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Cytochrome c oxidase, the terminal enzyme of the 
respiratory chains of mitochondria and aerobic 
bacteria, catalyzes electron transfer from cytochrome c 
to molecular oxygen. The enzyme belongs to the haem-
copper-containing oxidases superfamily. A recombinant 
plasmid carrying a 2.0 kb insert from a Burkholderia 
pseudomallei genomic library was subjected to 
automated DNA sequencing utilizing a primer walking 
strategy. Analysis of the 2002 bp insert revealed a 1536 
bp open reading frame predicted to encode a putative 
cytochrome c oxidase. Further analysis using sequence 
alignments and tertiary structure analysis tools 
demonstrated that the hypothetical B. pseudomallei 
cytochrome c oxidase is similar to cytochrome c 
oxidases from other organisms such as Thermus 
thermophilus (36% protein sequence identity), 
Paracoccus denitrificans and bovine heart 
mitochondrial, the latter two which crystal structures 
available. The deduced 512 residue protein sequence 
includes the six canonical histidine residues involved in 
binding the low spin heme B and the binuclear center 
CuB/hemeA. The predicted tertiary structure of the 
hypothetical protein is consistent with previous models 
of electron transfer for cytochrome c oxidase. 

Cytochrome c oxidase, a protein complex located in the 
inner membrane of mitochondria and many bacteria, is the 
terminal enzyme of most respiratory chains. It is a 
respiratory enzyme catalyzing the energy-conserving 
reduction of molecular oxygen to water. The system 
catalyzes the final electron transfer steps from cytochrome 
c to molecular oxygen, and is a member of the superfamily 
of heme-copper containing terminal oxidases. Some 
bacterial terminal oxidases use quinol as substrates (quinol 
oxidases). Due to the homology of their sequences, both 
types of enzymes belong to the superfamily of haem copper 
oxidases (Ferguson-Miller and Babcock, 1996; Michel et al. 
1998). The cytochrome c oxidase from the soil bacterium 
Paracoccus denitrificans for instance, consists of the three 
core subunits - I, II, and III and a small non-conserved 
subunit IV of unknown function (Witt and Ludwig, 1997). 
Subunit (SU) I is the largest and best conserved subunit of 
cytochrome c oxidase. Protein SU I of most cytochrome c 
oxidase contains two heme A molecules (heme a and heme 
a3) and copper B (CuB). These enzymes receive electrons 
either from quinols or from cytochrome c to heme a3. CuB 
forms a binuclear active centre where dioxygen is reduced 
to water. Four protons are consumed in water formation per 
oxygen molecule. Electron transfer is coupled to proton 
translocation (up to four) across the membrane 
electrogenetically (‘pump’), resulting in a proton and 
charge gradient that is then employed by the F0F1-ATPase 
to synthesize ATP. Members of this family contain one low 
spin cytochrome and a bimetallic structure consisting of a 
high spin heme in close proximity to a copper ion. These 
metals reside in the large subunit of the complex, subunit I, 
where they are coordinated to at least six conserved 

histidine residues. The cytochrome c oxidase bind two 
additional copper ions in the CuA site to conserved histidine 
and cysteine residues of subunit II. 

Burkholderia pseudomallei is the causative agent of 
melioidosis, a serious disease of humans and animals that 
occurs primarily in South East Asia, Northern Australia and 
other tropical areas (Dance, 2002). This pathogenic 
bacterium survives in diverse environmental conditions and 
secretes various extracellular products that have been 
implicated as factors involved in pathogenesis of this 
disease. In this paper, we summarize the identification of a 
cytochrome c oxidase gene in B. pseudomallei and its 
tertiary structure determination utilizing available protein 
structure prediction (comparative modeling) methods based 
on the predicted protein sequence. The postulated amino 
acid residues that play the major roles in oxygen reduction, 
proton and electron transfer pathways were used as 
reference points to gauge functional probability. The 
sequence we have identified and its predicted 
corresponding structure is the first functional annotation for 
this family of proteins in B. pseudomallei. 

Materials and Methods 

Genomic library preparation. A Burkholderia 
pseudomallei genomic DNA library was prepared in pSV-
SPORT1 vector (Gibco, BRL) and transformed in 
Escherichia coli strain DH5a. After screening with a 
heterologous oligonucleotide probe, a recombinant plasmid 
containing a 20 kb EcoR1 insert was isolated. Plasmid 
preparations were carried out by standard procedures 
(Birnboim and Doly, 1979) and then subjected to automated 
DNA sequencing. 

DNA sequencing. Automated DNA sequencing was 
carried out utilizing Taq DyeDeoxyTM Terminator Cycle 
Sequencing Kit, Amplitaq® DNA Polimerase (Perkin 
Elmer, USA), FS enzyme and electrophoresed via the ABI 
PRISM 377 Automated DNA sequencer. The insert was 
then subjected to a primer walking strategy initially 
utilizing universal primers USP6, UT7 (Gibco, BRL) and 
followed by four synthetic primer pairs. 

The complete sequence of the ORF2 sequence has been 
deposited in the GenBank Database 
(http://www.ncbi.nlm.nih.gov/Genbank/) and was assigned 
the GenBank nucleotide accession number AF087002 
(AAF13732 protein accession number).   

Gene prediction. Open reading frames were identified 
with the aid of DNAsis (Hitachi Software Engineering 
America Ltd.) and GeneMark ver. 2.0 programs (Lukashin 
and Borodovsky, 1998). Sequence database alignments and 
comparisons were done with the BLAST family of 
programs (blastx, blastp) against database specifications of 
non-redundant protein, SWISS-PROT and PDB which were 
available from the BLAST website at the National Center 
for Biotechnology Information webserver, 
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(http://www.ncbi.nlm.nih.gov/blast/) (Altschul et al. 1997). 
Multiple sequence alignments were done using ClustalW 
1.8 (Thompson et al. 1994). PROSIS was used to calculate 
the amino acid composition encoded by the ORFs and some 
predicted properties of the individual proteins.  

Protein structure prediction. The B. pseudomallei Cox 
subunit I (AF087002) predicted protein sequence was 
submitted to several transmembrane prediction programs 
accessed via their web interfaces. The programs used were 
DAS (Cserzo et al. 1997; 
http://www.sbc.su.se/~miklos/DAS/), TOPPRED (Claros 
and von Heijne, 1994; 
http://bioweb.pasteur.fr/seqanal/interfaces/toppred.html), 
TMHMM (Krogh et al. 2001; 
http://www.cbs.dtu.dk/services/TMHMM-2.0/), Split 
(Juretic et al. 1999), MEMSAT (Jones et al. 1994; 
http://www.psipred.net) and SOSUI (Hirokawa et al. 1998; 
http://sosui.proteome.bio.tuat.ac.jp/cgi-
bin/sosui.cgi?/sosui_submit.html). A survey of evaluated 
TM regions prediction program (Moller et al. 2001) was 
used as a reference to gauge accuracy and reliability of the 
TM prediction results.  

The 512 residue amino acid sequence was submitted for 
further automated prediction of secondary structures and 
protein fold. The programs chosen were based on the 
results of CAFASP 2 (Fischer et al. 2001; 
http://www.cs.bgu.ac.il/~dfischer/CAFASP2/) for fully 
automated protein structure prediction. The following 
programs were used via their web browser interfaces: 
GenThreader (Jones, 1999; http://www.psipred.net), PHD 
(Rost  et al. 1994; 
http://cubic.bioc.columbia.edu/predictprotein/), bioinbgu 
(Fischer, 2000; http://www.cs.bgu.ac.il/~bioinbgu/) and 
3D-PSSM (Kelley et al. 2000; 
http://www.sbg.bio.ic.ac.uk/~3dpssm/). These servers were 
accessed via a web directory interface of online protein 
structure prediction resources – SPORes: Structure 
Prediction with Online Resources website 
(http://cgat.ukm.my/spores/).  

Structural topology was built from the secondary structure 
prediction data while template selection was done using the 
fold prediction data. The target sequence was then aligned 
to the template sequence using the Homology module of 
InsightII (MSI, ver. 98). Manual editing for optimal 
alignments were done where deemed necessary. The 
alignment was translated into tertiary structure using 
Modeller Release 6 (Sali and Blundell, 1993). The initial 
strain of the predicted structure was relieved by carrying 
out energy minimizations using Discover (MSI ver. 98) 
utilizing the CVFF force field. Short contacts were removed 
by manually rotating the side chains. Model evaluation was 
done using Procheck (Laskowski et al. 1993), Errat 
(Colovos and Yeates, 1993), What If (Vriend, 1990) and 
Verify3D (Luthy et al. 1992). Refinements of the structure 
and geometry optimizations, when necessary, were carried 
out using the Insight interface (MSI, ver. 98). 

Results and Discussion 

Sequence analysis. Complete sequencing of the 2.0 kb 
DNA insert from the recombinant clone showed that it 
contained a 1536 bp ORF designated Bp cox1 potentially 
encoding a subunit 1 cytochrome c oxidase termed Cox.  

A thorough search of available sequence databases showed 
that the putative B. pseudomallei Cox (AF087002) 
sequence is homologous to other known cytochrome c 
oxidases with varying levels of sequence identity and 
appears to have structural features similar to the largest 
subunit of the heme/copper-requiring cytochrome c and 
quinol oxidases (Figure 1 and Figure 2). BLAST queries of 
the predicted B. pseudomallei Cox protein sequence yielded 
eight other sequences with E values lower than 10-50. All of 
these sequences were identified as being cytochrome c 
oxidases (6 sequences) or hypothetical cytochrome c 
oxidases (2 sequences) (Figure 1). Alignments of the 
predicted protein sequence against the PDB database also 
showed significant homology with the sequence of a solved 
crystal structure for cytochrome c oxidase (PDB 
identification = 1EHK) from Thermus thermophilus 
(Soulimane et al. 2000). Multiple sequence alignments on 
these sequences (P. denitrificans, T. thermophilus and 
bovine heart mitochondria aligned to the B. pseudomallei) 
showed several regions of high conservation despite some 
sequences being phylogenetically distant (Figure 1 and 
Figure 2). Several of these highly conserved regions were 
identified as crucial residues in other proposed models for 
electron transfer in cytochrome c oxidases. 

The Thermus thermophilus sequence exhibited 36% 
identity to the B. pseudomallei AF087002 sequence. Figure 
1 illustrates further the observed sequence conservation by 
showing the alignments of the amino acid sequences of the 
B. pseudomallei cytochrome c oxidase towards the other 
sequences chosen from the GenBank (non-redundant 
protein databases, SWISSPROT, PDB) BLAST searches. 
The B. pseudomallei subunit is shorter at both termini than 
the subunit from these cytochrome c oxidases, the degree of 
conservation however remains clear, as shown by the 
number residues that are identical across the sequences 
aligned. For clarity, the sequence alignment in Figure 2 
shows only segments that include the six histidines present 
in every representative of these enzymes. The six histidine 
residues and other conserved amino acids are placed in a 
similar pattern along the putative membrane spanning 
hydrophobic segments. 

Protein structure prediction. Multiple methods of 
transmembrane prediction were used to enable a consensus 
confirmation of predicted transmembrane helices via 
differing approaches (data not shown). The TM region 
search for B. pseudomallei Cox subunit I revealed 12 
possible TM helices (Figure 2). The objective of this TM 
search step was to identify and map out regions of 
transmembrane helices to confirm our sequence database 
based hypothesis  of  the  putative sequence being identified 
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as a cytochrome c oxidase subunit I. Cythochrome c 
oxidases are known to have these transmembrane regions 
and the identification of these regions served as a 
confirmatory step in gauging the validity of the predicted 
structure. The observation from the transmembrane 
prediction step is consistent with the subunit I of most other 
haem copper oxidases and acts as confirmatory data for 
correctness of the protein fold generated by the Modeller 
program. The fold prediction methods used, proposed the 
crystal structure of a ba3-cytochrome c oxidase (PDB 
identification 1ehk) from Thermus thermophilus as a 
suitable template. The crystal structure for 1ehk  
(Soulimane et al. 2000) was solved a relatively low 
resolution of 2.4Å, was however still selected as the 
template structure. The target sequence showed a sequence 
identity of 36% towards the template sequence (Figure 3). 
The 1ehk structure, has an unusual property for proteins in 
the oxidase superfamily as its subunit I contained a 13th TM 
helix instead of just the usual 12 TM segments.  

The predicted structure was found to have an RMS fit of 
3.1 Å to the template structure. The Ramachandran plot 
from the Procheck validation revealed five residues in the 
disallowed regions of the plot while 80.7% of the residues 
were in the most favoured regions of the plot and the 
remainder residues in the additional and generously allowed 
regions of the plot (Figure 3a). A check of the 1ehk 
template structure revealed two residues which violated the 
Ramachandran region. Validation by the Errat and Verify 
3D programs showed that the predicted structure had a 
generally acceptable three dimensional profile (Figure 3a; 
Figure 3b and Table 2). Evaluation methods used generally 
agree on the correct threading of the backbone. 
Comparisons of the initial Errat and Verify-3D results with 
those conducted after refinement and subsequent geometry 
optimisations showed marked improvements (results not 
shown). Regions of bad geometry were found to be located 
mainly in regions with unaligned target-template sequences 
and structurally variable regions (Figure 1 and Figure 2). 

Despite the phylogenetically distant relationship of the 
target-template sequences, the sequence structure alignment 
yielded sufficient information of structurally conserved 
regions to enable a functionally probable model to be 
generated. The predicted protein structure for B. 
pseudomallei Cox consists of 12 discernible TM helices 
(Figure 4). An initial assessment for functional plausibility 
of the predicted protein fold was gauged from comparisons 
of the primary protein structure to the predicted tertiary 
structure. The folding of the functionally crucial residues, 
such as the haem and Cu ligands, electron transfer pathway 
residues and proton pathway residues were found to fold 
closely together in 3D space even though some of these 
residues were distant to each other in the primary structure. 
Furthermore, the structural placement of these residues, 
were found to be similar when compared to the template 
crystal structure. The overall structure shows a clear 

hydrophobic core with pores A, B and C, described in Iwata 
et al. 1995, visible when viewed from the periplasmic side.  

Electron transfer. The structure-based sequence alignment 
of subunit I (Figure 2) between other cytochrome c oxidase 
sequences, the P. denitrificans and bovine heart oxidases 
shows that functionally vital residues, such as heme and Cu 
ligands or the residues proposed for the electron transfer 
from CuA to the hemes, are conserved. In addition to these 
residues, a highly conserved motif (VLYTFYPP, located 
between Val84 and Pro91) can be discerned from the 
alignment especially to T. thermophilus (Figure 3 and 
Figure 4). His236 in B. pseudomallei cox1, was postulated 
to be one ligand for CuB comparable to His326 and His 291 
in P. denitrificans and bovine heart mitochondrion, 
respectively. This residue might form an electron transfer 
pathway from CuA directly to CuB. The current 
understanding of the oxygen reduction mechanism at the 
binuclear centre requires the input of at least one of the 
electrons via CuB (Hill, 1994; Michel et al. 1998). The 
electron transfer from CuA via haem a/b to heme a3 at the 
binuclear centre is well established (Hill, 1994), and the 
corresponding residues (Arg401, Arg400 and Phe338) are 
conserved in the B. pseudomallei cox1 (Table 1 and Figure 
5). We propose the above-described pathway via Tyr89, 
Trp183 and His236 as an additional electron transfer 
pathway that could be used for electrons that are provided 
from CuB to the catalytic oxygen intermediates. 

Proton pathways. Two possible proton transfer pathways 
have been suggested based on the crystal structure of the P. 
denitrificans enzyme and in agreement with the results of 
site directed mutagenesis (Garcia-Horsman et al. 1995) i.e. 
K-pathway and D-pathway. The shorter K-pathway, leads 
to the binuclear centre via the highly conserved residues SU 
I-Thr 351 and SU I-Tyr280 located in the TMH VI and VIII 
and the hydroxyl group or the heme a3 
hydroxyethylfarnesyl chain (Michel et al. 1998). Two 
residues were postulated to have similar functions in Bp 
CoxI i.e. Su I-Thr262 and Thy190 (Table 1). Nevertheless, 
none of the residues in Bp CoxI were found to have 
counterparts in the longer D-pathway as for Paracoccus sp. 
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APPENDIX 

Tables 
Table 1. Functions and residue sequence position comparisons table for functionally important amino 
acid residues in subunits of the cytochrome c oxidase from P. denitrificans, bovine heart mitochondria 
and predicted protein sequence from B. pseudomallei. 

 
 Residue position 

  Residue P. denitrificans Bovine heart 
mitochondria T. thermophilus B. pseudomallei 

Heme 
ligands 

a 
 

a3 

His 
His 
His 

94 
413 
411 

61 
378 
376 

72 
24 

339 
337 

CuB ligands  
His* 
His 
His 

276 
325 
326 

240 
290 
291 

233 
282 
283 

186 
235 
236 

Proton 
pathways K-pathway Thr 

Tyr* 
351 
280 

316 
244 

 

309 (Ser) 
237 

262 
190 

CuA      heme a Arg 
Arg 

473 
474 

438 
439 

450 
451 

400 
401 Electron 

transfer 
heme  heme a3 Phe 412 377 385 338 

*Tyrosine is covalently bound to a CuB histidine ligand. 

 

Table 2. Overall quality of the predicted model as assessed by various methods. 
 

Method Template structure (1ehk) Predicted structure Recommended value for good 
structures 

Prochecka -0.37 -0.45 >-0.5 

Erratb 96.7% 93.5% >95% 

Whatifc -0.624 -1.199 >-1.0 
a G factors average score as listed in the “Procheck Summary” output. 
b Confidence limit. 
c Quality control value. 
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Figures 
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Figure 1. ClustalW alignment of BLAST (blastp) results for 8 hits with E values lower than 10-50 and the 1EHK 
sequence used as the comparative modelling template, GenBank accession numbers are bracketed: Tt, 
Thermus thermophilus (Q56408); 1EHK, Thermus thermophilus (13399682); Hsp_1, Halobacterium sp. 
(NP44237); Hsp_2, Halobacterium sp. (AAG20326); Np, Natronobacterium pharaonis (T44942); Bs, Bacillus 
stearothermophilus (T43835); Bh, Bacillus halodurans (NP241065); Pa, Pyrobaculum aerophilum (NP559246); 
Bp, Burkholderia pseudomallei (AF087002); Aa, Aquifex aeolicus (NP214506). Functionally crucial conserved 
residues are underlined. 
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Figure 2. Multiple sequence alignment of a diverse range of COX sequences and sequences from PDB 
structures. TMH: Transmembrane helices are denoted by Roman numerals I to XIII and colored in blue type. 
Positions of the six histidine residues (H), proton pump and residues crucial to electron transport are depicted 
and highlighted in red. 
 

 

 

Figure 3. Validation of the overall structure using Verify-3D (a), Errat (b) and Ramachandran plot 
(Procheck) (c). 
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a 

 

b 
Figure 4. Functional overview of the predicted cytochrome c oxidase structure for B. pseudomallei. 
a. The figure shows the 12 discernible predicted transmembrane helices with the electron transport, proton 
pathway and heme ligand residues rendered as balls and sticks.  

b. Magnification of the space with the functionally crucial residues mentioned and the backbone removed for 
clarity. 
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Figure 5. The location of residues in tertiary structure space for heme ligands (H24, H339), electron transfer 
pathway residues (F338, R400, R401), Mg ligands (H329), CuB ligands (H186, H235, H236), proton pathway 
residues (Y190, T262). Figure 5a shows an overall view of the structure (line trace back-bone) with the above 
residue positions highlighted as sticks. Figure 5b is a magnification of the residue positions in structure space. 


