied by large hydrophobic residues (M423 in bovine
coexisted. In the bovine structure, two conserved hydrogen-and L454 incbhbs oxidases). Despite the initial problems,
bonded pairs are seen between these helices (helix4:D144 the final alignment for helix 5 is highly satisfying.
helix5:R213 and helix4:H151helix5:T207). A similar in- cbhs-Specific Sequence FeatureBesides looking for
timately connected interface is seen in tbigh; model, features shared in the whole superfamily, we found it to be
when subfamily-specific residues form a pair interaction informative to compare thebbs; oxidases with one another.
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Ficure 5: Gating residues in the bovine structure (a) and the proposed model (b) from the top—doispghown as a white trace at the
left and loop1%-12 at the right. The hemes are colored red; the conserved arginine in lo&@1i4 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!) 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 Cytochrooiuy
Enzymes fronR. sphaeroides

activity reduced proton
(% of wild type) cytochromec?® translocatioh(H*/e”)

wild type 100 no 2.63
Y311G 0 yes ND

Y311F 0 yes ND

Y265F 19 no 2428
E383Q 1.2 no ND

E383D 30 no 2529

aThe three cytochrome forms in the isolated enzyme are reduced

in the as isolated minus air spectra, indicating that electrons are not

transferred to the binuclear centéTwo of the observed He™ are
released from the cytochrombc, complex; thus, the wild-type
cytochromechhs; shows a H/e™ ratio close to unity® Not determined.

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 610) 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 tbiebs-type

One acidic residue is especially noticeable: E383 is fully 0xidases 17, 30, 35). All agree well for the core but show

residue predicted to lie clearly within the membrane domain.

with the recently published model of tlvbb; oxidase from

It is situated in the middle of transmembrane helix 9, and it V- cholerae(30), as the coordinates are not available.

lacks obvious possibilities of forming ionic interactions. A

Core EnzymeThe heme-copper oxidase superfamily is

possible functional role of E383 was tested by mutations to defined by the six histidine ligands of the redox active metals,

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-

five of which are in the conserved core part of the enzyme.
Notably, the active site tyrosin®,(63) from helix 6, missing

only from thecbhs-type oxidases, can easily be substituted
with another tyrosine from helix 7 (see Figures 2 and 4), as

posed active site tyrosine, Y311, was also tested for its role also shown recently30). Direct chemical verification of a
in catalysis. Mutation to phenylalanine yielded a completely covalent histidine-tyrosine adduct is still missing, but

inactive enzyme, as found in réf7. Y265 was mutated to

mutations of the tyrosine render the enzyme inactive3eef

phenylalanine to test whether it might be analogous to the and Table 3) as in thaas oxidases §4). The orientation of

tyrosine in Rhodothermus marinushat 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

Thecbh; oxidases form the most distant subgroup among

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 thecbb; enzymes §5), indicative of changes in

the shape of the active site. The interface between helices 6
and 7 is highly constrained by guigation, 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

heme-copper oxidases. Minimal conservation is observedoxidases but a few archa8{folobusand Metallosphaer
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is a central proline in helix 8 (P315 in the bovine enzyme). loop binds to subunit 2. We suggest that the extra length of
The proline is one turn above the lysine defining the loopll-12 reaches to the area left open by the short legp3
K-channel (K319) and kinks the helix slightly, allowing for in the cbh; oxidases and may contact subunit O or P. As a
a small cavity toward helix 7. The site where ti®g oxidases result of the restrained interactions, all heme propionates end
have the K is invariantly occupiedyba G in thecbh; up having polar interactions (Table 2).
oxidases, and its small side chain leaves space where a The proposed role of these loops in proton pumping
histidine, H303, is found in helix 7. H303 is conserved in suggests interesting questions aboutdhlg; oxidases. Key
all cbb; oxidases but those o€ampylobacteralesThe structural elements in this domain might be inverted in the
corresponding histidine froradyrhizobium japonicurhas cbh; oxidases but contain the same elements. The D-pro-
been mutated by Zufferey et aR9), who report a native  pionate of the high-spin heme may be locked by competing
structure but catalytic inactivity, the only conserved histidine interactions with a tryptophan and an arginine, as in the
with this phenotype. H303 in our model is situated in the well-studied cases, but in thebl; oxidases the locking
cytoplasmic half of helix 7, and around it are several residues may have shifted places: the R/K is in loop3
conserved hydrophilic residues: S296, S300, H303, Y311, and the W in loop1%+12, as shown in Figure 5.
S343, and N349 (as shown in Figure 4). Remarkably, N349 D-Channel. The best understood proton channel in the
aligns well with thebas-type oxidases, which also lack a canonical oxidases, the D-channel, reaches from D91 in
channel-forming lysine. Other possible channel-forming loop2-3 to E242 of helix 6 (bovine numbering). Several
residues in th&hermusenzyme would be D262, S261, and amino acids between D91 and E242 mediate proton hopping,
S309. The proposed channel looks structurally very different among them the well-conserved N99. These residues are all
from the known K-channel and rather resembles the D- missing from thecbl; oxidases and also from the divergent
channel: several polar residues traverse the height of theoxidases. These two odd enzyme subgroups both have a
channel, tracing a path between the helices. The uppermosimostly basic loop23 instead of hydrophobic residues
residue on the suggested channel is Y311 in the active site.surrounding Asp91 (bovine). A channel has been proposed
If the analysis of evolution in this family is accurat&7) in this area from th&. thermophilus bastructure §), but it
and thecbhb; oxidases are remnants of the older, more has not been verified experimentally to the best of our
primitive enzymes, then the separation of the active site andknowledge. An alternative path for the proton channel has
the proton channel, as seen aag oxidases, should have been shown to exist in the arch®&a. marinus cagwhere
served to optimize catalytic efficiency. the lack of the helix 6 glutamate is compensated by a tyrosine
Variant Loops.The loops between helices are generally (62) two residues before the helix 6 histidine. A correspond-
short in the oxidases. In contrast, the loops between helicesing tyrosine (Y265) is always found in thebb; oxidases,
3 and 4 and between helices 11 and 12 both extend inwardand this presents the only trace of a possible D-channel in
and meet above the catalytic site. Residues from both loopsthis region. HoweverRh. marinusdoes have the D and N
[bovine W126 (loop3-4) and R439 (looplt12)] are in in the lower part of helix 2, as in the canonical oxidases,
contact with the hemes and have been shown to participatebut these are lacking in thebb; oxidases. Mutation of Y265
in function 34, 56—61). In the bovine structure, the loops diminishes the activity oR. sphaeroides chloxidase but
also make direct contact with each other. The difference in does not significantly affect the efficiency of proton pumping
loop3—4 is striking: both the nombl; and cbh; oxidases at the cell level (Table 3), and the importance of this residue
have well-conserved sequences here, though they are totallythus remains obscure. At this time, we cannot exclude the
different from one another (GWTVYPPL and GKEYAE, possibility that Y265 and the domain beneath it would not
respectively). Moreover, the ends of helices 3 and 4 are hardbe used as a proton transfer pathway, but if that is the case,
to discern, and in most published alignments, this loop is the channel structure would be entirely different.
totally nonexistent30, 35). Loop3—4 is shorter in thebh- E383 in helix 9 is the only carboxylic amino acid,
type oxidases, especially the segment C-terminal to Y181. conserved among trebh; enzymes, that is predicted to reside
The only way we found to solve this problem was to shorten within the membrane domain at (or below) the level of the
helix 4 and force interactions between tKEY motif and heme groups. Its mutation to aspartate and glutamine shows
the heme propionate to take place. With this interaction moderate and virtually complete inhibition of activity,
organizing loop3-4, contacts to loopk112 can also be respectively. In the former case, the efficiency of proton
found between the glutamate in the KZR motif and the translocation was unaffected (Table 3). The possibility that
single conserved R in loopt112. Also here an active choice  E383 participates in proton transfer requires further experi-
was required: the loop in the canonical oxidases containsmentation, especially since its side chain points awkwardly
two invariant arginines, R438 and R439, but only one into the membrane area in the present models. Further
arginine in loopl+12 is conserved in thebh; oxidases refinement of the model is underway, and the possibility that
(R471). There are experimental data backing either choicethe conserved D364 might be involved in such a putative
(56, 57, 59), and we picked the latter one, as bathb channel is also being tested.
oxidases and NO reductases have a conserved pair there, In summary, combination of existing structural and
WR and QR, respectively. Following the arginine, the loop sequence data on heme-copper oxidases has allowed us to
in the cbhy; oxidases is~10 residues longer and well- construct models of the divergent members of the group,
conserved. Some narbhb; oxidases also have longer than thecbky; oxidases, and to locate several functionally important
average loops between helices 11 and 12 (Byggbaculum residues, the first of which have already been verified
aerophilum Halobacterium salinariumandBacillus halo- experimentally. Consistent with the observed division of the
durang; however, these loops are clearly not homologous structure into a conserved and a variant half, an analogue is
with those in thecbb; oxidases, and in the structures, this found for the K-channel but not for the D-channel. This
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proposes radically different proton pathways in ttiey
oxidases and even opens up the possibility of a primitive
single-channel oxidase.
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