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Biochemical and Biophysical Characterization of the Two Isoforms of
cbb,-Type Cytochrome ¢ Oxidase from Pseudomonas stutzeri
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The cbb;-type cytochrome c oxidases (cbb;-CcOs) are members of the heme-copper oxidase superfamily that couple the reduc-
tion of oxygen to translocation of protons across the membrane. The cbb;-CcOs are present only in bacteria and play a primary
role in microaerobic respiration, being essential for nitrogen-fixing endosymbionts and for some human pathogens. As fre-
quently observed in Pseudomonads, Pseudomonas stutzeri contains two independent ccoNO(Q)P operons encoding the two cbb,
isoforms, Cbb;-1 and Cbb;-2. While the crystal structure of Cbb-1 from P. stutzeri was determined recently and cbb;-CcOs
from other organisms were characterized functionally, less emphasis has been placed on the isoform-specific differences between
the cbb;-CcOs. In this work, both isoforms were homologously expressed in P. stutzeri strains from which the genomic version

of the respective operon was deleted. We purified both cbb; isoforms separately by affinity chromatography and increased the
yield of Cbb;-2 to a similar level as Cbbs-1 by replacing its native promoter. Mass spectrometry, UV-visible (UV-Vis) spectros-
copy, differential scanning calorimetry, as well as oxygen reductase and catalase activity measurements were employed to char-
acterize both cbb; isoforms. Differences were found concerning the thermal stability and the presence of subunit CcoQ. How-
ever, no significant differences between the two isoforms were observed otherwise. Interestingly, a surprisingly high turnover of
at least 2,000 electrons s ' and a high Michaelis-Menten constant (K,, ~ 3.6 mM) using ascorbate—N,N,N’,N’-tetramethyl-p-
phenylenediamine dihydrochloride (TMPD) as the electron donor were characteristic for both P. stutzeri cbb;-CcOs. Our work
provides the basis for further mutagenesis studies of each of the two cbb, isoforms specifically.

H eme-copper oxidases (HCOs), the terminal enzymes in the
respiratory chain, are membrane-embedded proteins that
catalyze the four-electron reduction of molecular oxygen to water,
coupling this exothermic reaction to the establishment of a proton
electrochemical gradient across the membrane bilayer (1-3). All
HCOs share a transmembrane catalytic subunit, which contains a
low-spin heme (a or b) and a binuclear center consisting of Cuy
and a high-spin heme (as, b3, or 05). The HCO superfamily is
phylogenetically subdivided into three major families: A, B, and C
(4, 5). The A family HCOs, represented by the well-studied aa;-
type cytochrome ¢ oxidases (aa;-CcOs), are found in mitochon-
dria and many bacteria. The B family of HCOs contains a number
of bacterial and archaeal oxidases. In contrast, the C family is
formed by the cbbs-type cytochrome ¢ oxidase (cbb;-CcO) and is
found only in bacteria. It remains less well characterized.

The cbb;-CcOs, comprising more than 20% of the HCOs, are
widely distributed within the bacterial phyla but particularly
abundant in Proteobacteria (6-8). They have been studied in sev-
eral Gram-negative bacteria (for recent reviews, see references 8
and 9). The cbb;-CcOs were shown to be expressed predominantly
under low oxygen tension (10) and are characterized by their high
affinity for O, (11). Therefore, for instance, in the symbiotic di-
azotrophs, cbb;-CcOs are needed to provide energy required for
the ATP-consuming process of N, fixation and may serve to pro-
tect the oxygen-sensitive nitrogenase by oxygen scavenging (12).
In some human pathogens, e.g., Helicobacter pylori (13) and Neis-
seria meningitidis (14), the cbbs-CcO is the only respiratory oxi-
dase encoded by the genome and is believed to be crucial for the
colonization of the hosts under hypoxic conditions (8). In addi-
tion to the reduction of molecular oxygen, cbb;-CcOs, which are
structurally and phylogenetically related to bacterial nitric oxide
reductases (NORs) (6, 15), were shown to reduce NO (16, 17) with
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ahigher turnover number than oxidases from the A and B families
(18).

The cbb;-CcOs show a distinctly different subunit composition
compared to A and B family HCOs as confirmed by the recently
determined X-ray crystallographic structure (19). Typically, the
cbb;-CcOs are composed of CcoN, -0, -Q, and -P subunits, which
were first identified as gene products of a ccoNOQP (fixNOQP)
operon in the symbiotic N,-fixing diazotrophs (20). The catalytic
subunit CcoN of the cbb;-CcOs is homologous to subunit I of the
A family HCOs but has a very low sequence identity (less than
20%). It possesses 12 transmembrane helices and contains a low-
spin heme b and a high-spin heme b;-Cug, active center. Subunit
CcoO possesses one transmembrane helix and a single C-type
heme. Together with CcoN, it defines the core complex, because
only these two subunits are observed in all cbb;-CcOs (6) and can
form assembly intermediates after insertion into the membrane
(9,21, 22).In alpha-, beta-, gamma-, and epsilonproteobacteria as
well as in the Aquificales, a third subunit, CcoP (6), is found that
possesses two transmembrane helices and two C-type hemes.
Based on structural features, CcoP was proposed to be the initial
electron acceptor receiving electrons from a periplasmic cyto-
chrome ¢ (19). It has also been suggested to serve as a gas-sensing
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TABLE 1 P. stutzeri strains and plasmids used in this study

Comparison of Two cbb; Oxidases from P. stutzeri

Strain or plasmid Features and relevant phenotype Reference

P. stutzeri strains
ZoBell Wild type, ATCC 14405 57
ACbb;-1 mutant ZoBell AccoNOP-1::Kan" This study
ACbb;-2 mutant ZoBell AccoNOQP-2::Kan" This study

Plasmids
pEGFP-N1 Plasmid containing the EGFP gene, Kan" Clontech
pACYC184 Plasmid containing the p15A origin, Cam" Tet" NEB
pJET1.2 Blunt cloning plasmid Fermentas
pBBRIMCS Broad-host-range, low-copy-no. plasmid, Cam" 58
pBBRIMCS-2 pBBRIMCS derivative, Kan" 59
pBBRIMCS-2-EGFP pBBRIMCS-2 derivative, EGFP gene This study
pXH-B Suicide plasmid, EGFP gene, p15A origin, Kan" This study
pXH-Al pXH-B derivative, homologous flanking arms H1 and H2 This study
pXH-A2 pXH-B derivative, homologous flanking arms H2 and H3 This study
pXH-22 P. stutzeri ccoNOP-1 cloned into pBBRIMCS, Strep tag II at the C terminus of ccoN-1 This study
pXH-26 P. stutzeri ccoNOQP-2 cloned into pBBRIMCS, Strep tag II at the C terminus of ccoN-2 This study
pXH-39 pXH-26 derivative, promoter of ccoNOQP-2 replaced with promoter of ccoNOP-1 This study

element because one reduced heme ¢ in this subunit can bind
carbon monoxide (8). CcoQ is the smallest subunit present in
some cbb;-CcOs, which was shown to be involved in the stabiliza-
tion of the cbb;-CcO by interaction with subunit CcoP in Rhodo-
bacter capsulatus (23) and by protection of the cbb;-CcO from
oxidative destabilization in Rhodobacter sphaeroides (24).

In the present work, we focus on the cbb;-CcO of Pseudomonas
stutzeri, a Gram-negative bacterium widely distributed in aquatic
and terrestrial habitats (25), which possesses a branched respira-
tory chain that allows adaption to various environmental condi-
tions. Earlier, P. stutzeri strain ZoBell was reported to possess only
one ccoNOQP operon coding for cbb;-CcO (26). More recently,
we showed that this strain actually possesses two independent cbb,
operons, encoding isoforms of cbb;-CcO as well as Cbbs-1 and
Cbbs-2 (19) (GenBank accession number HM130676). The pres-
ence of two cbb; operons was confirmed by the recently published
draft genome sequence of P. stutzeri ZoBell (27). Although the
plant pathogen Pseudomonas syringae possesses only one cbbs-
CcO, the presence of two cbb; operons is commonly found in the
genus Pseudomonas, for example, in the opportunistic human
pathogens Pseudomonas aeruginosa and Pseudomonas putida (7,
28). Previous studies on differential expression of Cbb;-1 and
Cbbs-2 from P. aeruginosa indicated that the two isoforms differ
from each other in their regulatory properties under different ox-
ygen tensions (28, 29). However, the relevant functional differ-
ences between two isoforms of cbb;-CcO are not known.

In P. stutzeri, both cbb; operons contain the three structural
genes for the subunits CcoN, CcoO, and CcoP, whereas the gene
ccoQ is present only in the second cbb; operon (ccoNOQP-2). A
DNA sequence comparison showed that the first cbb; operon (cco-
NOP-1) has, on average, a 79% identity with ccoNOQP-2, which
might explain why only one operon was found previously (26).
The amino acid sequence identities of the two cbb; isoforms are
also very high, 87% for subunit CcoN, 97% for subunit CcoO, and
63% for subunit CcoP. Due to the high homology between Cbbs-1
and Cbb;-2, both isoforms are usually found as a mixture in the
same chromatographic fractions during the purification process.
Although the separation of both ¢bb;-CcOs is difficult, the wild-
type Cbbs-1 was successfully purified to homogeneity from the
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native membranes of P. stutzeri by four conventional chromato-
graphic steps, and its structure was determined by X-ray crystal-
lography (19). However, we could not isolate isoform Cbb;-2
from the protein mixture using the same purification strategy. To
overcome this difficulty, we established a homologous expression
system, including two P. stutzeri deletion stains and the use of an
expression vector. Two recombinant cbb; isoforms are produced
from the corresponding P. stutzeri deletion strains and purified
separately by applying affinity chromatography. Here we report
the biochemical and biophysical characterization of two separated
isoforms of cbb;-CcO from P. stutzeri, and arigid discrimination is
now available.

MATERIALS AND METHODS

Bacterial strains, plasmids, oligonucleotides, and media. The bacterial
strains and plasmids used in this study are listed in Table 1. Synthetic
oligonucleotides, obtained from Eurofins MWG Operon (Ebersberg, Ger-
many), are listed in Table S1 in the supplemental material. Pseudomonas
stutzeri strain ZoBell (ATCC 14405) was used throughout the present
work. Two P. stutzeri cbb, deletion strains constructed in this study,
namely, ACbb;-1 and ACbb;-2, were used for homologous expression of
both recombinant isoforms of cbb;-CcO. The P. stutzeri strains were
grown on lysogeny broth agar or in asparagine minimal medium (30) with
slight modifications concerning the supplementation of trace elements
(32 mg FeCl, - 6H,0, 0.17 mg CuCl, - 2H,0, 1.6 mg NH,NO;, 22 mg KBr,
20 mg MnCl, - 2H,0, 25 mg ZnCl, per liter). Antibiotics were used at the
following concentrations: 50 pg/ml kanamycin (Kan) and 68 ng/ml
chloramphenicol (Cam) for both deletion strains containing the expres-
sion vector. Escherichia coli strains DH5a and JM 110 were used for general
cloning.

Construction of the cbb, deletion strains. To delete each of two chro-
mosomal cbb; operons (ccoNOP-1 and ccoNOQP-2) by homologous re-
combination, suicide vectors that facilitate the selection of double-cross-
over events were constructed. A 751-bp BamHI-Xbal fragment from
pEGFP-NI1 was ligated into pBBRIMCS-2 digested by the same enzymes,
resulting in pBBRIMCS-2—enhanced green fluorescent protein (EGFP),
in which the EGFP gene product can serve as a reporter protein for allelic
replacement. To introduce a suicide replicon into pPBBRIMCS-2-EGFP, a
2.6-kb fragment containing the pBBR1 replicon and mobilization (mob)
gene was replaced by the p15A replicon from pACYC184, yielding the
plasmid pXH-B. Subsequently, the kanamycin resistance cassette of
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pXH-B was flanked by the H1 fragment (—532 to +1 bp upstream of the
translation start of ccoN-1) and the H2 fragment (—57 to +448 bp of the
stop codon of ccoP-1) as 5" and 3" homologous regions, resulting in pXH-
A1. Correspondingly, the same cassette was flanked at the 5" end by the H2
fragment and at the 3’ end by the H3 fragment (—365 to +100 bp of the
stop codon of ccoP-2), yielding the vector pXH-A2. A schematic represen-
tation of the construction of both suicide vectors is shown in Fig. S1 in the
supplemental material. Both suicide vectors pXH-A1 and pXH-A2 were
electrotransformed (31) individually into P. stutzeri ZoBell cells. The dou-
ble-crossover event was selected for by an EGFP-negative and kanamycin-
resistant phenotype. Substitution of the desired c¢bb; operons with the
kanamycin resistance cassette was accomplished by comparing the PCR
products from the wild-type and deletion strains and by direct sequencing
(SeqLab, Gottingen, Germany).

Construction of the expression vectors. The genomic DNA of P.
stutzeri ZoBell was isolated using the G-spin genomic extraction kit
(iNtRON; Biotechnology, South Korea). Two DNA fragments containing
the operon ccoNOP-1 (3,932 bp) and the operon ccoNOQP-2 (4,033 bp)
with the corresponding promoter regions were amplified from the
genomic DNA and cloned separately into pJET1.2 (Fermentas, St. Leon-
Rot, Germany) for subcloning. For purification of the recombinant cbb;-
CcO by affinity chromatography, a Strep tag IT was fused to the C terminus
of ccoN-1 and ccoN-2 using the QuikChange site-directed mutagenesis kit
(Agilent Technologies, Waldbronn, Germany). A 3.4-kb fragment con-
taining Strep-tagged ccoNOP-1 was amplified, digested with the BamHI-
HindIII endonucleases, and subcloned into the low-copy-number vector
pBBRIMCS, resulting in pXH-22 (for the expression of Cbbs-1). Like-
wise, a 3.6-kb fragment containing Strep-tagged ccoNOQP-2 was cloned
into pBBRIMCS using ligation-independent cloning (In-Fusion cloning
kit; Clontech, Mountain View, CA, USA), yielding pXH-26 (for the ex-
pression of Cbbs-2). To increase the yield of Cbb;-2, the native promoter
of ccoNOQP-2 in pXH26 was replaced with the endogenous promoter
region of ccoNOP-1, resulting in plasmid pXH39 (for the high-yield ex-
pression of Cbb;-2). The final constructs for homologous expression of
both isoforms of Cbb;-CcO were verified by sequencing and introduced
by electroporation into the ACbbs-1 and ACbb;-2 deletion strains.

Purification of cbb;-CcOs. P. stutzeri ZoBell cells were cultured under
microaerobic conditions and harvested according to the previously pub-
lished procedures (30). A typical yield was 6 to 10 g of wet cells per liter of
asparagine minimal medium. Membrane preparation was performed as
described previously (30) with an additional low-salt (50 mM NaCl)
washing step. Membranes were solubilized with n-dodecyl-B-p-maltoside
(DDM; Glycon, Luckenwalde, Germany) at a ratio of 2.5 mg detergent per
milligram of membrane protein. Purification of the wild-type Cbbs-1 was
performed by four chromatographic steps as published previously (19).
To purify the Strep-tagged recombinant cbb;-CcOs, the solubilized mem-
branes were supplied with 0.2 mg/ml avidin and loaded onto a Strep-
Tactin Superflow high-capacity column (IBA, Géttingen, Germany),
which was preequilibrated with 20 mM Tris-HCl (pH 7.5), 100 mM NaCl,
0.5 mM EDTA, 10% (vol/vol) glycerol, and 0.02% (wt/vol) DDM, at a
flow rate of 0.2 to 0.5 ml/min. The unusually low flow rate was necessary
to allow sufficient binding of the recombinant cbb;-CcOs to the column.
The bound proteins were eluted with 5 mM desthiobiotin in equilibrium
buffer and applied directly onto a Q Sepharose high-performance anion
exchange column (GE Healthcare, Munich, Germany) at a flow rate of 2
ml/min. The cbb;-CcO was eluted with a step of 300 mM NaCl in equili-
bration buffer and concentrated using Amicon concentrators with 100-
kDa-cutoft membranes (Millipore, Billerica, MA, USA). During this con-
centration step, the concentration of NaCl in the buffer was reduced to
100 mM. Concentrated proteins were then loaded onto a Superdex 200
10/300 GL gel filtration column (GE Healthcare) at a flow rate of 0.5
ml/min. The elution profile was monitored at 280 nmand 411 nm, and the
eluted protein fractions containing cbb;-CcO were collected, concen-
trated to a final concentration of 100 to 200 wM, and flash frozen in liquid
nitrogen for storage at —80°C.
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SDS-PAGE, BN-PAGE, and heme staining. The purified cbb;-CcOs
were analyzed on self-cast 15% Tris-glycine SDS-PAGE gels (32) and
stained with Coomassie brilliant blue. Heme staining was used to detect
the heme-associated peroxidase activity of cbb;-CcO subunits (33). Blue
native (BN)-PAGE (34) was performed on 4 to 16% Bis-Tris gels accord-
ing to the manufacturer’s instructions (Novex, Life Technologies, Darm-
stadt, Germany).

Mass spectrometry. Peptide mass fingerprinting was performed as
previously described (19). Briefly, the chemically modified proteins were
subjected to proteolytic digestion using a combination of trypsin and
chymotrypsin to increase the cleavage efficiency of both hydrophobic and
hydrophilic domains. The proteolytic digests were analyzed by coupling a
nano high-performance liquid chromatograph (nano-HPLC) (EASY-
nLC; Proxeon, Odende, Denmark) to a quadrupole time of flight (TOF)
mass spectrometer (maXis; Bruker Daltonics, Bremen, Germany) using a
Bruker Apollo electrospray ionization (ESI) source with a nanoSprayer
emitter or a chip-based nano-ESI source (TriVersa NanoMate; Advion,
Ithaca, NY, USA). When applicable, the obtained peptides from nano-
HPLC were simultaneously loaded onto a 384 AnchorChip matrix-as-
sisted laser desorption ionization (MALDI) target (Bruker Daltonics) and
subsequently analyzed using MALDI-TOF/TOF mass spectrometry
(Autoflex ITI Smartbeam; Bruker Daltonics). Spectra were internally reca-
librated on autoproteolytic trypsin fragments when applicable. Proteins
were identified by matching the derived mass lists against the NCBI
nonredundant protein database or a custom Pseudomonas database on a
local Mascot server.

UV-visible spectrophotometry. UV-visible (UV-Vis) spectra of the
purified cbb;-CcOs were recorded on a Lambda 35 UV-Vis spectrometer
(PerkinElmer, Waltham, MA, USA). Spectra of cbb;-CcOs (0.8 to 2.0 wM)
were measured between 380 nm and 640 nm in 20 mM Tris-HCI (pH 7.5),
100 mM NaCl, 50 .M EDTA, and 0.02% (wt/vol) DDM. Cbb;-CcOs were
oxidized with 10-fold molar excess of potassium hexacyanoferrate(III)
and fully reduced by adding a small amount of sodium dithionite. The
concentrations of oxidized cbb;-CcOs were calculated using a molar ex-
tinction coefficient of 5.85 X 10° M~ ' cm ™ ! at 411 nm (26).

Differential scanning calorimetry. Differential scanning calorimetry
(DSC) was used to characterize the thermophysical properties of the cbb5-
CcOs. Measurements were performed on a Microcal VP-DSC capillary
cell microcalorimeter (GE Healthcare). All sample and reference solutions
were degassed at 4°C prior to use. Scans of protein samples (3.5 mg/ml
cbb;-CcO in 20 mM Tris-HCI [pH 7.5], 100 mM NaCl, 0.02% [wt/vol]
DDM) were carried out from 10 to 120°C, at a scan rate of 90°C/hour with
a 10-s filtering period in the low-feedback mode. All data were normalized
and analyzed with the software supplied by the manufacturer. Thermo-
physical parameters (e.g., midpoint temperature [T,,] and enthalpy
change [AH]) were further validated using a Gaussian function in Origin
8.6 software (Additive, Friedrichsdorf, Germany).

Polarographic oxygen measurements. The oxygen reductase activity
of cbb;-CcO was determined polarographically using a Clark-type oxygen
electrode (OX-MR; Unisense, Aarhus, Denmark) connected to a picoam-
meter (PA2000 Multimeter; Unisense). The analog signals were converted
into digital signals using an A/D converter (ADC-216; Unisense) and then
recorded with the software Sensor Trace Basic 2.1 supplied by the manu-
facturer. Oxygen consumption was measured in 2-ml glass vials with stir-
ring in a water bath at room temperature. The reaction vial was filled with
50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 50 puM EDTA, and 0.02%
(wt/vol) DDM, followed by the addition of 3 mM sodium ascorbate
and 1 mM N,N,N’,N’-tetramethyl-p-phenylenediamine dihydrochloride
(TMPD) to a final volume of 600 pl. The reaction was then initiated by
adding 5 pmol of the cbb;-CcO. The reaction was inhibited by the addition
of 1 mM potassium cyanide. In this study, the dependence of oxygen
reduction activity on pH and ionic strength was measured by varying the
pH from 5.8 to 8.7 and the concentration of NaCl from 0 to 500 mM,
respectively. The measurements were also performed with different con-
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Comparison of Two cbb; Oxidases from P. stutzeri
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FIG 1 Schematic representation of the organization of the two cbb; operons and the ccoGHIS gene cluster on the P. stutzeri ZoBell chromosome. Genes are
denoted by arrowheads according to their encoded products. cbb; operon ccoNOP-1 and ccoNOPQ-2 are shown in black and white, respectively. The ccoGHIS
gene cluster (in gray) is located downstream of ccoNOQP-2 and is important for the assembly of the cbb;-CcOs. The FNR box is found in the upstream region of
ccoN-1. Three homologous regions (H1, H2, and H3) used for recombination are shown in boxes. The regions deleted and replaced with a kanamycin gene in
deletion strains lacking Cbbs-1 and Cbb;-2 are indicated as dashed lines. Length standard (1 kb) is shown on the right.

centrations of TMPD (0.5 to 4.0 mM) and with different molar ratios of
ascorbate to TMPD.

To compare the catalase activity between the wild-type Cbb,-1 and
recombinant Cbb;-1 and Cbbs-2, oxygen production was measured as
previously described (35). Briefly, hydrogen peroxide was added to the
buffer mentioned above to a final concentration of 600 wM, and the re-
action was initiated by adding c¢bb;-CcO to a final concentration of 500
nM. The catalase activity is presented as turnover number per minute (O,
produced per minute per cbb;-CcO). The steady-state activity of chb;-CcO
was determined from the slope within 10 s after the reaction initiation.
Data processing and analyses were performed with the software Origin 8.6
(Additive).

RESULTS

Organization of the two cbb; operons and the construction of
deletion strains. A 12-kb genomic DNA fragment, possessing two
cbb; operons (ccoNOP-1 and ccoNOQP-2) and a ccoGHIS gene
cluster, was identified in the genome of P. stutzeri ZoBell (Fig. 1).
The numbering order of the two cbb; operons is based on the genome
annotation of P. stutzeri strain A1501 (36). Each of the two cbb;
operons, separated by a 352-bp segment, encodes the subunits of
two isoforms of cbb;-CcO, namely, Cbb;-1 and Cbbs-2. Both
operons contain the genes for CcoN, CcoO, and CcoP, while the
ccoQ gene is found only in ccoNOQP-2. A consensus arginine ni-
trate regulation (ANR), or fumarate and nitrate reduction regula-
tor (FNR), binding motif (TTGAT-N*-gTCAA) is located directly
upstream of the ccoN-1 transcription start site. The ccoGHIS clus-
ter, located 137 bp downstream of ccoNOQP-2, is required for the
maturation and assembly of a functional cbb;-CcO (9).

For a detailed comparison of both isoforms, we constructed
two deletion strains using the strategy of homologous recombina-
tion, which requires three long homology arms (H1, H2, and H3,
~500 bp) (Fig. 1). The two strains contain a disruption in the loci
encoding Cbb;-1 (AccoNOP-1) and Cbbs-2 (AccoNOQP-2), re-
spectively. Substitution of the ccoNO(Q)P operon with the kana-
mycin resistance cassette and verification of gene deletion were
accomplished by PCR analysis and by direct resequencing of the
selected 12-kb genomic regions.

Both recombinant cbb; isoforms are separately expressed
and isolated. To isolate both recombinant cbb; isoforms, two cbb,
operons with corresponding promoter regions were individually
cloned into the broad-host-range vector pPBBRIMCS. A Strep tag
IT was introduced at the C terminus of subunit CcoN, allowing the
independent and specific purification of both cbb; isoforms by
affinity chromatography. The expression vector pXH22, harbor-
ing the operon ccoNOP-1, was transformed into the ACbbs-1 de-
letion strain to produce the recombinant Strep-tagged Cbbs-1.
Likewise, the expression vector pXH26 containing the operon cco-
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NOQP-2 was introduced into the ACbb;-2 deletion strain to ob-
tain the recombinant Cbbs-2. Both homologously expressed re-
combinant cbb; isoforms were purified to homogeneity using
three chromatographic steps as described in Materials and Meth-
ods. In this study, although the oxygen level was not controlled
during the cultivation of both P. stutzeri recombinant strains, we
found that the oxygen concentration in the culture was normally
below 5 uM (=3 mm Hg) after P. stutzeri cells had entered the
exponential growth phase. Under this microaerobic condition,
expression of Cbbs-1 and Cbbs-2 in deletion strains from which
the genomic version has been deleted show different protein yields
(Table 2). To increase the expression of Cbb;-2, we replaced the
native promoter region of Cbb;-2 by the endogenous promoter of
Cbb;-1, resulting in pXH39. After the promoter exchange, the
yield of Cbb;-2 was increased 4- to 6-fold to 2 to 3 mg purified
protein per liter of culture medium, which is comparable to the
yield of Cbb,-1 (Table 2).

We next analyzed both purified cbb; isoforms by SDS-PAGE.
After Coomassie brilliant blue staining, three distinct bands with
apparent molecular masses of 42, 36, and 24 kDa were visible (Fig.
2A), which correspond to subunits CcoN, CcoP, and CcoO of the
cbb;-CcO according to the results of our peptide mass fingerprint-
ing analysis. This SDS-PAGE pattern is consistent with previous
reports of the wild-type cbb;-CcO (30). Due to the strong hydro-
phobic properties of CcoN and the binding of detergent, CcoN
subunits of both cbb; isoforms migrated significantly faster than
expected from their molecular masses (52.79 kDa for CcoN-1 and
53.17 kDa for CcoN-2). When SDS-PAGE gels were stained for
heme-associated peroxidase activity in the presence of TMPZ and
H,0,, we observed two major stained bands corresponding to the
subunits CcoP and CcoO, since these two smaller subunits con-
tain covalently bound heme C (Fig. 2B). Although the predicted
masses of CcoP-1 (34.89 kDa) and CcoP-2 (35.01 kDa) are very
similar, a difference in the migration distance has been noted,
which allows to distinguish both cbb; isoforms. In contrast to
subunit CcoP, however, the sizes of CcoO-1 (23.43 kDa) and
CcoO-2 (23.46 kDa) are too close to show any difference. In ad-
dition, subunit CcoQ has a low molecular mass of 6.91 kDa and is

TABLE 2 Summary of the typical yield of recombinant cbb;-CcOs

Expression Yield
vector Isoform Features of promoter (mg/liter)
pXH22 Cbb;-1  Native promoter of ccoNOP-1 (P1) 2-4
pXH26 Cbbs-2  Native promoter of ccoNOQP-2 (P2) <0.5
pXH39 Cbb;-2  Endogenous promoter of ccoNOP-1 (P1) 2-3
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FIG 2 SDS-PAGE gels and heme staining of both purified recombinant cbb,
isoforms. (A) A total of 10 pg each of the isolated recombinant Cbbs-1 (lane 1)
and Cbb;-2 (lane 2) were separated on a Tris-glycine 15% SDS-PAGE gel and
stained with Coomassie brilliant blue. (B) Gel stained for TMPZ mediated
heme peroxidase activity. The molecular masses (in kDa) of the prestained
protein standards (lane M) are shown on the left. Subunits CcoN, CcoP, and
CcoO are indicated.

stained poorly by the Coomassie dye. Furthermore, identification
of CcoQ on this SDS-PAGE gel was not possible due to lack of
detection of CcoQ by peptide mass fingerprinting.

Subunit composition of two cbb; isoforms is different. To
evaluate the molecular mass and oligomeric state of both purified
recombinant ¢bb;-CcO complexes in their native state, protein
samples were separated by BN-PAGE. Considering the mass con-
tribution of bound heme ligands, the expected molecular masses
of Cbbs-1 and Cbb;-2, based on the amino acid sequence of the
monomeric form, are 112.3 and 119.8 kDa, respectively. When
Cbbs-1 and Cbb;-2 were analyzed by BN-PAGE, we observed that
both isoforms were resolved as a sharp single band with an appar-
ent molecular mass of 165 kDa (see Fig. S2 in the supplemental
material). Since the migration behavior of membrane proteins is
strongly affected by the binding of lipids and detergents to the
hydrophobic surface, our results from BN-PAGE still suggest that
Cbbs-1 and Cbb;-2 are both present in a monomeric and mono-
disperse state under the current experimental conditions. To de-
termine the subunit composition, protein bands in BN-PAGE
were cut out and subsequently analyzed by peptide mass finger-
printing. Because both cbb; isoforms share a high sequence iden-
tity, the resulting peptide fragments were characterized by a
coupling of nanoscale liquid chromatography-electrospray ion-
ization-tandem mass spectrometry (NanoLC-ESI-MS/MS) and
NanoLC-MALDI-MS/MS. The overall sequence coverages for
each of the three subunits of Cbbs-1 were 36.1% (CcoN-1), 74.5%
(CcoO-1), and 66.6% (CcoP-1). A similar sequence coverage for
Cbbs-2 was observed, which was 31.9% (CcoN-2), 69.6% (CcoN-
2), and 82.6% (CcoP-2). Even though the sequence coverage of
subunit CcoN was low, the peptide mass fingerprinting analysis
(see also Fig. S3 in the supplemental material) provided the fol-
lowing results. (i) Unique peptides from subunits CcoNOP of
Cbb;-1 and Cbbs-2 were detected only in the corresponding iso-
forms. No chimeric proteins or fragments were found. (ii) The
CcoQ subunit was observed only in Cbbs-2, with a sequence cov-
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FIG 3 A comparison of thermal stability of wild-type Cbb;-1 (blue line),
recombinant Cbb;-1 (black line), and recombinant Cbbs-2 (red line). DSC
profiles of oxidized (as isolated) cbb;-CcOs (3.5 mg/ml) were obtained at a
heating rate of 90°C/hour, and each curve was baseline subtracted.

erage of 35.5%. (iii) The assembly protein CcoH was observed in
both recombinant ¢bb;-CcO complexes (see also Fig. S4 in the
supplemental material). (iv) Besides CcoH, ribosomal proteins
and histone-like DNA binding protein were also detected as gen-
eral contaminants.

Both cbb; isoforms display very similar UV-Vis spectra. The
room temperature electronic absorption spectra of fully oxidized,
fully reduced, and reduced minus oxidized difference spectra of
recombinant Cbb;-1 and Cbb;-2 are shown in Fig. S5 in the sup-
plemental material. The spectra of wild-type Cbbs-1 are not
shown because they are identical with those obtained with recom-
binant Cbbs-1. In the oxidized state, both cbb; isoforms contain
an intense Soret maximum at 411 nm and two features at 529 and
559 nm. After reduction with dithionite, the Soret band was
shifted to 418 nm and was increased in intensity. Two absorption
maxima appeared at 521 and 552 nm, which are attributed to the
ferrous forms of the C hemes. The reduction of both B hemes is
accompanied by changes in two regions at 529 and 559 nm. Two
slight differences between Cbbs-1 and Cbb;-2 were found in the
alpha band of the reduced spectra. Cbbs-2 has a maximum at
551.2 nm with a more intense shoulder at 559 nm, whereas the
same maximum is red shifted to 551.8 nm with a less intense
shoulder in Cbb;-1. Furthermore, in the reduced minus oxidized
difference spectra, one distinction occurs in the region of 420 to
440 nm, which indicates that the environment of heme b of the
two cbb; isoforms reacts slightly differently upon reduction.

Both cbb, isoforms showed different thermal stability. In or-
der to investigate the thermal stability of both cbb; isoforms, dif-
ferential scanning calorimetry analyses were performed in the
range between 10 and 120°C (Fig. 3). As a rescan of the same
protein sample displayed no endothermic signal, this thermal de-
naturation was found to be irreversible, which is consistent with
the results obtained from the yeast and Paracoccus denitrificans
aa;-CcOs (37, 38). Because of the irreversible nature of the ther-
mal denaturation process, the calorimetric data cannot be directly
analyzed in terms of equilibrium thermodynamics (39). There-
fore, the calorimetric enthalpy change (AH) of thermal transition
may not represent the true enthalpy change of unfolding. Never-
theless, the calorimetric enthalpy change can still be used to com-
pare the thermal stability of the two cbb; isoforms.

With wild-type Cbb;-1, two well-separated steps of tempera-
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FIG 4 Oxygen reductase activity of wild-type Cbbs-1 from P. stutzeri ZoBell. Each data point (turnover number) represents the mean value * standard deviation
(SD), which is calculated from at least five independent measurements. (A) pH dependence of the cbb;-CcO activity was measured with 3 mM ascorbate, 1 mM
TMPD, and 8.3 nM c¢bb;-CcO by varying the pH from 5.8 to 8.7 and in the presence of 100 mM NaCl in the reaction buffer (50 mM Tris-HCI, 50 uM EDTA,
0.02% [wt/vol] DDM). The indicated pH was measured after the addition of ascorbate and TMPD, prior to the reaction initiation. (B) Dependence of the
cbb;-CcO activity on the concentration of NaCl (0 to 500 mM), measured under the same conditions as mentioned above, while maintaining the pH at 7.5. (C)
Dependence of the cbb;-CcO activity on the molar ratio of ascorbate to TMPD (2:1 to 10:1), measured in the presence of 100 mM NaClat pH 7.5. (D) Dependence
of the cbb;-CcO activity on the concentration of TMPD. The dotted line shows a nonlinear regression fit of the experimental data according to the Michaelis-

Menten equation.

ture-dependent transition were observed. Two T,, at 54.0 and
74.6°C are associated with an enthalpy change (AH) of 760 and
1,512 k] mol ™", respectively. The ratio of the enthalpy of the high-
temperature to the low-temperature phase transition (AH/AH;)
is calculated to be 2. Compared to the wild-type Cbb;-1, recom-
binant Cbb;-1 shows two similar peaks centered at 51.2 and
75.0°C, whereas the latter has an enlarged shoulder at about 88°C.
Although the intensity of both peaks is significantly decreased, the
AH values change only slightly to 705 and 1,311 kJ mol™" for
the low- and high-temperature transitions, respectively, due to the
broadening of the peaks. The AH/AH| ratio is 1.9, which is con-
sistent with the observation from wild-type Cbb;-1. In the case of
recombinant Cbbs-2, two transition peaks are apparently less well
separated and less intense. The T,, of both peaks shifted to 41.4
and 65.1°C, indicating that the recombinant Cbbs;-2 denatures
10°C earlier than the recombinant Cbb;-1. Moreover, AH; and
AHy; are correspondingly reduced to 402 and 1,154 kJ mol
respectively, which confirms that recombinant Cbb;-2 is less sta-
ble. The AHy/AH, ratio of 2.9, as calculated for Cbb;-2, is differ-
ent from the observed ratio of Cbb,-1.

January 2014 Volume 196 Number 2

Determination of the oxygen reductase activities and cata-
lase activities. The cytochrome ¢ oxidase activity of cbb;-CcO was
measured polarographically at 25°C using a Clark-type oxygen
electrode. A combination of ascorbate and TMPD was used as the
artificial respiratory substrate to study the oxygen reduction reac-
tion. Oxygen consumption does not occur in the absence of cbb;-
CcO and can be completely inhibited by the addition of 1 mM
KCN. To accurately measure the activity of cbb;-CcO, we first
optimized the reaction conditions by varying the pH, ionic
strength, and ascorbate/TMPD ratio. Upon addition of various
concentrations of ascorbate and TMPD, the pH value of the reac-
tion system changes by approximately 0.1 to 0.5 units depending
on the buffer composition. Therefore, we also tested three buffers
(Tris, HEPES, and phosphate) for their effects on the enzyme ac-
tivity assay. Tris buffer was chosen because this buffer gives the
most sensitive results, and the pH was checked to verify that it was
within +0.05 units of the desired value during all the experiments.
As shown in Fig. 4A, the cbb;-CcO was found to be most active at
pH 7.5, which is consistent with a previous report (26). By varying
the concentration of NaCl in the range of 0 to 500 mM, the inter-
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FIG 5 Comparison of the oxygen reductase activity and catalase activity be-
tween wild-type Cbb;-1, recombinant Cbb,-1, and Cbbs-2. Each bar repre-
sents the mean value * SD, calculated from at least five independent measure-
ments. The relative activity was calculated by assuming that the activity
observed from wild-type Cbbs-1 was 100%. (A) Oxygen reductase activity was
measured in the presence of 3 mM ascorbate, 1 mM TMPD, and 8.3 nM
cbb;-CcO at pH 7.5. (B) Catalase activity was measured in the presence of 600
wM hydrogen peroxide and 500 nM cbb;-CcO.

action between TMPD and cbb;-CcO appears to be independent
of the ionic strength (Fig. 4B). Moreover, a molar ratio of 2:1 to
10:1 for ascorbate to TMPD showed no strong effect on the
TMPD-mediated oxygen reductase activity of cbb;-CcO (Fig. 4C).
Under the optimized conditions (50 mM Tris-HCI [pH 7.5], 100
mM NaCl, 50 uM EDTA, 0.02% [wt/vol] DDM, and an ascorbate-
TMPD ratio of 3:1), a nonlinear dependence of the enzyme activ-
ity on the concentration of TMPD was observed (Fig. 4D). At a
high concentration of TMPD (4 mM), the highest steady-state
turnover rate of wild-type Cbb;-1 was measured to be 2,000
electrons s~ Although a saturation plateau was not reached, the
rates of oxygen reduction catalyzed by cbb;-CcO still followed Mi-
chaelis-Menten kinetics. A Lineweaver-Burk plot of the recipro-
cals of the initial rates against the reciprocals of the TMPD con-
centrations was linear (with an R* value of 0.991). V,,,, and K,,,
values were estimated to be 3,978 electrons s~ ' and 3.6 mM, re-
spectively. We next compared the oxygen reductase activities of
both recombinant cbb; isoforms with the wild-type Cbbs-1. As
shown in Fig. 5A, a turnover number of 700 to 800 electrons s L
which is slightly lower than that found for wild-type Cbbs-1, was
measured for both recombinant cbb; isoforms using 1 mM
TMPD.

In addition, we measured the catalase side reaction of cbb;-CcO
in which hydrogen peroxide is decomposed into H,O and O,. This
catalase activity was originally found in an A-type cytochrome ¢
oxidase, the aa;-CcO from bovine heart (40), and was measured as
described for aa;-CcO from P. denitrificans (35) using 600 pM
hydrogen peroxide and 500 nM cbb;-CcO. The catalase activity
analysis shows no significant difference, neither between wild-
type and recombinant Cbbs-1 nor between recombinant Cbbs-1
and Cbb;-2 (Fig. 5B). Furthermore, the observed catalase activity
of ¢bb;-CcO (1.6 to 2.4 O, min~') is similar to that of the wild-
type aa;-CcO from P. denitrificans.

DISCUSSION

Two P. stutzeri cbb; isoforms are individually isolated based on
a newly established homologous expression system. To isolate
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FIG 6 Nucleotide sequence (5’ to 3") analysis of the upstream region of the
ccoN-1 gene (A) and ccoNOQP-1 gene (B). An FNR (ANR) box (TTGAT-N*-
gTCAA) is located upstream of the ccoN-1 transcription start site and is shown
in blue. Sequences in the red boxes exhibit homology to the —10 and —35
promoter regions recognized by the ¢’%-containing RNA polymerase. The
RpoD (07°) recognition site in panel A is proposed based on the previously
identified data from P. putida (43). The potential Shine-Dalgarno sequence is
shown in green. Conserved nucleotides (compared to the consensus se-
quences) are in bold and capitalized. The translation initiation sites are indi-
cated by arrows. The first six amino acids are underlined.

two cbb; isoforms separately, two different methods might be
used: (i) direct isolation of the individual wild-type cbb; isoform
from the corresponding cbb, deletion strains, namely, isolation of
Cbb;-1 from the P. stutzeri ACbb;-2 strain and of Cbb;-2 from the
ACbbs-1 strain; (ii) production of both cbb; isoforms by using a
combination of expression vectors and deletion strains. However,
the first method was not applicable for P. stutzeri because the
expression of both isoenzymes seems to be interdependent.
Cbbs;-2 was not detectable in P. stutzeri membranes when the
operon ccoNOP-1 was deleted from the genome. Furthermore, if
the operon ccoNOQP-2 was deleted, the amount of Cbb;-1 was
also drastically decreased (data not shown). Because of a lack of
experimental evidence, we cannot propose a straightforward ex-
planation for this observation. Therefore, the second method had
to be followed.

We constructed two expression vectors, each containing either
one of the two cbb; operons, in addition specifying also a Strep tag
11 fused to the C terminus of the CcoN subunit. For complemen-
tation, the expression vectors were transformed into the respective
P. stutzeri deletion strains. Now both cbb; operons were present
again in the same strain, which has one cbb; operon in the genome
and the other one on the expression vector. Two cbb; isoforms are
expressed, and both cbb; isoforms can be easily purified from the
respective strains by affinity purification. The purity of both iso-
lated isoforms was confirmed by SDS- and BN-PAGE analyses and
peptide mass fingerprinting analysis. Furthermore, this newly es-
tablished expression system enables us not only to produce and
isolate both cbb; isoforms separately but also to genetically ma-
nipulate both cbb; isoforms for future functional studies, i.e., by
site-directed mutagenesis.

Expression of the two cbb; isoforms is regulated at the tran-
scriptional level in response to the peripheral oxygen concen-
tration. DNA sequence analysis revealed that the promoters of the
two cbb; operons contain different regulatory elements (Fig. 6).
Both promoters (P1 and P2) contain the putative sigma factor
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RpoD (¢7°) binding site (—35 and — 10 regions), while only the P1
promoter possesses a consensus binding site for the transcription
activator ANR (a homologue of E. coli FNR), which is centered at
position —95.5 relative to the start codon of ccoN-1 and overlaps
with the —35 region by one base pair. Such overlapping is a typical
feature of the ANR/FNR-dependent promoters and allows the ac-
tivation of transcription by direct interaction with the RNA poly-
merase (41, 42). In the genomes of P. aeruginosa and P. putida,
which both contain two cbb; operons, also only one of the operons
is preceded by an ANR binding site in its promoter region (28,43).
Moreover, we found that the organization of the ANR binding site
and —35 promoter elements in P. stutzeri are similar to those
published previously for P. putida (43).

For the ¢bb;-CcOs, ANR has been reported to function as a
positive regulator of gene expression in response to oxygen limi-
tation (28, 29, 43—45). In P. aeruginosa, the expression pattern and
regulation of the two cbb; isoforms under different growth condi-
tions were already investigated in detail (28, 29). It has been shown
that the expression of P. aeruginosa Cbbs-2 (corresponding to P.
stutzeri Cbbs-1) from its ANR-dependent promoter is highly de-
pendent on the oxygen concentration in the environment and is
dramatically upregulated under low-oxygen conditions or in the
stationary phase. The induction of P. aeruginosa Cbbs-2 in the
latter case was also suggested to be the result of an excessive oxy-
gen consumption due to the high cell density (46). In contrast, the
genes for P. aeruginosa Cbbs-1 (corresponding to Cbbs-2 of P.
stutzeri) are constitutively expressed under regulation of an ANR-
independent cbb; promoter, and its expression is not directly cor-
related to the different levels of oxygen or certain growth phases
(28,29).

In this study, we found that under microaerobic growth con-
ditions, the yield of pure Cbbs-1 was 6- to 8-fold higher than that
of Cbb,-2 if the proteins were expressed under the control of their
native promoters in the recombinant P. stutzeri strains (see Table
2). This result is consistent with the previously reported finding
that the ANR-dependent cbb; promoter in P. aeruginosa showed
an 8-fold-higher activity than the ANR-independent one under
low oxygen concentrations (29). Additionally, our results also
show that the yield of recombinant Cbbs-2 can be increased to the
same level as Cbb;-1 when its native ANR-independent promoter
P2 is replaced by the ANR-dependent promoter P1 (Table 2). In
good agreement with the literature (28, 29), our results indicate
that the expression of Cbb;-1 (P. stutzeri nomenclature) is regu-
lated by the environmental oxygen concentration and that this
isoform plays a primary role under oxygen-limited conditions.
Supposedly, the different expression patterns of the two cbb; iso-
forms could reflect their different affinities for oxygen, which will
be addressed in future investigations.

Both cbb;-CcOs from P. stutzeri show high oxygen reductase
activity using TMPD as the electron donor. Because very little is
known about the native electron donors of P. stutzeri cbb,-CcQO, an
artificial electron-donating system consisting of TMPD and ascor-
bate was used for the functional analysis of cbb;-CcOs. As a sub-
strate, TMPD can directly donate electrons to cbb;-CcO, while
ascorbate maintains TMPD in the reduced state. Under condi-
tions optimized for pH, ionic strength, and the molar ratio of
ascorbate to TMPD, we showed that the purified recombinant
Cbb;-1 and Cbb,-2 catalyze the reduction of oxygen at a rate com-
parable to the wild-type Cbbs-1 (Fig. 5A). This observation sug-
gests that the recombinant proteins produced in our newly estab-
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lished expression system are fully active. We found that the oxygen
reductase activity of cbb;-CcO increased with increasing concen-
trations of TMPD up to a maximum at 4 mM (Fig. 4D). At 0.5 mM
TMPD, the enzymatic activity of 450 electrons s~ ' is compatible
with the activities of 200 to 600 electrons s~ ' measured for the
purified cbb;-CcO from R. sphaeroides under the same conditions
(17, 47, 48). Moreover, our values of 700 to 800 electrons s~
determined at 1 mM TMPD are in good agreement with the values
previously reported for the P. stutzeri cbb;-CcO using the same
TMPD concentration (16, 30). However, we found that the oxy-
gen reductase activity of cbb;-CcO is not saturated at 1 mM
TMPD. With an increased TMPD concentration of 4 mM, a rate
of about 2,000 electrons s~ ' was determined (Fig. 4D). Although
the activity displayed Michaelis-Menten kinetics for the TMPD
substrate, a saturation plateau was still not attained due to two
technical difficulties in using a concentration of TMPD above 4
mM. First, it was difficult to maintain the pH of the reaction buffer
at 7.5 (the optimal pH for cbb;-CcO) because the addition of large
amounts of TMPD and ascorbate led to a substantial decrease in
pH. Second, at high concentrations of TMPD, a relatively high
level of TMPD autoxidation caused a significant decrease of the
oxygen concentration, which resulted in a very long equilibrium
time before the reaction could be initiated.

We could calculate two apparent kinetic parameters (a K,,, of
3.6 mM and a V,,, of about 4,000 electrons s~ *). Both values,
obtained in the absence of well-defined saturation, are unusually
high and may not represent true kinetic constants. Nevertheless,
we can safely conclude that the P. stutzeri cbb;-CcOs can catalyze
the reduction of oxygen at a rate of at least 2,000 electrons s~ ' in
vitro and that the K,, for TMPD must be higher than 1 mM. Al-
though a high turnover number of greater than 900 electrons s '
has also been reported for the R. sphaeroides cbb;-CcO (49), these
kinetic features do not seem to apply to other cbb;-CcOs, because
kinetic studies on the H. pylori cbb;-CcO showed a very high af-
finity for TMPD (K,,, = 108 wM) but a relatively low V.. (247
electrons s~ ') (50). It has to be noted that in the case of the H.
pylori cbb;-CcO, the catalytic activity was measured by monitoring
the pH shift with sodium ascorbate as the ultimate electron donor
(50, 51), which excludes a direct comparison between our results
and those from the H. pylori cbb;-CcO. In the caa;-CcO, a member
of the A2 subclass of the A-type HCOs (4), subunit II, contains a
single c-type heme, which can directly receive the electrons from
TMPD. Interestingly, it has been shown for the caa;-CcO of Ba-
cillus subtilis that a high level of TMPD (at least 5 mM) is also
required to reach the maximal activity of caa;-CcO (52).

The oxygen reductase activities of aa;-CcOs are normally in the
range of 400 to 600 electrons s~ ' (53), which is about 4-fold lower
than the highest activity (2,000 electrons s~ ') observed for cbbs-
CcO in this study. In the case of aa;-CcO, TMPD functions only as
a redox mediator between the mobile cytochrome ¢ and the Cu,-
containing subunit IT of aa;-CcO. The formation and dissociation
of a complex between cytochrome ¢ and aa,-CcO are required for
the electron transfer to occur (1, 54), which may represent a rate-
limiting step in the overall reaction and result in a less efficient
electron transfer compared to cbb;-CcO. In contrast, the presence
of three c-type cytochromes in the subunit CcoO and CcoP of the
cbb;-CcOs may provide multiple electron entry sites and support
simultaneous interactions between TMPD and cbb;-CcOs. As
confirmed by the ¢bb;-CcO structure (19), the edge-to-edge dis-
tances from heme ¢ of CcoO to heme b and from heme b to heme
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b; are clearly shorter than the distances observed for the corre-
sponding redox centers in aa;-CcO. As previously suggested (19,
55), the shorter distances may accelerate the rates of electron
transfer and could potentially increase the trapping efficiency of
O,. All of these features led us to propose that electron transfer in
the cbb;-CcOs is more efficient than that in aa;-CcOs under these
in vitro assay conditions.

Comparison of the oxygen reductase activity of the two iso-
forms Cbb;-1 and Cbb;-2, however, revealed only marginal dif-
ferences, which may be due to the fact that an artificial electron
donor was used, which has a high efficiency for both cbb; isoforms.
A different picture may evolve if a specific endogenous electron
donor for the isoforms is available for activity assays. Inferring
from the amino acid sequences and a surface charge calculation
based on the X-ray structure of Cbb;-1 as well as a model of
Cbb;-2, we would expect the most pronounced structural changes
and surface charge differences to occur in the solvent exposed
domains of subunits CcoP-1 and CcoP-2, which may constitute
the putative cytochrome ¢ binding site with the respective electron
entry area. These findings give rise to the hypothesis that two cbb;
isoforms may differ with respect to their physiological substrate.
Therefore, our future interest will focus on the identification of
the endogenous electron donor as well as proton pumping char-
acteristics and potential differences of the two cbb; isoforms.

The two cbb; isoforms possess similar biochemical and bio-
physical properties but different subunit composition and sta-
bility. The results reported in this work show that the two iso-
forms of cbb;-CcOs of P. stutzeri share high levels of similarity in
their biochemical and biophysical properties, including oxygen
reductase and catalase activities as well as spectral properties. A
remarkable difference between both cbb; isoforms is the subunit
composition concerning the presence/absence of the CcoQ sub-
unit. Our peptide mass fingerprinting analysis revealed that CcoQ
is associated only with Cbb;-2, which is in line with the observa-
tions that the ccoQ gene is found only in the second ccoNOQP-2
operon and that this gene product does not associate with the
Cbb;-1 complex as has already been documented by its X-ray
structure (19).

The physiological role of CcoQ in cbb;-CcOs is still under de-
bate. In Bradyrhizobium japonicum and R. sphaeroides, it was
shown that deletion of CcoQ had no effect on assembly or catalytic
activity of cbb;-CcO (22, 56). In contrast, the activity of R. capsu-
latus cbbs-CcO was significantly reduced in the absence of CcoQ
(23). Additionally, it has been demonstrated that CcoQ is required
to protect the R. sphaeroides cbbs-CcO from degradation under
aerobic conditions (24). The absence of CcoQ in the P. stutzeri
Cbb;-1 may be a consequence of the fact that this isoform is ex-
pressed mainly at very low oxygen tensions, i.e., CcoQ is not re-
quired to protect the core complex from the oxygen-induced in-
stability and degradation.

In addition, our DSC results show that Cbb;-1 is more stable
than Cbbs-2. The total calorimetric enthalpy changes of the re-
combinant Cbb;-1 and Cbb;-2 are 2,016 and 1,556 KJ mol ™,
respectively. Both values are similar to the reported value of 1,560
KJ mol ™! for the aa;-CcO from P. denitrificans (37). The DSC scan
of aa;-CcO showed two transition peaks. The low-temperature
transition centered at 48°C was assigned to the denaturation of
subunit ITI of aa,;-CcO, while subunit I and II denatures as a single
cooperative unit at 68°C (37). In the case of cbb;-CcO, two tran-
sition peaks can also be identified, although they are not as well
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separated as observed for Cbbs-2. Based on the observation that
two assembly intermediates are present in cbbs-CcO (9, 21), we
hypothesize that the low-temperature peak corresponds to the
thermal denaturation of subunit CcoP, whereas the second peak is
caused by denaturation of subunits CcoN and CcoO. In addition,
besides the presence of CcoQ in Cbbs-2, small structural differ-
ences may lead to the difference in thermal stability between
Cbb;-1 and Cbb;-2.

In summary, we successfully established a homologous expres-
sion system that enables us to isolate both cbb; isoforms individ-
ually. The two purified cbb; isoforms from P. stutzeri share a high
degree of similarity in terms of their biochemical and biophysical
properties. On the other hand, differences were observed in re-
spect to subunit composition, thermal stability, and regulation of
both cbb;-CcOs. Finally, the present work will serve as a suitable
platform for future functional and structural studies on the two
isoforms of cbb;-CcO, in particular of the investigation of proton
pumping capacities and of their physiological substrates.
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