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In this study, the H303A mutant form of the cbb3 oxidase (H303A oxidase), which has the H303A mutation
in its catalytic subunit (CcoN), was purified from Rhodobacter sphaeroides. The H303A oxidase showed the same
catalytic activity as did the wild-type form of the oxidase (WT oxidase). The heme contents of the mutant and
WT forms of the cbb3 oxidase were also comparable. However, the puf and puc operons, which are under the
control of the PrrBA two-component system, were shown to be derepressed aerobically in the R. sphaeroides
strain expressing the H303A oxidase. Since the strain harboring the H303A oxidase exhibited the same
cytochrome c oxidase activity as the stain harboring the WT oxidase did, the aerobic derepression of photo-
synthesis gene expression observed in the H303A mutant appears to be the result of a defective signaling
function of the H303A oxidase rather than reflecting any redox changes in the ubiquinone/ubiquinol pool. It
was also demonstrated that ubiquinone inhibits not only the autokinase activity of full-length PrrB but also
that of the truncated form of PrrB lacking its transmembrane domain, including the proposed quinone binding
sequence. These results imply that the suggested ubiquinone binding site within the PrrB transmembrane
domain is not necessary for the inhibition of PrrB kinase activity by ubiquinone. Instead, it is probable that
signaling through H303 of the CcoN subunit of the cbb3 oxidase is part of the pathway through which the cbb3
oxidase affects the relative kinase/phosphatase activity of the membrane-bound PrrB.

Rhodobacter sphaeroides, a nonsulfur photosynthetic bacte-
rium, is a model organism that has been extensively studied
with respect to redox-sensing mechanisms and the control of
gene expression. R. sphaeroides can grow both aerobically and
anaerobically, and an array of diverse cellular processes, such
as photosynthesis, respiration, CO2 fixation, and N2 fixation,
have been shown to be controlled in response to changes in
environmental oxygen tension and light intensity (3, 10, 11, 17,
23, 34, 35). These environmental parameters directly influence
the cellular redox state. R. sphaeroides is capable of performing
photosynthesis (PS) anaerobically in the presence of light.
When oxygen tensions fall below �3%, expression of the PS
genes encoding the apoproteins of the photosynthetic appara-
tus as well as enzymes catalyzing the biosynthesis of the pho-
topigments (bacteriochlorophyll and carotenoid) is induced
(13, 23). The PrrBA two-component regulatory system has
been shown to play a pivotal role in the induction of the PS
genes in response to changes in oxygen tension (4–6, 11).

The PrrBA two-component system comprises the mem-
brane-associated PrrB histidine kinase and its cognate PrrA
response regulator (4–6). PrrB is composed of the conserved
C-terminal kinase/phosphatase domain and the N-terminal
transmembrane domain with six transmembrane helices form-

ing three periplasmic and two cytoplasmic loops (28). The PrrB
histidine kinase is a bifunctional enzyme that possesses both
kinase and phosphatase activities acting on PrrA (1, 27, 33).
Oh et al. proposed that the central portion of the PrrB trans-
membrane domain, including the second periplasmic domain,
plays an important role in the sensory function of PrrB and
that the default state of PrrB activity is in the kinase-dominant
mode (26).

Three models have been proposed to explain the mecha-
nisms by which the PrrB histidine kinase perceives oxygen
tension. The first model proposed by Oh and Kaplan contends
that the cbb3 cytochrome c oxidase of the respiratory electron
transport chain (ETC) serves as both redox sensor and mod-
ulator of PrrB kinase/phosphatase activity (25). According to
this model, the cbb3 oxidase generates an “inhibitory” signal
that shifts the relative equilibrium of PrrB activity from the
kinase mode to the phosphatase-dominant mode under condi-
tions of high oxygen by increasing the phosphatase activity of
PrrB without alteration of the PrrB kinase activity (27). This
results in the silencing of PS gene expression. Under anaerobic
or oxygen-limiting conditions, the inhibitory signal emanating
from the cbb3 oxidase is weakened and thereby the relative
activity of PrrB is in its default state, i.e., the kinase-dominant
mode. Another model was proposed from the study of RegB (a
close homolog of PrrB from Rhodobacter capsulatus), which
suggests that the redox state of the membrane-localized
ubiquinone/ubiquinol pool of the ETC controls the kinase ac-
tivity of RegB (39). The binding of oxidized ubiquinone to the
GGXXNPF motif conserved at the junction of the second
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periplasmic loop and the fourth transmembrane helix of the
RegB transmembrane domain was shown to inhibit RegB ki-
nase activity, whereas reduced ubiquinol did not affect RegB
kinase activity (39). Since the redox balance of the ubiquinone/
ubiquinol pool is known to shift to the oxidized state in a
Rhodobacter strain grown under aerobic conditions (30), this
model can account for aerobic repression of the genes belong-
ing to the RegA regulon. The last model, also suggested by
Swem et al. for redox sensing by RegB, is that the conserved
cysteine (C265 of RegB) functions as a redox switch that con-
trols RegB kinase activity through a metal-dependent, more
specifically Cu2�, formation of a disulfide bond in response to
redox changes (40). Under oxidizing conditions, RegB forms a
quaternary structure of homotetramer through disulfide bond
formation between the RegB dimers, which leads to the inac-
tivation of RegB kinase activity.

The catalytic subunit (CcoN) of the R. sphaeroides cbb3 ox-
idase contains five histidine residues (H214, H233, H303,
H320, and H444) that are conserved in most CcoN subunits of
the cbb3 oxidase but not in the catalytic subunits of other
members of the copper-heme superfamily oxidases (21, 41). It
was demonstrated in vivo that the H320A mutation leads to an
almost complete loss of cbb3 oxidase activity, whereas the
H214A mutation does not affect the catalytic ability of the cbb3

oxidase to reduce O2 to H2O using electrons derived from
reduced cytochrome c (21). The H233V and H444A mutations
result in a partial loss of cbb3 oxidase activity. Interestingly, the
R. sphaeroides mutant strain synthesizing the H303A mutant
form of the cbb3 oxidase (H303A oxidase) retains cytochrome
c oxidase activity similar to that detected in the R. sphaeroides
expressing the wild-type form of the cbb3 oxidase (WT oxi-

dase), but aberrantly synthesizes spectral complexes under aer-
obic conditions (21). In this study, we characterized in detail
the R. sphaeroides mutant strain synthesizing the H303A oxi-
dase. The purified H303A oxidase has the same catalytic ac-
tivity and heme content as the WT oxidase, but is defective in
generation of the signal to turn off the expression of PS genes
in the presence of O2. We also provide evidence that ubiqui-
none inhibits not only autophosphorylation of full-length PrrB
but also that of the truncated PrrB lacking its transmembrane
domain and its presumed ubiquinone binding sequence. These
findings and others imply that the suggested ubiquinone bind-
ing site within the PrrB transmembrane domain is not required
for the inhibition of PrrB kinase activity by ubiquinone. In-
stead, the case for a direct interaction between the cbb3 oxi-
dase and PrrB is strengthened.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. R. sphaeroides and Escherichia
coli strains were grown on Sistrom’s medium A (SIS) and Luria-Bertani (LB)
medium, respectively, as described previously (22), except that chemoheterotro-
phic cultures of R. sphaeroides were grown aerobically by sparging with am-
bient air.

DNA manipulations and conjugation techniques. Standard protocols or man-
ufacturer’s instructions were followed for recombinant DNA manipulations (36).
The mobilization of plasmids from E. coli strains into R. sphaeroides strains was
carried out as described elsewhere (2).

Construction of plasmids. For the construction of pUIH303A, a 0.8-kb ApaI
fragment containing the 3� portion of ccoN with a tail of six histidine codons
immediately upstream of its stop codon from pUI2803NHIS was cloned into
pCCO2H303A digested by ApaI, replacing the 0.8-kb WT ApaI fragment. The
resulting plasmid, pCCO2H303ANHIS, with the correct orientation of the 0.8-kb
ApaI fragment was digested with BamHI and EcoRI, and a 4.7-kb BamHI-

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant phenotype or genotype Source or
reference

Strains
E. coli

DH5� (�80dlacZ�M15) �lacU169 recZ1 endA1 hsdR17 supE44thi1 gyrA96 relA1 9
Bl21(DE3) F� ompT hsdSB (rB

� mB
�) dcm gal �(DE3) Promega

S17-1 Pro� Res� Mob� recA; integrated plasmid RP4-Tc::Mu-Km::Tn7 38
R. sphaeroides

2.4.1 WT 42
CBB3� 2.4.1 Derivative, deletion of ccoNOQP 24
PRRB1 2.4.1 Derivative, �prrB::	 Spr/Str 5

Plasmids
pCCO2 pUC19::4.7-kb BamHI-EcoRI fragment containing ccoNOQP 25
pCCO2H303A pCCO2 in which the codon for H303 is displaced with GCC 21
pCCO2H303ANHIS pCCO2H303A in which ccoN contains six histidine codons before its stop codon This study
pRK415 Tcr; Mob� lacZ� IncP 12
pUI2803NHIS pRK415::4.7-kb BamHI-EcoRI fragment containing ccoNOQP in which ccoN

contains six histidine codons before its stop codon
24

pUIH303A pUI2803NHIS in which the codon for H303 is displaced with GCC This study
pUI1663 Spr Str Kmr; IncQ, puf::lacZYA� 4
pCF200Km Spr Str Kmr; IncQ, puf::lacZYA� 18
pPRRB4 pRK415::1.6-kb PstI-KpnI fragment containing prrB from pPRRB3; prrB is in

colinear orientation to lacZ
26

pPRRB4Q93N pPRRB4 in which the codon for Q93 is displaced with AAC 14
pT7HIS9A pT7-7::1.4-kb NdeI-PstI fragment containing prrB with nine His codons before its

stop codon
27

pT7HIS9C pT7-7::0.9-kb NdeI-PstI fragment containing the 3�-part of prrB with nine His codons
before its stop codon

27

pT7Q93N pT7HIS9A in which the codon for Q93 is displaced with AAC This study
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EcoRI fragment was ultimately cloned into pRK415, which was restricted with
the same enzymes, giving plasmid pUIH303A.

Plasmid pT7Q93N was constructed to heterologously express the mutant form
(Q93N) of PrrB by site-directed mutagenesis using the prrB expression plasmid
pT7HIS9A. Mutagenesis was carried out using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). Mutations were verified by DNA
sequencing.

Protein purification. The His-tagged PrrB, C-PrrB (a truncated form of PrrB
in which the 191 N-terminal amino acids are removed), and cbb3 cytochrome c
oxidase were purified as described previously (24, 27).

In vitro phosphorylation assay. Protein phosphorylation was performed at
30°C in assay buffer containing the appropriate protein components, 20 mM
Tris-HCl (pH 8.0), 50 mM KCl, 5 mM MgCl2, 10 to 15% (wt/vol) glycerol, 10 mM

-mercaptoethanol, and 0.025% (wt/vol) n-dodecyl 
-D-maltoside. For auto-
phosphorylation assays of PrrB, an appropriate amount of PrrB was incubated in
assay buffer in the presence or absence of oxidized/reduced coenzyme Q1
(Sigma, St. Louis, MO) for 20 min at 30°C and the reaction was initiated by the
addition of a mixture of [�-32P]ATP and unlabeled ATP to a final concentration
of 100 �M (1,000 Ci/mole). For time course experiments, samples (10 �l) were
removed at various time intervals and reactions were stopped by the addition of
3 �l of 4 loading buffer (40 mM Tris-HCl [pH 6.8], 4% [wt/vol] sodium dodecyl
sulfate [SDS], 16% [wt/vol] glycerol, 16 mM dithiothreitol [DTT], 1% [vol/vol]

-mercaptoethanol, 0.1% [wt/vol] bromophenol blue, and 100 mM EDTA).
Coenzyme Q1 was dissolved in 95% ethanol at a concentration of 12.5 mM as a
50 stock solution. The 50 stock solution of coenzyme Q1 was added to the
assay mixture to a final concentration of 250 �M (for the negative control
experiment, the same volume of 95% ethanol was added to the assay mixture).
For the reduction of coenzyme Q1 (ubiquinone) to ubiquinol, DTT was added to
both the ubiquinone stock solution and the phosphorylation assay mixture to a
final concentration of 10 mM. Samples were denatured for 40 min at room
temperature in loading buffer, and 32P-labeled PrrB was resolved by SDS-poly-
acrylamide gel electrophoresis (PAGE) using 12.5% (wt/vol) polyacrylamide
gels. Gels were dried at 80°C under vacuum, and the labeled proteins were
visualized by autoradiography. The dried gel was autoradiographed with an
X-ray film (BioMax XAR film; Kodak, Rochester, NY) in an exposure cassette
at �70°C for 1 to 3 days.

Spectroscopic and immunoblotting analyses. Dithionite-reduced minus air-
oxidized spectra were obtained by procedures as described previously (25). The
levels of the B800-B850 and B875 complexes were determined spectrophoto-
metrically as described previously (22). SDS-PAGE and Western blotting anal-
yses were performed as described elsewhere (16, 19). Quantitation of the band
intensity of CcoN and CcoO subunits was performed with a densitometer pro-
gram, ImageJ, version 1.37.

Enzyme assays, protein determination, and heme staining. Preparation of
crude extracts and determination of 
-galactosidase activities were performed as

described previously (22). Cytochrome c oxidase activities were measured spec-
trophotometrically with reduced horse heart cytochrome c (Sigma) as previously
described elsewhere (22). Protein concentration was determined by the Bio-Rad
protein assay kit (Bio-Rad, Hercules, CA) with bovine serum albumin as the
standard protein. Heme staining was performed using 3,3�,5,5�-tetramethyl ben-
zidine (Sigma) and H2O2 as described previously (24).

RNA isolation and reverse transcription-PCR (RT-PCR). Total RNA was
isolated from R. sphaeroides strains using TRIzol reagent as instructed by the
manufacturer (Invitrogen, Carlsbad, CA). The first-strand cDNA was synthe-
sized from 5 �g of total RNA by using a BD Sprint PowerScript single shots kit
(Clontech, Mountain View, CA). Two micrograms of the first-strand reaction
mixture was used as a template for PCR, and 15 cycles of PCR were performed.
PCR products were analyzed by electrophoresis on a 2% (wt/vol) agarose gel. To
amplify internal portions of the pufB and 16S rRNA genes, the following oligo-
nucleotides were used: pufBF (5�-GGCTGATAAATCCGACCTGGG-3�) and
pufBR (5�-GAACCACGGACGCCAGATGT-3�) for the pufB gene and rsp42F
(5�-CGGATCGGAAAGTCAGAGG-3�) and rsp42R (5�-CAGCGTCAGTATC
GAGCCAG-3�) for the 16S rRNA gene.

RESULTS

In vivo characterization of the His6-tagged H303A mutant
form of the cbb3 oxidase in R. sphaeroides. In order to purify
and characterize the H303A oxidase from R. sphaeroides, we
constructed the plasmid pUIH303A in which the ccoNOQP
operon with the H303A mutation and a tail of six histidine
codons immediately prior to the ccoN stop codon is cloned into
pRK415. The plasmid was introduced into the R. sphaeroides
CBB3� strain in which the entire ccoNOQP operon is deleted.
When grown aerobically on Sistrom’s medium A agar plates,
the CBB3� strain carrying pUIH303A (CBB3� [pUIH303A])
formed colonies with red pigmentation compared with the
relatively pale pink coloration of the control strain CBB3�
containing pUI2803NHIS that has no mutation at position
H303 and is otherwise the same construct as pUIH303A. To
determine the levels of spectral complexes, spectra were re-
corded from crude extracts of CBB3� [pUIH303A] as well as
from the control strains, CBB3� [pUI2803NHIS] and CBB3�
[pRK415] (Fig. 1). When grown under aerobic conditions,
CBB3� [pUIH303A] synthesized an intermediate level of the

FIG. 1. Spectral complex formation in the R. sphaeroides strain expressing the His6-tagged H303A oxidase. The CBB3� strains carrying the
corresponding plasmids were grown either aerobically by sparging with ambient air to an optical density at 600 nm of 0.4 to 0.5 (A) or anaerobically
with DMSO in the dark for 5 days (B). The CBB3� strains containing pRK415 and pUI2803NHIS were used in these experiments as control
strains. Seven hundred micrograms of the crude extracts were used to record the spectra between 400 and 950 nm. The peak or shoulder at 875
indicates the B875 complex (light harvesting complex I). The peaks at 800 and 850 represent the B800-B850 complex (light harvesting complex II).
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B875 complex that was 41% of that observed for CBB3�
[pRK415] producing no cbb3 oxidase, whereas the positive
control strain CBB3� [pUI2803NHIS] producing the WT ox-
idase did not produce any spectral complexes. When grown
under anaerobic conditions with dimethyl sulfoxide (DMSO)
as a terminal electron acceptor, spectral complex formation
was strongly induced in all these strains (Fig. 1B). The levels of
spectral complexes (B800-B850 and B875) synthesized in
CBB3� [pUIH303A] were virtually the same as those in
CBB3� [pUI2803NHIS]. The negative control strain CBB3�
[pRK415] produced 1.5- and 1.6-fold higher amounts of the
B800-B850 and B875 complexes, respectively, than the other
two strains, which is consistent with previous observations that
inactivation of the cbb3 oxidase leads to synthesis of elevated
levels of the spectral complexes in R. sphaeroides grown anaer-
obically (20).

Using puf::lacZ and puc::lacZ transcriptional fusions, we
next investigated the expression levels of the puf and puc oper-
ons that encode the apoproteins of the spectral complexes and
are known to be regulated by the PrrBA two-component sys-
tem. As shown in Fig. 2, only basal expression levels of the puf
operon were observed in CBB3� [pUI2803NHIS] strains
grown aerobically, whereas expression of the puf operon was
increased in CBB3� [pUIH303A] grown aerobically by a factor
of 5.1 compared with CBB3� [pUI2803NHIS] grown under the
same conditions. When grown under anaerobic dark-DMSO
conditions, the expression of the puf operon was strongly in-
duced in all these strains. The expression of puf in CBB3�
[pUIH303A] was induced to a level comparable to that of
CBB3� [pUI2803NHIS] but somewhat lower than that ob-
served for the negative control strain CBB3� [pRK415]. The
expression of the puc operon showed a pattern of expression
similar to that of the puf operon, i.e., aerobic derepression of
puc in CBB3� [pUIH303A]. Taken together, the results from
Fig. 1 and Fig. 2 reveal that the PS genes under the control of
the PrrBA two-component system are derepressed in a R.
sphaeroides strain synthesizing the altered H303A oxidase, re-
sulting in “oxygen-insensitive formation of the spectral com-
plexes.”

From the results described above, the question arises as to
how oxygen-insensitive formation of the spectral complexes
and aerobic derepression of PS genes occur in CBB3�
[pUIH303A]. One possibility is that the H303A oxidase is
defective in its catalytic function to reduce O2 to H2O by using
electrons from reduced cytochromes c, which somehow shifts
the redox state of the ubiquinone/ubiquinol pool of the ETC to
a more reduced state under aerobic conditions. To investigate
this possibility, cytochrome c oxidase activities were deter-
mined in CBB3� [pUIH303A] as well as the control strains.
When grown under anaerobic dark-DMSO conditions where
the cbb3 cytochrome c oxidase is known to be the exclusive
cytochrome c oxidase synthesized in R. sphaeroides (25),
CBB3� [pUIH303A] exhibited the same cytochrome c oxidase
activity as did CBB3� [pUI2803NHIS] (Fig. 3A). As expected,
no cytochrome c oxidase activity was detected in the negative
control strain CBB3� [pRK415] grown under the same condi-
tions. Immunoblotting assays showed that the membrane frac-
tions of the CBB3� [pUIH303A] and CBB3� [pUI2803NHIS]
contained similar levels of the CcoN and CcoP subunits,
whereas these same subunits were not detected in the negative
control strain CBB3� [pRK415]. These results indicate that
the H303A oxidase is correctly assembled in the membrane
under anaerobic growth conditions and forms a fully functional
complex. We next examined cytochrome c oxidase activities in
R. sphaeroides strains grown under aerobic conditions (Fig.
3B). Both CBB3� [pUIH303A] and CBB3� [pUI2803NHIS]
displayed higher cytochrome c oxidase activities than did
CBB3� [pRK415], and the levels of these activities were com-
parable. The cytochrome c oxidase activity detected in CBB3�
[pRK415] is due to the presence of the aa3 cytochrome c
oxidase. The levels of the CcoN and CcoP subunits in the
membrane fractions of CBB3� [pUIH303A] grown under aer-
obic conditions were similar to those observed for CBB3�
[pUI2803NHIS] grown under the same conditions. Taken to-
gether, the results from Fig. 3 indicate that the H303A muta-
tion affects neither the catalytic activity of the cbb3 oxidase in
R. sphaeroides nor its assembly into the membrane in R. spha-
eroides grown under aerobic and anaerobic conditions.

FIG. 2. Expression of the puf and puc operons in R. sphaeroides CBB3�. Strains bearing the puf::lacZ or puc::lacZ transcriptional fusion plasmid
were grown either aerobically (�O2) or anaerobically (�O2) as described for Fig. 1. 
-galactosidase activities are indicated. All values provided
are the averages of two independent determinations. Error bars indicate standard deviations.
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The purified H303A oxidase has the same heme content and
cytochrome c oxidase activity as the purified WT oxidase. The
H303A and WT oxidases were purified from anaerobically
grown CBB3� carrying pUIH303A and pUI2803NHIS, respec-
tively, as described in Materials and Methods. As shown in Fig.
4A, two distinct bands of apparent molecular masses of 45 and
24 kDa, which correspond to the CcoN and CcoO subunits of
the cbb3 oxidase, respectively, were clearly visible in the SDS-
PAGE gel stained with Coomassie brilliant blue. When the
same amounts of the purified H303A and WT oxidases were
applied to SDS-PAGE, the band intensities of CcoN and CcoO
of the H303A oxidase appeared to be the same as that of the
WT oxidase. As reported previously (24), the CcoP band is less

well stained with Coomassie brilliant blue compared with other
subunit bands. To compare the heme content of each subunit
of each form of the oxidase, heme staining was performed and
difference spectra were recorded employing the purified cbb3

oxidases. Heme staining showed that the band intensities of
CcoO and CcoP, which are monoheme and diheme cyto-
chromes c, respectively, were indistinguishable between the
H303A and WT oxidases (Fig. 4A). Although CcoN with non-
covalently bound b-type hemes was not well stained by heme
staining, the CcoN band of the H303A oxidase showed the
same intensity as that of the WT oxidase. To more precisely
compare the heme content of the purified cbb3 oxidases, di-
thionite-reduced minus air-oxidized difference spectra were
recorded using the purified oxidases (Fig. 4B). Difference spec-
tra corroborated the fact that the H303A and WT oxidases
contain very similar levels of b- and c-type hemes.

In 20 mM potassium phosphate buffer (pH 7.5) at 30°C, the
H303A and WT oxidases exhibited virtually the same Km val-

FIG. 3. Determination of cytochrome c oxidase activities and im-
munoblot analysis for the detection of the cbb3 oxidase in R. spha-
eroides strains. The CBB3� strains carrying the corresponding plas-
mids were grown anaerobically (A) or aerobically (B) as described for
Fig. 1. The cbb3 oxidase activites in the crude extracts were measured
spectrophotometrically using reduced horse heart cytochrome c, and
all values provided are the averages of two independent determina-
tions. For the cytochrome c oxidase activites from strains grown aer-
obically, the activity detected in CBB3� [pRK415] is set at 100 and the
relative activities are expressed for the other strains. Solubilized mem-
brane proteins (30 �g) isolated from each of the strains were used for
Western blotting analysis (inset). The CcoN polypeptide was detected
using the anti-His4 monoclonal antibody (QIAGEN, Valencia, CA),
and the CcoP polypeptide was detected by using the polyclonal anti-
body raised against the CcoP subunit of R. capsulatus. Lanes 1, CBB3�
[pRK415]; 2, CBB3� [pUI2803NHIS]; 3, CBB3� [pUIH303A]. The
relative amounts of CcoP and CcoO are given below the Western blots.
Error bars indicate standard deviations.

FIG. 4. Comparison of the heme contents between the purified
H303A and WT oxidases. (A) Three micrograms each of the purified
cbb3 oxidases from the CBB3� [pUI2803NHIS] (lane 1) and the
CBB3� [pUIH303A] (lane 2) grown under anaerobic dark DMSO
conditions was used for SDS-PAGE. Following SDS-PAGE, the gel
was vertically cut into two slices containing the same samples. One gel
slice was stained with Coomassie brilliant blue and the other was heme
stained with 3,3�,5,5�-tetramethyl benzidine and H2O2. (B) Dithionite-
reduced minus air-oxidized difference spectra between 500 and 600 nm
was recorded at room temperature. Seventy micrograms each of the
purified cbb3 oxidases was used for the analysis. The 551- and 561-nm
peaks represent c-type and b-type hemes, respectively.
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ues (4.9 and 5.1 �M, respectively) for reduced horse heart
cytochrome c, indicating that both the purified oxidases have
the same binding affinity for reduced cytochrome c (Fig. 5).
The Vmax values of the H303A and WT oxidases were also
identical (0.3 �mol/min � mg protein) when saturating levels of
reduced cytochrome c were present in the assay mixture.

The proposed ubiquinone binding site of PrrB is not re-
quired for the inhibition of PrrB autophosphorylation by
ubiquinone. Site-directed mutagenesis of the conserved amino
acids in the second periplasmic loop of the PrrB transmem-
brane domain revealed that D90, Q93, L94, L98, and N106
might be involved in this redox sensory activity (14). Mutations
of D90N, Q93N, L94C, and L98C led to constitutive formation
of the spectral complexes in R. sphaeroides regardless of the
presence or absence of O2. The R. sphaeroides strains synthe-
sizing the Q93A, N106A, and N106Q mutant forms of PrrB
were shown to be unstable (forming colonies with variegated
colorization and size) under aerobic growth conditions, most
likely due to high levels of PS gene expression in these mutant
strains even under aerobic conditions. Among the phenotypi-
cally stable R. sphaeroides strains synthesizing the mutant
forms of PrrB, the Q93N mutant of R. sphaeroides produced
the highest levels of spectral complexes under aerobic condi-
tions (14). The R. sphaeroides PRRB1 strain carrying
pPRRB4Q93N (PRRB1 [pPRRB4Q93N]) synthesizes the
Q93N mutant form of PrrB (Q93N PrrB). When grown aero-
bically, the PRRB1 [pPRRB4Q93N] strain synthesized 6.4-
and 8.1-fold increased levels of the B800-B850 and B875
complexes, respectively, compared with the PRRB1 strain syn-
thesizing the WT form of PrrB (PRRB1 [pPRRB4]) (data not
shown). Under anaerobic dark-DMSO conditions, the levels of
the spectral complexes synthesized in PRRB1 [pPRRB4Q93N]
were 2.3-fold higher than those detected for pPRRB1

[pPRRB4] (data not shown). By means of RT-PCR, the ex-
pression level of the pufB gene was determined in the PRRB1
[pPRRB4Q93N] as well as in the control strain PRRB1
[pPRRB4]. As shown in Fig. 6, the expression of pufB was
significantly derepressed in PRRB1 [pPRRB4Q93N] grown
under aerobic conditions compared with PRRB1 [pPRRB4]
grown under the same conditions. This result is consistent with
the levels of spectral complex formation in PRRB1
[pPRRB4Q93N] grown under aerobic conditions. When the R.
sphaeroides strains were grown under anaerobic dark-DMSO
conditions, pufB was highly expressed in both strains and its
expression levels in PRRB1 [pPRRB4Q93N] were slightly
higher than those observed for PRRB1 [pPRRB4]. A plausible
explanation for spectral complex formation and derepression
of PS gene expression in the PRRB1 [pPRRB4Q93N] strain
grown aerobically is that Q93N PrrB may be impaired, at least
in part, in its sensory or signal transduction function.

A ubiquinone binding site has been proposed to be located
within the second periplasmic loop of the RegB transmem-
brane domain, and it has been proposed that binding of ubiqui-
none to this site inhibits RegB kinase activity (39). On the basis
of these findings as well as the results presented above, we
assumed that ubiquinone might not inhibit the kinase activity
of the Q93N PrrB. To test this assumption in vitro, we purified
Q93N PrrB from E. coli and determined the inhibitory effect of
ubiquinone on PrrB autophosphorylation in vitro. As controls,
we also included the WT form of PrrB (PrrB) and the trun-
cated form of PrrB (C-PrrB), in which the 191 N-terminal
amino acids are removed. As shown in Fig. 7, when purified
PrrB (13 �M) was incubated in the presence of 250 �M ubiqui-
none, autophosphorylation of PrrB was completely abolished,
which is consistent with the previous results by Swem et al.
(39). In the presence of 250 �M ubiquinol in the autophos-
phorylation reaction mixture, autophosphorylation of PrrB was
in part inhibited, but PrrB still retained autokinase activity. As
a control of this experiment, the autophosphorylation assay of
PrrB was performed in the presence of 10 mM DTT but in the
absence of ubiquinol, since the ubiquinol-treated autophos-

FIG. 5. Lineweaver-Burk plot for the enzymatic kinetics of the
purified cbb3 oxidases. The cbb3 oxidase activity for reduced horse
heart cytochrome c was measured spectrophotometrically with varying
concentrations of the substrate, reduced cytochrome c (2.5, 5, 10, 15,
and 20 �M). The results are plotted as 1/enzyme activity versus 1/[sub-
strate]. The apparent values for the Km of WT and H303A oxidases are
5.1 and 4.9 �M, respectively. The Vmax values of both enzymes are 0.3
�mol/min � mg protein. V, initial velocity.

FIG. 6. Effect of the Q93N mutation of PrrB on puf expression. R.
sphaeroides PRRB1 strains carrying pPRRB4 or pPRRB4Q93N were
grown aerobically or anaerobically (under dark-DMSO conditions) as
described for Fig. 1. Expression of the puf operon was analyzed by
RT-PCR as described in Materials and Methods. Total RNA was
isolated from aerobically (�O2) or anaerobically (�O2) grown R.
sphaeroides PRRB1 strains carrying the corresponding plasmids, and
cDNA was synthesized from 5 �g of total RNA. The PCR products
were loaded onto a 2% (wt/vol) agarose gel, yielding 145-bp and
173-bp bands for pufB and the 16S rRNA gene, respectively.

5622 KIM ET AL. J. BACTERIOL.



phorylation assay was performed in the reaction mixture con-
taining 10 mM DTT to prevent the reoxidation of ubiquinol to
ubiquinone. The presence of DTT in the reaction mixture led
to a decrease in the autophosphorylation rate of PrrB, which
contrasts with the results reported by Potter et al. (32). This
difference can be explained by the fact that we included 20 mM

-mercaptoethanol in all buffers during the purification of
PrrB so that purified PrrB was maintained in a reduced state
without DTT treatment. The inhibition of PrrB autophosphor-
ylation by ubiquinol might be a consequence of both the pres-
ence of DTT and the autooxidation of ubiquinol to ubiquinone
during the 20 min of preincubation time. In the case of Q93N
PrrB, its autophosphorylation was completely inhibited by
ubiquinone as well, and the effect of DTT and ubiquinol on its
autophosphorylation activity was similar to that of PrrB. Most
significantly, the truncated form of PrrB (C-PrrB), which lacks
the N-terminal transmembrane domain of PrrB, was also in-
hibited by ubiquinone but not by ubiquinol. This result most
strongly reveals that the transmembrane domain of PrrB,
which includes the proposed ubiquinone binding site, is not
required for the inhibition of PrrB autophosphorylation by
ubiquinone and throws into question any role for ubiquinone/
ubiquinol in the regulation of PS gene expression through PrrB
in R. sphaeroides, as originally proposed (39).

DISCUSSION

The catalytic subunit (CcoN or FixN) of the cbb3 oxidase
contains a low-spin heme b and a binuclear center consisting of
a high-spin heme b3 and CuB as the redox-related prosthetic
groups (31, 41, 43). Seven conserved histidine residues of
CcoN are involved in the coordination of the redox prosthetic
groups and Mg2� (Mn2�) (8, 25, 41). H118 and H407 provide
two axial ligands to the low-spin heme, while H405 provides an

axial ligand to the high-spin heme (the numbering of R. spha-
eroides CcoN). The CuB center is coordinated by H267, H317,
and H318. Replacement of any of these histidine residues to
alanine or valine by site-directed mutagenesis was demon-
strated to lead to the loss of enzyme activity (25, 43). An
additional five histidine residues (H214, H233, H303, H320,
and H444) are also conserved in the CcoN (FixN) subunits of
all known cbb3 oxidases, except for those of Helicobacter pylori
and Campylobacter jejuni (21, 37, 41). Interestingly, these same
five histidines are not conserved in the catalytic subunits of
other heme-copper superfamily oxidases, implying that some
or all of them might be related to a function specific to the cbb3

oxidase.
Using both the R. sphaeroides strains expressing the His6-

tagged H303A oxidase and the purified H303A oxidases, we
have now been able to demonstrate unambiguously that the
H303A mutation of the CcoN subunit of the cbb3 oxidase
affects neither its catalytic activity nor its assembly/stability of
the cbb3 oxidase in the membrane. This result is not consistent
with previous findings showing that replacement of the corre-
sponding histidine residue with valine in the FixN subunit of
the Bradyrhizobium japonicum and the R. capsulatus enzymes
leads to the loss of oxidase activity (29, 43). The disparity might
result from the fact that the histidine residue was changed to
valine in B. japonicum and R. capsulatus but to alanine in R.
sphaeroides or there simply exists an intrinsic difference be-
tween these forms of the cbb3 oxidase.

However, the most interesting phenotype displayed by R.
sphaeroides expressing the H303A oxidase (H303A strain) is
that when grown aerobically, the mutant strain produces pho-
tosynthetic spectral complexes accompanied by the derepres-
sion of PS gene expression levels, such as those for puf and puc.
This “oxygen-insensitive spectral complex formation” does not
occur in the R. sphaeroides strain synthesizing the WT oxidase
(WT strain). Since cytochrome c oxidase activities detected in
the H303A and WT strains are similar, spectral complex for-
mation observed in the H303A strain grown under aerobic
conditions cannot be a consequence of cellular redox changes
caused by the impairment of the respiratory ETC but must
result from a defective sensory (or signaling) function of the
H303A oxidase. Note also that under aerobic respiratory con-
ditions of growth, the aa3 cytochrome c oxidase is fully func-
tional, and the bulk of the reductant passes through this ter-
minal oxidase on its way to the reduction of O2. Taken
together, these results fortify our previous conclusion that the
cbb3 oxidase per se functions as a redox sensor (25, 27) and
leads us to conclude that the derepression of the PS genes
observed in the H303A strain cannot result from changes in the
redox state of the ubiquinone/ubiquinol pool. The H303A mu-
tation might place the cbb3 oxidase into a conformation that
causes it to malfunction in the generation of the intrinsic in-
hibitory signal, resulting in the apparent diminution of PrrB
kinase activity in the presence of O2.

Through sequence analysis and homology modeling of the
catalytic subunits of the cbb3 oxidases and other heme-copper
family oxidases, it was suggested that H303 might be involved
in the formation of the K channel involved in proton transfer
and that the CcoQ subunit might be located in the vicinity of
transmembrane helix 7 of CcoN where H303 resides (37). If
this were true, the H303A mutation could affect proton pump-

FIG. 7. Autophosphorylation of PrrB, C-PrrB, and the Q93N mu-
tant form of PrrB in the presence of ubiquinone. The autophosphor-
ylation reactions were performed by using 13 �M purified proteins in
the presence or absence of ubiquinone (coenzyme Q1). The reaction
mixtures containing DTT (10 mM), ubiquinone (250 �M), or ubiqui-
nol (250 �M) were incubated at 30°C for 20 min, and the reaction was
started by the addition of ATP. To generate ubiquinol from ubiqui-
none and to perform autophosphorylation assays in the presence of
ubiquinol, DTT was added to the ubiquinone stock solution as well as
the reaction mixture to a final concentration of 10 mM. The autophos-
phorylation reaction in the presence of 10 mM DTT was performed as
a negative control reaction for the ubiquinol-treated reaction. At the
time points indicated, samples (10 �l) were removed and added to 3 �l
of loading buffer to stop the reaction. Because the autophosphoryla-
tion rate of C-PrrB was lower than that of PrrB, the phosphorylation
reaction with C-PrrB was performed for longer time. The amount of
protein phosphorylation was quantified by SDS-PAGE.
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ing through the K channel and assembly of CcoQ into the cbb3

core enzyme complex composed of CcoN, CcoO, and CcoP.
Because blocking of the K channel is known to hinder the
reductive phase of O2 reduction (15), the H303A oxidase ap-
pears not to be impaired in proton pumping as judged by its
normal catalytic activity. The phenotype of a ccoQ in-frame
deletion mutant strain of R. sphaeroides was reported to be
similar to that of the H303A strain with regard to both normal
cytochrome c oxidase activity under anaerobic conditions and
oxygen-insensitive formation of the spectral complexes (22).
Subunit abundance and cbb3 oxidase activity in the ccoQ de-
letion mutant were shown to be significantly reduced under
aerobic growth conditions compared with measurements of the
WT strain grown under the same conditions (24). We observed
that the levels of the CcoN and CcoP subunits in the mem-
brane fractions of CBB3� [pUIH303A] grown under aerobic
conditions are similar to those of CBB3� [pUI2803NHIS]
grown under the same conditions, which indicates that the
phenotype observed in the H303A strain does not result from
the incorrect conformation or assembly of CcoQ in the enzyme
complex.

Besides the cbb3 oxidase, the redox state of the ubiquinone/
ubiquinol pool was suggested to influence RegB (PrrB) kinase
activity (39). Site-directed mutagenesis of the second periplas-
mic loop of the PrrB transmembrane domain led us to identify
that the Q93N mutation results in spectral complex formation
and derepression of puf operon expression in the mutant strain
grown under aerobic conditions. Based on these observations,
we concluded that the Q93N mutant form of PrrB is impaired
in its signal sensory or signal transduction function. If the
signal is through ubiquinone binding, as proposed by Swem et
al. (39), the autophosphorylation rate of Q93N PrrB is not
expected to be inhibited by ubiquinone. Yet, ubiquinone treat-
ment led to the inhibition of autophosphorylation of Q93N
PrrB. Quite unexpectedly from using an important control
reaction, the inhibitory effect of ubiquinone on the autophos-
phorylation rate was also observed for the truncated form of
PrrB lacking the N-terminal transmembrane domain and, thus,
not possessing the proposed ubiquinone binding site. These
results can imply only that the cytoplasmic kinase domain of
PrrB is responsible for the inhibition of kinase activity in the
presence of ubiquinone. To determine whether the inhibitory
effect of ubiquinone is generally exerted on the autophosphor-
ylation rate of all histidine kinases, we performed an identical
autophosphorylation assay on the purified DevS histidine ki-
nase of Mycobacterium smegmatis in the presence or absence of
250 �M ubiquinone as well as menaquinone (vitamin K1).
Neither ubiquinone nor menaquinone affected the autophos-
phorylation rate of DevS (data not shown), indicating that the
ubiquinone effect cannot be applied to all histidine kinases.

Interestingly, the so-called H box of the PrrB kinase domain
contains a sequence (AAAAHELGTP [the underlined H in-
dicates the autophosphorylatable histidine]) that shows simi-
larity to the proposed quinone binding motif found in the
quinone binding sites of bacterial reaction centers, bc1 com-
plexes, and NADH dehydrogenase complexes [aliphatic amino
acid-(X)3-H-(X)2,3-(L/T/S)] (7). The DevS histidine kinase,
whose autophosphorylaton rate is not affected by ubiquinone,
does not contain such a ubiquinone binding motif in its H box.
At present it is, however, uncertain as to whether the putative

quinone binding motif present in the H box of PrrB is respon-
sible for ubiquinone binding and inhibition of PrrB autophos-
phorylation.

The mechanism(s) by which the activity of the PrrB histidine
kinase is controlled in response of redox changes cannot be
explained by either the ubiquinone binding model or the re-
dox-active cysteine model for the following reasons. (i) Under
aerobic growth conditions, PS gene expression is not dere-
pressed in the aa3 cytochrome c oxidase mutant of R. spha-
eroides in which the major aa3 cytochrome c oxidase is inacti-
vated, while inactivation of the cbb3 cytochrome c oxidase
results in PS gene derepression under aerobic conditions. In
the aa3 mutant strain, the bulk of the reductant passing
through the aerobic respiratory ETC is altered and it would be
anticipated that such an alteration would increase the relative
ubiquinol to ubiquinone abundance and, thus, turn on PS gene
expression (25). (ii) Overexpression of the ccoNOQP operon in
R. sphaeroides leads to a decrease in PS gene expression under
anaerobic photosynthetic growth conditions where the sub-
strate of the cbb3 oxidase (O2) is absent (22). It is unlikely that
such an effect could influence the relative abundance of ubiqui-
none/ubiquinol. (iii) Overexpression of prrB in R. sphaeroides
brings about spectral complex formation even under aerobic
conditions (26). Similarly, it is difficult to imagine any plausible
effect on the ubiquinone/ubiquinol pools. (iv) In the absence of
the cbb3 complex under anaerobic conditions, PS gene expres-
sion is increased (20). (v) Finally, the PrrBL78P mutant, having
an intact proposed ubiquinone binding sequence, shows
marked derepression of PS gene expression aerobically (5).
These observations can be understood only if the cbb3 cyto-
chrome c oxidase must be involved in the redox-responsive
control of PrrB activity. However, we still do not know the
underlying mechanism by which the cbb3 oxidase communi-
cates with the PrrB histidine kinase to control its activity, and
this is the goal of future study to reveal this mechanism. None-
theless, the role of H303 raises several interesting possibilities.
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