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Replacement of the Glu380 with Gln380 in subunit I of 
cytochrome cbb3 oxidase from Rhodobacter capsulatus 
results in inactive enzyme

[Rhodobacter capsulatus ta bulunan sitokrom cbb3 oksidazın I alt ünitesindeki 
Glu380’in Gln380 ile yer değiştirilmesi inaktif enzim ile sonuçlanmaktadır]
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ABSTRACT
Objective: To show the importance of conserved glutamate 380 residue located in the he-
lix IX of catalytic subunit of the cbb3-type oxidases from Rhodobacter capsulatus by site-
directed mutagenesis.
Method: E380Q mutant was generated by site-directed mutagenesis using pMOZI vector as a 
template. After verification of the desired mutation and a few subcloning processes, pOX15/
E380Q plasmid was transferred to GK32 strain of R. capsulatus by triparental mating. To de-
termine the effect of the mutation on assembly of the cbb3-type oxidase the chromatophore 
vesicles were separated by PAGE and than samples were analyzed with TMBZ staining and 
western blotting. The enzyme activity was determined by NADI staining of whole cells and 
spectroscopic measurement of the oxygen consumption rate of chromotophore vesicle.
Results: The sequencing results showed that E380Q mutation was created successfully du-
ring PCR reactions. Western blot analysis and TMBZ staining of the PAGE gel revealed that 
mutated cbb3-type oxidase lacked all subunits of the enzyme. The E380Q mutant led to comp-
lete loss of activity of cbb3-type oxidase which was observed by NADI test and oxygen con-
sumption rate measurement (1%).
Conclusion: Our findings support the assumption that emphasizes the fact that the active site 
structure can be very different in the subfamilies of the heme-copper oxidases, and well con-
served within individual subfamilies.
Key Words: Cytochrome cbb3-type oxidase, D-proton pumping channel, site directed muta-
genesis and Rhodobacter capsulatus
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ÖZET
Amaç: Rhodobacter capsulatus’a ait cbb3-tipi oksidaz enziminin katalitik alt ünitesinin IX. 
sarmalında korunmuş olarak bulunan glutamat 380 aminoasidinin yönlendirilmiş mutagenez 
yöntemi ile öneminin gösterilmesi.
Metot: pMOZI vektörü kalıp olarak kullanılarak yönlendirilmiş mutagenez ile E380Q mu-
tantı elde edilmiştir. İstenilen mutasyonun gerçekleştiği doğrulandıktan ve birkaç alt klonla-
madan sonra pOX15/E380Q plazmidi R. capsulatus’un GK32 suşuna üçlü eşleşme ile akta-
rılmıştır. Mutasyonun cbb3-tipi oksidazın alt ünitelerinin birleşmesi üzerine olan etkisini be-
lirlemek için kromatofor zar proteinleri SDS-PAGE ile ayrıştırılmış, TMBZ boyama ve wes-
tern blotlama ile analiz edilmiştir. Enzim aktivitesi, hücrelerin NADI boyanması ve kroma-
tofor zar proteinlerinin spektrofotometrik ölçümle oksijen kullanım oranlarının hesaplanma-
sı ile belirlenmiştir.
Bulgular: Dizi analizi sonuçları E380Q mutasyonun PZR reaksiyonunda istenilen şekilde 
gerçekleştiğini göstermiştir. Western blot analizi ve SDS-PAGE jelinin TMBZ boyaması, 
mutant cbb3-tipi oksidaz enziminin alt ünitelerinin eksik olduğunu göstermiştir. E380Q mu-
tasyonun, NADI testi ve oksijen kullanım ölçümleri (%1) sonucunda enzim aktivitesinin ta-
mamen kaybına neden olduğu belirlenmiştir.
Sonuç: Elde edilen bulgular, demir bakır oksidazların aktif bölge yapılarının alt gruplarında 
farklılık gösterebileceği ve her bir alt grup içerisindeki bireylerde korunmuş olabileceği var-
sayımını desteklemektedir.
Anahtar kelimeler: Sitokrom cbb3-tipi oksidaz, D- proton pompalama kanalı, yönlendiril-
miş mutagenez ve Rhodobacter capsulatus.
Çıkar çatışması: Yazarların çıkar çatışması bulunmamaktadır.
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Introduction
Heme-copper oxidases (HCOs) are the terminal respi-
ratory enzyme, catalyzing the reduction of a molecu-
le of dioxygen to two molecules of water, consuming 
four protons and four electrons. Recent modeling [1-2] 
and experimental studies [3] have provided that K and 
D channels containing hydrophilic amino acids facili-
tate the proton translocation from the bacterial cytop-
lasm or mitochondrial matrix into the active site. The 
superfamilies of HCOs comprise the aa3-, ba3- and 
cbb3-type oxidases [4-5] along with other possible 
subfamilies [6]. Cytochrome cbb3 is an interesting and 
distinct member of the heme-copper oxidase superfa-
mily. The extremely low degree of conservation bet-
ween the different protein subfamilies presents a pos-
sibility to identify shared structural features that are 
from a different part of the over all structure but ser-
ve the same function of coupling electron transfer and 
proton transport.
It was recently found that glutamate, a key amino acid 
in transferring protons to be pumped a cross the memb-
rane and to the site of oxygen reduction, fulfills the 
proton-conducting D-channel in aa3-type oxidases [7]. 
Glu-278 (Pseudomonas denitrificans numbering) is 
one of the best conserved residues among the heme-
copper oxidases, and mutations at this locus have been 
shown to block the oxygen reaction and the uptake of 
protons, as well as proton translocation [8-9] sugges-
ting that this residue plays an important role in the ca-
talytic mechanism and that it is a key residue for pro-
ton translocation in aa3-type oxidases [10-11]. Howe-
ver, almost nothing is known about proton channels in 
the cbb3 oxidases. According to sequence alignments 
glutamate in helix VII is completely missing from the 
cbb3-type oxidases despite the presumed catalytic im-
portance of the histidine-glutamate ligand [12, 5]. Our 
amino acid sequence alignment from cbb3-type oxida-
se from fifty different organisms has suggested that 
another residue, glutamate 380 (the numbering refers 
to subunit CcoN of Rhodobacter capsulatus cytochro-
me cbb3), might structurally replace the missing gluta-
mate in the active site and thereby possibly fulfill the 
mechanistic requirement also in the cbb3-type of the 
heme-copper oxidase family.
In this work, sequence alignments are used to identify 
residues which might form putative proton channels or 
histidine ligand in the cbb3-family of oxygen reducta-
ses, although sequence alignments shows that E380 is 
not completely conserved within the cbb3-type oxida-
ses. In this study, to show the functional importance 
of the identified residue, glutamate 380 in helix IX, it 
was substituted for glutamine by site-directed mutage-
nesis and then mutant was analyzed in respect to acti-
vity and assembly of the cbb3-type respiratory oxidases 
from R. capsulatus.

Material and Method

Bacterial strains, plasmids and growth condi-
tions:
The bacterial strains and plasmids are listed in Table 1. 
Escherichia coli strains were grown aerobically at 37 °C 
in Luria Bertani (LB) broth supplemented with approp-
riate antibiotics (tetracycline, kanamycin, spectinomycin, 
and ampicillin at final concentrations of 12.5, 50, 10, and 
100 μg/ml, respectively) [13-14]. Rhodobacter capsulatus 
strains were grown chemoheterotrophically (Res growth) 
at 35 °C on enriched (MPYE) or minimal (MedA) media 
[15] supplemented with appropriate antibiotics (tetracy-
cline, kanamycin, and spectinomycin at final concentra-
tions of 2.5, 10, and 10 μg/ml, respectively) [13].

Molecular Genetic Techniques:
Standard molecular techniques were performed accor-
ding to Sambrook et al., 2001 [16]. pMOZI vector con-
taining 2.8 kb XhoI fragment from the structural ope-
ron ccoNOQP of R. capsulatus which encoding the su-
bunit CcoN [17] was used as template for generating the 
point mutation by site-directed mutagenesis. Site- direc-
ted mutagenesis was performed by using oligonucleo-
tides: E380Q F 5’-GGCATGTCGACCTTTCAGGGC-
CCGATGATGTCG-3’, E380QR5’- CGACAT-
CATCGGG CCCTGAAAGGTCGACATGCC-3’. Sequ-
ence verification of the mutagenesis reaction was perfor-
med at the DNA Sequencing facility, Iyontek corp. and 
University of Pennsylvania. The 2.8 kb XhoI fragments 
of pMOZIIE380Q was replaced with pOX15 and trans-
ferred to HB101 [18] competent cells of E. coli. The ori-
entation check of the colonies was performed by using 
HindIII restriction enzyme. Finally pOX15/E380Q was 
transferred to GK32 strain of R. capsulatus [19] by tri-
parental mating in the presence of HB101/pRK2013 [20].

Biochemical Techniques:

Isolation of recombinant chromatophore 
membranes and characterization of mutant
The chromatophore membranes (intracytoplasmic 
membrane vesicles -ICM) of R. capsulatus were isolated 
in 50mM MOPS (3- (N-morpholino) propanesulfonic 
acid) (pH 7.0) containing 100 mM KCl by using a French 
Pressure Cell as described in [21]. 1mM PMSF was ad-
ded to minimize proteolysis during cell disruption. Pro-
tein concentrations were determined using the bicincho-
ninic acid method [22] with bovine serum albumin as 
a standard. Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) (either on 11%or 16.5%) 
was performed as described in [23] and [24]. Samples 
were solubilized in 5%β- mercaptoethanol and incuba-
ted at 37 °C for 10 minutes before loading on gels. Im-
munoblot analyses were conducted as described in [19] 
using polyclonal antibodies raised against R. capsula-
tus CcoN or CcoP. Ctys c were visualized by endogeno-
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us peroxidase activity of covalently attached heme with 
TMBZ staining as described in [25].

Oxidase Activity Measurement
The cytochrome c oxidase activity of whole cells on plates 
was determined by using the NADI test [26]. Mutant was 
tested for its cyt c oxidase activity by the treatment with 1:1 
(v/v) mixture of 35 mM α-naphtol in ethanol and 30 mM 
N,N-deimethy-p-phenylenediamine in water. The cytoch-
rome c oxidase activity was also carried spectrophotomet-
rically by monitoring the oxidation of reduced horse he-
art cyt c (Sigma, St. Louis, MO) at 550 nm and 25°C using 
a U3210 UV-visible spectrophotometer described in [27].

Results

Mutation of Glutamate 380 and Enzyme Ac-
tivity Test
The sequencing results showed that mutation was created 
successfully and no other unwanted mutations were gene-
rated during PCR reactions. The replacement of glutamate 
380 to glutamine led to loss of activity which first obser-
ved by the utilization of NADI test that allows visual de-
tection of the oxidase activity. The NADI staining of the 
GK32/E380Q mutant exhibited NADI negative phenotype 
similar to negative control strain, GK32 (Fig. 1 a-c).

Measurement of Oxygen Consumption Rate
The oxygen consumption rates of chromatophore memb-
ranes of MT1131 (wild type), GK32/pOX15 (positive 
control), GK32 (negative control) and GK32/E380Q mu-
tant were measured spectrophotometrically by monito-
ring the oxidation of reduced horse heart cyt c. The mu-
tant showed less than 1%activity of positive control, con-
firming its cyt c oxidase phenotype (Table 2). NADI test 
and oxygen measurement results strongly support that 
glutamate residue at the position of 380 has critical role 
in the enzyme activity or assembly.

Effects of E380Q Mutation on Protein As-
sembly
By using the SDS/PAGE-TMBZ staining technique, 
membrane-bound c-type cyts with molecular masses of 
32, 31, 29 and 28 kDa of R. capsulatus can be visuali-
zed by their peroxidase activity. The 32 kDa protein is 
the cyt c1 subunit of the cyt bc1 complex [21, 14, 28], and 
the 29-kDa protein is the membrane-associated elect-
ron carrier cyt cy [13]. The two remaining cyts of 32 and 
28 kDa (cyts cp and co, respectively) correspond to the 
heme c-containing subunits of the cyt cbb3 oxidase. In 
comparison with wild type, MT1131, and positive control 
strain, GK32/pOX15, mutant GK32E380Q had no CcoP 
and CcoO subunits. In respect to heme c-containing su-
bunit composition, E380Q mutant is similar to negative 
control strain, GK32 (Fig. 2). Western blot analyses reve-
aled that CcoN was absent in GK32/E380Q establishing 
that it lacked all subunits of the cyt cbb3 oxidase (Fig. 3).

Discussion
The aa3-type of oxygen reductases is by far the largest 
and most studied group of enzymes in the heme-copper 
superfamily. Studies on aa3-type cytochrome oxidase 
showed that it has histidine-glutamate/aspartate structu-
ral motif. This motif has been shown to modulate subs-
trate binding, catalytic activity, redox potentials as well 
as the metal coordination [29-30]. Glutamate, was sug-
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Figure 3: Western blot analysis of CcoN subunits with anti-CcoN 
antibodies. CcoN was detected with horseradish peroxidase-
conjugated anti-rabbit immunoglobulin G with NiCl2-enhanced 
3,3′-diaminobenzidine as the substrate. Lane 1, GK32/pOX15E380Q; 
lane 2, GK32/pOX15; lane 3, GK32 and line 4, wild-type MT1131. 10 
μg of membrane protein was loaded on SDS-PAGE.

Figure 1. NADI staining of target mutant (E380Q) with negative 
(GK32) and positive (GK32/pOX15) controls. (a) GK32, NADI 
negative as expected, (b) GK32/pOX15, NADI positive as expected. 
(c) GK32/pOX15E380Q, NADI negative.

  Figure 2. Cytochrome c profile of target mutant (GK32/pOX15E380Q) 
with wild-type (MT1131), negative control (GK32), positive control 
(GK32/pOX15). Approximately 50 mg of protein was loaded in 
each lane of a 16.5%SDS-polyacrylamide gel. c-type cytochromes 
were detected by TMBZ staining. Lane 1, wild-type MT1131; lane 
2, GK32; lane 3, GK32/pOX15 and line 4, GK32/pOX15E380Q. Cyt 
cp and co are the subunits II and III of cyt cbb3 oxidase, and cyts c1 
and cy correspond to the cyt c1 subunit of the bc1 complex and the 
membrane-attached electron carrier cy, respectively.
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gested to ile as close as 11 Å from the proximal histi-
dine ligand of the high spin heme of aa3-type oxidases 
[2]. Some glutamate mutations within the D-channel can 
eliminate proton pumping [31, 32, 33] consequence of 
structural changes that regulate the proton-transfer ra-
tes to the catalytic site and acceptor site of pumped pro-
tons. In addition to this, Kaila et al [7, 34] suggested that 

a conserved glutamate at the end of the D channel in 
aa3 type oxidase worked as valve in minimizing leaka-
ge of the pumped proton back to the D-channel. Howe-
ver, It has been noted that the oxygen reductases in the 
cbb3-type oxidases do not appear to have glutamate equ-
ivalent to those corresponding to the D-channel of the 
aa3-type of oxygen reductases [9, 10, 2].

Table 1. Bacterial strains and plasmids used in this study.

Strain Genotype Phenotype Reference

 E. coli   

 XL1-Blue rec A end A 1 gyr A986 thi-1hsdr17supE44 rel A1 lac Stratagene

XL1-Blue/pMOZIE380Q Ampr This work

HB101 F-proA2 hsdS20 (Rb-, mB-) recA13 ara14 lac Y1  [l8] 

HB101/pACYC177 F-ara-14leu fhuA2 Δ (gpt-proA) 62 lac Y1glnV44 galK2 rspL20 
xyl-5 mtl-1 Δ (mcrC-mrr) HB101

New England Bi-
olabs

HB101/pMOZI Ampr  [17] 

HB101/pMOZII Ampr  [17] 

HB101/pMOZIIE380Q Ampr This work

HB101/pOX15 15.3 kb with pOX15 DNA Tetr  [34] 

R. capsulatus   

MT1131 crtD121 Rifr Wild type  [14] 

GK32 Δ (ccoNO::kan) Kanr  [19] 

GK32/ pOX15E380Q Tetr This work

Plasmid Phenotype Phenotype Reference

pMOZI pBluescript SKII with 2.8 kb NO ’ XhoI insert Ampr  [17] 

PMOZI/E380Q Substitution of glutamate to glutamine in pMOZI Ampr This work

pMOZII pACYC177 with 2.8 kb NO ’ XhoI insert Ampr, Kanr  [17] 

pMOZII /E380Q pMOZII replaced 0.6 kb PpuI fragment of pMOZI/E380Q Ampr This work

pOX15 pRK404 with 4.7 kb ccoNOQP operon Tetr  [19] 

pOX15/E380Q pOX15 replaced 2.8 kb XhoI fragement of pMOZII/E380Q Tetr This work

pOX12 pOX 15 lacks 2.8 kb NO ’ fragment (12.5 kb) Tetr  [17] 

pRK2013 self-transmissible plasmid tra+  (RK2) Kanr, helper  [20] 

Table 2. Quantitative analysis of cytochrome c oxidase activity in R. capsulatus membranes with spectrophotometer

Strain %of wt activity

GK32/pOX15 100

GK32 0

MT1131 47,3

s  <1

*For cytochrome c oxidation, 100%activity corresponds to 1602 nmol of cyt c/mg of protein per min. (semiaerobic condition). Values shown 
are means of three independent measurements.
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type oxidase indicates that histidine-glutamate/aspar-
tate structural motif is found in individual subfamilies 
of the cbb3-type oxidases. Our findings support the as-
sumption [35] that emphasizes the fact that the active 
site structure can be very different in the subfamilies of 
the heme-copper oxidases, and well conserved within 
individual subfamilies, even though the overall functi-
on is shared.

Acknowledgments
We gratefully thank Fevzi Daldal (University of Penns-
ylvania) for the use of laboratory and facilities. This 
work was supported by grant TBAG-107T519 (to M.Ö.) 
from The Scientific Technological Research Council of 
Turkey.
This article was prepared from master thesis of Şükrü-
ye Er. It was presented 22th National Biochemistry Cong-
ress, 27-30 October 2010, Eskişehir, Turkey
Conflict of interest: There is no conflict of interest 
among the authors.

References
[1]  Sharma V, Wikström M, Laakkonen L. (2008) Modeling the 

active-site structure of the cbb3-type oxidase from Rhodobacter 
sphaeroides, Biochemistry 47:4221-4227.

[2]  Hemp J, Han H, Roh JH, Kaplan S, Martinez TJ, et al. (2007) 
Comparative genomics and site-directed mutagenesis sup-
port the existence of only one input channel for protons in the 
C-family (cbb3 oxidase) of heme-copper oxygen reductases. Bi-
ochemistry 46:9963-9972.

[3]  Hemp J, Robinson DE, Ganesan KB, Martinez TJ, Kelleher NL, 
et al. (2006) Evolutionary migration of a post-translationally 
modified active-site residue in the proton pumping heme-copper 
oxygen reductase. Biochemistry 45:15405-15410.

[4]  Pereira MM, Santana M, Teixeira M. (2001) A novel scenario for 
the evolution of haem-copper oxygen reductases. Biochim. Bi-
ophys. Acta 1505:185-208.

[5]  Sharma V, Puustinen A, Wikström M, Laakkonen L. (2006) Se-
quence analysis of the cbb3 oxidases and an atomic model for the 
Rhodobacter sphaeroides enzyme, Biochemistry 45: 5754-5765.

[6]  Hemp J, Gennis RB. (2008) Diversity of the heme-copper super-
family in archaea: Insights from genomics and structural mode-
ling results. Probl. Cell Differ. 45:1-31.

[7]  Kaila VRI., Verkhovsky MI, Hummer G, Wikström M. (2008) 
Glutamic acid 242 is a valve in the proton pump of cytochrome 
c oxidase. Proc. Natl. Acad. Sci. U.S.A. 105:6255-6259.

[8]  Svensson-Ek M., Thomas JW, Gennis RB, Nilsson T, Brzezinski 
P. (1996) Kinetics of electron and proton transfer during the re-
action of wild type and helix VI mutants of cytochrome bo3 with 
oxygen. Biochemistry 35:13673-13680.

[9]  Verkhovskaya, ML., Garcı́ a-Horsman, JA, Puustinen A, Riga-
ud JL, Morgan JE, et al. (1997) Glutamic acid 286 in subunit I 
of cytochrome bo3 is involved in proton translocation. Proc. Natl. 
Acad. Sci. USA 94:10128-10131.

[10]  Pawate ASJM, Namslauer A, Mills DA, Brzezinski P, Ferguson-
Miller S, et al. (2002) A Mutation in subunit I of cytochrome 
oxidase from Rhodobacter sphaeroides results in an increase in 
steady-state activity but completely eliminates proton pumping. 
Biochemistry 41: 13417-13423.

An alternative proton input channel has been suggested 
between D364 (R. sphaeroides cbb3 oxidase numbering) 
on the cytoplasmic side and E383 (R. sphaeroides) in he-
lix IX near the high-spin heme [5]. However, sequen-
ce analysis shows that neither D364 nor E383 are comp-
letely conserved within the cbb3-type oxidase. In many 
sequences the residue equivalent to E383 is a glutami-
ne [10]. On the other hand, E383Q mutation in cbb3-type 
oxidase of R. spheroides results in complete loss of ac-
tivity [35]. Recently, Rauhamäki et al. [35] found that 
the proximal histidine (C: H405) of the active site heme 
b3 most probably forms a hydrogen bond to a conserved 
glutamate (E383, only in cbb3 oxidases) in helix IX of su-
bunit CcoN. It was further shown by Sharma et al. [36] 
that the catalytic mechanism involves redox-coupled 
proton transfer between the proximal histidine ligand 
of heme b3 and a conserved glutamate. It has also been 
proposed that by Buschmann et al [37] proton transfer 
in cbb3- type oxidases may occur via Thr-378, Ser-377 
and Glu-380 (Rhodobacter capsulatus numbering). Ho-
wever there is no protein assembly and pumping data 
have been published yet which are done by mutated glu-
tamate residue. Our findings about protein assembly and 
enzyme activity partially support these results and pro-
posals because E380Q mutation results in inactive and 
disassembled cbb3-type oxidase in R. capsulatus. It has 
been supposed that deeply buried two heme b and the Cu 
cofactor might be critical for proper folding and stabili-
zation of cbb3 oxidase enzyme. Thus any residue which 
has an interaction with any of these might also has role 
in the folding and stabilization of the enzyme. Our fin-
dings about protein assembly support that E383Q muta-
tion in cbb3-type oxidase of R. capsulatus caused disas-
sembled enzyme.
It has been shown that E380 residue is not completely 
conserved within the C- family oxygen reductases or ot-
her families. It has been also shown by sequence align-
ments, the residue equivalent to E380 is glutamine 
(Hemp et al., 2007), but this concerns few very distinct 
members of the cbb3 subfamily of enzymes. In this study, 
we thought that substitution of glutamate residue to glu-
tamine may explain why in some sequences this residue 
is conserved as glutamate rather than glutamine. In site- 
directed mutagenesis studies it is recommended to chan-
ge the target aminoacid to other amino acids which have 
different characteristics than the target one to see the ef-
fect of the mutation. Sharma et al., 2006 was tested the 
possible functional role of E380 residue by mutation to 
aspartate in R. sphaeroides. It has been shown that E to 
D mutation retained approximately one- third of the wild 
type activity with normal H+/e- ratio of proton transloca-
tion. This also shows that substitutions to similar residu-
es restore the function and the assembly of the enzyme.
Although nucleotide alignments and structural predicti-
ons indicate that glutamate is not conserved within sub-
families of the cbb3-type oxidase, analysis of glutamic 
acid substitutions in helix IX of the subunit I of cbb3-



Turk J Biochem, 2012; 37 (1) ; 48–53. Öztürk et al53

[11]  Siletsky SA, Pawate AS, Weiss K, Gennis RB, Konstantinov 
AA. (2004) Transmembrane charge separation during the ferryl-
oxo Ø oxidized transition in a nonpumping mutant of cytochro-
me c oxidase. J Biol Chem. 279:52558-52565.

[12]  Hemp J, Christian C, Barquera B, Gennis RB, Martinez TJ. 
(2005) Helix switching of a key active-site residue in the cytoch-
rome cbb3 oxidases. Biochemistry 44:10766-10775.

[13]  Daldal, F, Cheng S, Applebaum J, Davidson E, Prince RC. 
(1986) Cytochrome c2 is not essential for photosynthetic growth 
of Rhodopseudomonas capsulata. Proc. Natl. Acad. Sci. USA 
83:2012-6.

[14]  Jenney F, Jr. E, Daldal F. (1993) A novel membrane-associated 
c-type cytochrome, cyt cy, can mediate the photosynthetic 
growth of Rhodobacter capsulatus and Rhodobacter sphaeroi-
des. EMBO J 12:1283-92.

[15]  Sistrom WR. (1960) A requirement for sodium in the 
growth of Rhodopseudomonas spheroides. J Gen Microbiol 
22:778-85.

[16]  Sambrook J, Russell DW. (2001) Molecular cloning: a la-
boratory manual 3ed. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, NY.

[17]  Öztürk M, Mandaci S. (2007) Two conserved non-
canonical histidines are essential for activity of the cbb3-type 
oxidase in Rhodobacter capsulatus. Mol Biol Rep 34:165-72.

[18]  Lacks, S, Greenberg B. (1977) Complementary specificity of 
restriction endonucleases of Diplococcus pneumoniae with res-
pect to DNA methylation. Journal of Molecular Biology 114:153-
68.

[19]  Koch HG, Hwang O, Daldal F. (1998) Isolation and cha-
racterization of Rhodobacter capsulatus mutants affected in 
cytochrome cbb3 oxidase activity. J Bacteriol 180:969-78.

[20] Ditta G, Schmidhauser T, Yakobson E, Lu P, Liang XW, Finlay 
DR, et al. (1985) Plasmids related to the broad host range vector, 
pRK290, useful for gene cloning and for monitoring gene exp-
ression. Plasmid 13:149-53.

[21]  Gray KA, Grooms M, Myllykallio H, Moomaw C, Slaughter 
C, et al. (1994) Rhodobacter capsulatus contains a novel cb-
type cytochrome c oxidase without a CuA center. Biochemistry 
33:3120-7.

[22] Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, 
et al. (1985) Measurement of protein using bicinchoninic acid. 
Anal Biochem 150:76-85.

[23]  Laemmli UK. (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227:680-5.

[24] Schagger H, Von Jagow G. (1987) Tricine-sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis for the separation of 
proteins in the range from 1 to 100 kDa. Anal Biochem 166:368-
79.

[25]  Thomas PE, Ryan D, Levin W. (1976) An improved staining pro-
cedure for the detection of the peroxidase activity of cytochrome 
P-450 on sodium dodecyl sulfate polyacrylamide gels. Anal Bi-
ochem 75:168-76.

[26] Marrs B, Gest H. (1973) Genetic mutations affecting the respira-
tory electron-transport system of the photosynthetic bacterium 
Rhodopseudomonas capsulata. J Bacteriol 114:1045-5.

[27] Peters A, Kulajta C, Pawlik G, Daldal F, Koch HG. (2008) Sta-
bility of the cbb3-type cytochrome oxidase requires specific 
CcoQ-CcoP interactions. Journal of Bacteriology 190:16, 5576-
5586.

[28] Jenney F, Jr E, Prince RC, Daldal F. (1994) Roles of the soluble 
cytochrome c2 and membrane-associated cytochrome cy of Rho-
dobacter capsulatus in photosynthetic electron transfer. Bioche-
mistry 33:2496-502.

[29] Goodin DB, McRee DE. (1993) The Asp-His-Fe triad of cytoch-

rome c peroxidase controls the reduction potential, electronic 
structure, and coupling of the tryptophan free radical to the 
heme, Biochemistry 32:3313-3324.

[30] Chen HP, Marsh ENG. (1997) How enzymes control the reac-
tivity of adenosylcobalamine: Effect on coenzyme binding and 
catalysis of mutations in conserved histidine-aspartate pair of 
glutamate mutase, Biochemistry 36:7884-7889.

[31]  Wikström M, Jasaitis A, Backgren C, Puustinen A, Verkhovsky 
MI. (2000) The role of the D- and K-pathways of proton transfer 
in the function of the haem-copper oxidases, Biochim. Biophys. 
Acta 1459:514-520.

[32]  Sugitani R, Medvedev ES, Stuchebrukhov AA. (2008) 
Theoretical and computational analysis of the membrane po-
tential generated by cytochrome c oxidase upon single elect-
ron injection into the enzyme. Biochim. Biophys. Acta-
Bioenerg.1777:1129-1139.

[33]  Siegbahn PEM, Blomberg MRA. (2007) Energy diagrams 
and mechanism for proton pumping in cytochrome c oxidase, 
Biochim. Biophys. Acta-Bioenerg. 1767:1143-1156.

[34] Kaila VR, Verkhovsky MI, Hummer G, Wikström M. (2009) 
Mechanism and energetics by which glutamic acid 242 prevents 
leaks in cytochrome c oxidase. Biochim Biophys Acta. 10:1205-
14.

[35] Rauhama¨ki V, Bloch DA., Verkhovsky MI, Wikstro¨m M. 
(2009) Active site of cytochrome cbb3. The Journal of Biological 
Chemistry 284:11301-11308.

[36] Sharma V, Wikström M, Kaila VRI. (2010) Redox-coupled pro-
ton transfer in the active site of cytochrome cbb3. Biochimica et 
Biophysica. BBABIO-46462; No. of pages: 9; 4C:

[37] Buschmann S, Warkentin E, Xie H, Langer JD, Ermler U, et al. 
(2010) The structure of cbb3 cytochrome oxidase provides in-
sights into proton pumping. Science 329:327-330


