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ABSTRACT RegB is a membrane-spanning sensor kinase responsible for redox regulation of a wide variety of metabolic processes
in numerous proteobacterial species. Here we show that full-length RegB purified from Escherichia coli membranes contains
bound ubiquinone. Four conserved residues in the membrane-spanning domain of RegB are shown to have important roles in
ubiquinone binding in vitro and redox sensing in vivo. Isothermal titration calorimetry measurements, coupled with kinase
assays under oxidizing and reducing conditions, indicate that RegB weakly binds both oxidized ubiquinone and reduced ubiqui-
none (ubiquinol) with nearly equal affinity and that oxidized ubiquinone inhibits kinase activity without promoting a redox
reaction. We propose a model in which ubiquinone/ubiquinol bound to RegB readily equilibrates with ubiquinones/ubiquinols
in the membrane, allowing the kinase activity to be tuned by the redox state of the ubiquinone pool. This noncatalytic role of
ubiquinone in controlling RegB activity is distinct from that of other known ubiquinone-binding proteins, which use ubiqui-
none as an electron donor or acceptor.

IMPORTANCE Two-component signaling systems are comprised of a sensor kinase and a cognate response regulator that together
control many cellular processes in response to a change in environmental conditions. Many sensor kinases are components of
the cell membrane, with a domain that senses a specific environmental stimulus to control the activity of a cytosolic kinase do-
main. The broadly disseminated RegB/RegA two-component system regulates many energy-related processes in response to
changes in the cellular redox state. In this study, the membrane-spanning sensor kinase RegB is shown to regulate its activity by
interacting with the ubiquinone pool in a manner that involves novel noncatalytic equilibrium binding of ubiquinone.
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As is true for many purple nonsulfur bacteria, Rhodobacter cap-
sulatus exhibits excellent metabolic diversity and is thus ca-

pable of growth via photosynthesis, aerobic respiration, and an-
aerobic respiration (1). R. capsulatus is capable of performing
nitrogen fixation, carbon fixation, and hydrogen utilization (2).
All of these metabolic/biosynthetic processes are either energy
generating or energy utilizing, requiring that R. capsulatus coor-
dinately regulates relevant physiological components to maintain
appropriate cellular redox poise. The RegB/RegA two-component
system of R. capsulatus coordinates the activation and repression
of numerous energy-generating and energy-utilizing systems to
control the overall redox poise of the cell (2–4).

RegB is a membrane-spanning sensor kinase that autophos-
phorylates a conserved histidine under reducing conditions.
Phosphorylated RegB (RegB~P) transfers the phosphoryl group
to an aspartate in its cognate response regulator, RegA (5, 6), to
regulate interactions with promoters and RNA polymerase. The
mechanism by which RegB controls kinase activity in response to
redox changes has been an active area of investigation since its
discovery over a decade ago (3). A previous study demonstrated
that RegB has a “redox-active” cysteine, Cys265, located between
the site of autophosphorylation and the kinase domain that is
partially responsible for redox control of kinase activity. Under

oxidizing growth conditions, Cys265 can form an intermolecular
disulfide bond to convert active RegB dimers into inactive tetram-
ers (7).

In addition to modulating the redox state of Cys265, the trans-
membrane domain of RegB is also implicated in redox sensing by
interacting with the ubiquinone pool. A highly conserved se-
quence, GGXXNPF, located in a short periplasmic loop between
transmembrane helices 3 and 4, is thought to define a ubiquinone-
binding site, as shown by photoaffinity cross-linking with a qui-
none analog (8). The addition of oxidized ubiquinone to full-
length wild-type RegB also inhibits RegB kinase activity in vitro
(8). Grammel and Ghosh confirmed a correlation between the in
vivo ubiquinone redox state and the expression level of photosyn-
thetic membranes, suggesting that RegB activity is cooperatively
regulated by the change of the ubiquinone redox state (9). There is
also a model proposed by Kim et al. that suggests that that cbb3

oxidase may be a dominant component regulating RegB kinase
activity (10).

The global sensor kinase ArcB from enteric bacteria is also
reported to regulate its activity by interacting with ubiquinones
(11, 12). Studies of a truncated cytosolic domain of ArcB show
that a redox-active cysteine is capable of forming an intermolec-
ular disulfide bond that inhibits kinase activity, not unlike that
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observed in RegB (12). Disulfide bond formation is stimulated
when the cytosolic domain of ArcB is incubated with oxidized
ubiquinone in vitro (12). Biochemical analysis of full-length ArcB
with its membrane-spanning domain has not been undertaken, so
it remains unclear if in vitro formation of a disulfide bond by
ubiquinone is simply a nonspecific redox reaction in which
ubiquinone is functioning as a simple oxidant. It is also not clear
that ArcB has a specific ubiquinone-binding site and if binding of
ubiquinone itself affects ArcB kinase activity.

Even though our previous studies established that oxidized
ubiquinone inhibits the activity of full-length wild-type RegB in
vitro, there remain questions about how ubiquinone interacts
with RegB and why only oxidized ubiquinone inhibits kinase ac-
tivity. For example, it is not known whether RegB preferentially
binds oxidized and reduced ubiquinone. It was also not shown
whether ubiquinone affects kinase activity irrespective of the re-
dox state of Cys265. To address these issues, we studied the ability
of a full-length RegB to bind to ubiquinone under oxidizing and
reducing conditions. To dispel issues involving the oxidation and
reduction of Cys265, we performed ubiquinone-binding and in-
hibition studies with a RegB variant that has a Cys265-to-Ser mu-
tation. Here we present evidence that purified full-length RegB
C265S contains bound ubiquinone and that alteration of the re-
dox state of the bound ubiquinone indeed regulates kinase activ-
ity. Mutations in the conserved ubiquinone-binding site, as well as
two highly conserved residues in transmembrane helix 1, disrupt
ubiquinone binding in vitro and result in increased aerobic pho-
tosystem gene expression in vivo. Interestingly, full-length RegB
C265S binds both oxidized and reduced ubiquinone with only
oxidized ubiquinone, affecting kinase activity. We propose that
the in vivo interaction of RegB with both the reduced and oxidized
forms of ubiquinone allows the kinase to monitor the overall re-
dox state of the ubiquinone pool, which allows the kinase activity
to be tuned by the cellular energy state.

RESULTS
Purified RegB C265S contains bound ubiquinone. To test
whether RegB is capable of binding ubiquinones, we overex-
pressed and purified detergent-solubilized full-length RegB from
Escherichia coli membrane fractions and then spectrally analyzed
the isolated protein for ubiquinone (13). When full-length wild-
type RegB is purified under air-oxidizing conditions, the presence
of ubiquinone is evidenced by an absorbance maximum at
~275 nm that is reduced after the addition of the reductant so-
dium borohydride (Fig. 1A, dashed black line). Using the absorp-
tion coefficient of coenzyme Q8 (�275 � 12.25 mM�1), which is
the predominate ubiquinone in E. coli, the amount of oxidized
bound ubiquinone present in several independent protein isolates
varied from 0.6 to 0.8 mol ubiquinone/mol wild-type RegB. Sim-
ilar analysis was also undertaken with the full-length RegB C265S
mutant that lacks the redox-active Cys265. This protein mutant
shows a nearly identical absorption peak at ~275 nm, with the
amount of bound ubiquinone in several independent isolates be-
ing 0.4 to 0.8 mol ubiquinone/mol RegB C265S. A spectral red
shift was also observed from 274 nm to 276.5 nm when comparing
the spectrum of RegB C265S that has a small amount of bound
ubiquinone (0.44 mol ubiquinone/mol protein) to a preparation
that has a larger amount of bound ubiquinone (0.62 mol ubiqui-
none/mol protein) (Fig. 1B). Similar red shifts have been reported
for other ubiquinone-binding proteins upon an increase in

FIG 1 UV spectra of ubiquinone bound to RegB. (A) Spectrum of isolated
oxidized full-length wild-type RegB (solid black line) containing 0.82 mol ubiqui-
none/mol protein that exhibits a decrease in absorbance at 275 nm upon reduction
with NaBH4 (dashed black line). A control of truncated RegB� C265S, which lacks
the membrane-spanning domain, shows no reduction in intensity upon addition
of NaBH4, thereby indicating the lack of ubiquinone (gray lines). The inset shows
a difference spectrum before minus after reduction with NaBH4 of full-length
wild-type RegB (black line) and of RegB� C265S (gray line). (B) A red shift of
maximum absorption of ubiquinone caused by an increasing amount of bound
ubiquinone. Different batches of purified RegB C265S were scanned before (solid
lines) and after (dashed lines) NaBH4 reduction. Batch A (black lines) contains
0.44 mol ubiquinone/mol RegB C265S, while batch B (gray lines) contains
0.62 mol ubiquinone/mol RegB C265S. (C) Isolated RegB C265S was reduced and
ultrafiltered in buffer containing NaBH4 as described in the text, and then the
sample was divided. The gray scans are of the portion that was scanned before
(solid gray line) and after (dashed gray line) reduction with NaBH4. The absence of
oxidized ubiquinone in this fraction is evident from the difference scan (inset gray
line) of before minus after addition of reductant, which shows only a small peak.
The black lines are of the other portion, which was reoxidized by the addition of the
oxidant K3Fe(CN)6 at 22°C for 5 min (solid black line), followed by the addition of
the reductant NaBH4 (dashed black line). The retention of ubiquinone is evident
from the difference spectrum (inset black line) of this preparation before minus
after reduction with NaBH4.
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ubiquinone content (14, 15). As a negative control, we also as-
sayed for the presence of ubiquinones in a variant of RegB called
RegB� (7), which is a truncated soluble version that lacks the trans-
membrane domain. Spectral analysis shows no evidence of bound
ubiquinone to isolated RegB� (Fig. 1A, gray lines).

Purified RegB binds oxidized and reduced ubiquinone. To
ascertain whether RegB is capable of binding reduced ubiquinone
(ubiquinol), we undertook an ultrafiltration dilution assay with
full-length RegB C265S in a buffer that contained freshly added
crystals of sodium borohydride. Spectral analysis indicated that
sodium borohydride effectively reduces bound ubiquinone, so if
RegB releases ubiquinone upon reduction, then ubiquinone
would be removed by ultrafiltration in the presence of sodium
borohydride. However, if RegB is capable of binding both oxi-
dized and reduced ubiquinone, then ubiquinone will be retained
even after ultrafiltration in the presence of sodium borohydride.
In this assay, 100 �l of 20 �M RegB C265S containing ~0.6 mol
ubiquinone/mol RegB C265S was diluted 10-fold by addition of
degassed buffer containing freshly added sodium borohydride
and then reconcentrated by ultrafiltration to 100 �l. Dilution with
buffer containing sodium borohydride followed by concentration
with ultrafiltration was repeated three times with the sample and
then spectrally assayed for the presence of ubiquinone (Fig. 1C).
No decrease at 275 nm was observed after addition of sodium
borohydride, indicating either that all ubiquinone was removed
by ultrafiltration or that RegB exclusively contained reduced
ubiquinone (Fig. 1C, gray lines). To clarify whether the sample
still contained bound ubiquinone after ultrafiltration, the oxidant
K3Fe(CN)6 was added to oxidize any bound ubiquinone, spec-
trally analyzed, and then subsequently rereduced with sodium
borohydride and rescanned (Fig. 1C, black lines). The subsequent
spectral change observed at A275 (�A275) indicated that reduced
RegB C265S that underwent multiple rounds of reduction and
ultrafiltration indeed retained 0.3 mol ubiquinone/mol RegB
C265S, thereby indicating that RegB is capable of retaining re-
duced ubiquinone.

We confirmed that full-length RegB is capable of binding both
oxidized and reduced ubiquinone by undertaking analysis of the
binding affinity to the soluble ubiquinone analog coenzyme Q0

using isothermal titration calorimetry (ITC). Preliminary data
showed weak binding affinities of RegB to both reduced and oxi-
dized Q0 and had c values lower than 1.0. c is the product of
protein concentration and binding constant, with a value of 1
often considered the lower limit of ITC experiments. However, it
has been demonstrated that a reliable binding constant can be
obtained at very low c values using high ligand concentrations and
a large volume of injection to drive the binding towards complex-
ation (16, 17). Although accurate enthalpy change (�H) and stoi-
chiometry parameter (n) values cannot be defined, the binding
constant (Ka) is independent of errors in n at low c values, allowing
reliable determination of Ka (17). An optimized titration com-
prised of eleven injections was used, according to Tellinghuisen
(18), where n was fixed at 1 during data fitting. ITC data showed
that oxidized ubiquinone has a binding constant of 1 � 104 M�1

(Fig. 2A), while reduced ubiquinone had a similar binding con-
stant of 7.42 � 103 M�1 (Fig. 2B).

Redox state of bound ubiquinone affects RegB activity in
vitro. We investigated how ubiquinone regulates RegB kinase ac-
tivity by assaying the autophosphorylation of RegB C265S under
conditions in which the ubiquinone is either reduced or oxidized.

For this analysis, bound ubiquinone was either reduced with
NaBH4 or oxidized with K3Fe(CN)6 before initiation of the kinase
reaction. Analysis of the rate of autophosphorylation demon-
strates that the kinase activity of RegB C265S increases 35% by the
addition of NaBH4 relative to RegB C265S reactions where no
reductant was added (Fig. 3A). A plateau in activity was also
reached more quickly in the presence of the reductant. When
bound ubiquinone was oxidized by the addition of K3Fe(CN)6,
the activity of RegB C265S decreased only slightly (Fig. 3B), likely
due to our observation that most of the ubiquinone that is bound
to RegB during aerobic purification is already in an oxidized state.

To clearly demonstrate that oxidization of ubiquinone inhibits
activity, we first reduced the bound ubiquinone in RegB C265S
with NaBH4 to obtain maximal activity (Fig. 3C, solid line) and
then reoxidized the ubiquinone by addition of K3Fe(CN)6

(Fig. 3C, dashed line). In this analysis, the addition of K3Fe(CN)6

to RegB C265S that was first reduced by NaBH4 resulted in a 57%
decrease in autophosphorylation activity. As a control, we ob-
served that there is no significant change in kinase activity of the
truncated RegB� C265S cytosolic domain that lacks ubiquinones
after similar initial incubation with the reductant NaBH4, fol-
lowed by treatment with the oxidant K3Fe(CN)6 (Fig. 3D).

Mutations affecting ubiquinone binding. In a previous study,
we identified a quinone binding motif, GGXXNPF, located in a
short periplasmic loop between the third and fourth trans-
membrane-spanning domains, that is universally conserved
among RegB homologs (Fig. 4) (4, 8). Two mutations in this se-
quence, N110A and F112A, were shown to result in constitutive
RegB activity in vivo but were not assayed for their ability to inter-
act with ubiquinones in vitro (8). In this study, we have con-
structed a more conservative set of substitutions at these positions,
N110Q and F112Y, in a RegB C265S background and assayed
what effect these new mutations have on in vivo activity and on in
vitro ubiquinone binding.

Full-length RegB C265S/N110Q and RegB C265S/F112Y, were
expressed, purified, and spectrally assayed for the presence of
bound ubiquinone. As shown in Fig. 5A, the ubiquinone content
of a representative RegB C265S/N110Q preparation contained
only 0.04 mol ubiquinone/mol protein compared to 0.64 mol
ubiquinone/mol protein observed for RegB C265S, which does
not contain the ubiquinone-binding site mutation. Measurement
of protein samples from several independent purifications showed
that RegB C265S/N110Q constantly contained considerably less
ubiquinone, ranging from 0 to 0.15 mol ubiquinone/mol RegB
C265S/N110Q, than RegB C265S, which does not contain the
ubiquinone-binding site mutation. Similar analysis of RegB
C265S/F112Y shows a more subtle effect on ubiquinone binding,
with only a slight reduction of ubiquinone content, ranging from
0.03 to ~0.31 mol ubiquinone/mol RegB C265S/F112Y in several
independent isolates (Fig. 5A). Again, there is a red shift of max-
imum absorption with RegB C265S/N110Q, having a maximal
absorption at 269 nm versus 272.5 nm for RegB C265S/F112Y and
277 nm for RegB C265S, due to increasing amounts of bound
ubiquinone in these preparations.

For in vivo analysis, the N110Q and F112Y mutations were
recombined to the chromosome of R. capsulatus (Cys265 was not
mutated in the in vivo analysis of these ubiquinone-binding site
mutants). The amount of photosystem synthesis under different
growth conditions was then spectrally assayed, as it has previously
been shown that RegB activity affects photosystem synthesis (3, 8).
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Under semiaerobic conditions, photosystem synthesis increased
by 74% in the RegB N110Q mutant strain and by 65% in the RegB
F112Y mutant strain (Fig. 6A). Under anaerobic conditions, pho-
tosystem expression levels in the RegB N112Q and RegB F112Y
mutant strains increased by 67% and 16%, respectively (Fig. 6B).

An alignment of ~100 RegB homologs revealed that, besides
the GGXXNPF motif, there are only two other fully conserved
residues, R31 and Q38, in the membrane-spanning region (align-
ment of representative homologs is shown in Fig. 4) (2, 4). Both of
these polar residues are buried in the first transmembrane helix,
suggesting a special role in RegB function. To explore the possi-
bility that these two residues may be involved in ubiquinone bind-
ing, R31 and Q38 were individually replaced with alanine in the
RegB C265S background and spectrally assayed for ubiquinone
content upon purification. The bound ubiquinone present in iso-
lated RegB C265S/R31A was 0.12 to 0.21 mol ubiquinone/mol
RegB C265S/R31A, while for the C265S/Q38A mutation, there
was 0.20 to 0.26 mol ubiquinone/mol RegB C265S/Q38A
(Fig. 5B). The decrease in ubiquinone content in these mutants
indicates that both R31 and Q38 are likely involved in ubiqui-
none/ubiquinol binding.

The involvement of R31 and Q38 in controlling RegB activity
was confirmed by constructing strains that individually harbor the
R31A and Q38A mutations in RegB. Both of these strains exhibit
an increase in semiaerobic photosystem expression, with RegB
R31A exhibiting an 8.7-fold increase in photopigment biosynthe-
sis and RegB Q38A exhibiting a 7.2-fold increase relative to that of
wild-type cells (Fig. 6C). Under anaerobic conditions, photosys-
tem expression levels increased by 9% and 27% in the RegB R31A
and RegB Q38A mutant strains, respectively (Fig. 6D).

DISCUSSION

In this study, we provide evidence that RegB binds both oxidized
and reduced ubiquinone at nearly equivalent affinities and that
only oxidized ubiquinone inhibits kinase activity. The observation
that the RegB C265S mutant is still redox responding clearly
shows that ubiquinone binding is a signal input capable of func-
tioning independently from the oxidation of cysteine 265. This
suggests that ubiquinone/ubiquinol regulates RegB activity
through an allosteric effect triggered by binding rather than by
disulfide bond formation driven by the oxidizing power of ubiqui-
none. Studies have shown that ubiquinone binding at one catalytic

FIG 2 Ubiquinone binding of RegB studied by isothermal titration calorimetry. (A) Isothermal titration calorimetry of RegB C265S with oxidized ubiquinone.
RegB C265S (13 �M) was titrated with 11 consecutive injections of 25 �l 2.5 mM coenzyme Q0 in the presence of 2.5 mM K3Fe(CN)6. (B) Isothermal titration
calorimetry of RegB C265S with reduced ubiquinone. RegB C265S (13 �M) was titrated with 11 consecutive injections of 25 �l 2.5 mM coenzyme Q0 in the
presence of 5 mM dithionite.

Wu and Bauer

4 mbio.asm.org November/December 2010 Volume 1 Issue 5 e00272-10

mbio.asm.org


site in the cytochrome bc1 complex can have an allosteric effect on
the other catalytic site; however, this allosteric effect is different in
the sense that cytochrome bc1 functions as an enzyme and ubiqui-
none serves as the substrate (19, 20). To our knowledge, the non-
catalytic role of ubiquinone binding, such as that which regulates

RegB, in any ubiquinone-binding protein has not been previously
reported.

Most ubiquinone-binding sites fall into two groups. Type A
sites have a tightly bound ubiquinone that serves as a prosthetic
group for carrying one electron. The primary acceptor ubiqui-

FIG 3 Effect of reduction and oxidation of bound ubiquinone on RegB kinase activity. (A) Effect of the reduction of bound ubiquinone on RegB C265S activity.
Ten micromolar purified RegB C265S was kept at 22°C for 10 min in the absence (solid line with solid circles) or presence (dashed line with open circles) of
NaBH4 before ATP was added to start the kinase reaction. (B) Effect of oxidation of bound ubiquinone on RegB C265S activity. Purified RegB C265S was
incubated in the absence (solid line with solid circles) or presence (dashed line with open circles) of 2 mM K3Fe(CN)6 before ATP was added to start the kinase
reaction. (C) Effect of the oxidation of reduced bound ubiquinone on RegB C265S activity. Bound ubiquinone in purified RegB C265S was first reduced by
NaBH4 at room temperature (RT) for 10 min and then incubated at 22°C for 10 min in the absence (solid line with solid circles) or presence (dashed line with
open circles) of 2 mM K3Fe(CN)6 before ATP was added to start the kinase reaction. (D) Effect of oxidation of bound ubiquinone on the activity of RegB� C265S.
RegB� C265S without the transmembrane domain was treated as described in the legend to panel C as a control.
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none (QA) in the photosynthetic reaction center is an example of
this type (21). Type B sites have an affinity only for a reduced or an
oxidized ubiquinone. In these cases, ubiquinones leave after they
receive or donate two electrons and protons. Examples of type B
sites include the secondary ubiquinones (QB) in photosynthetic
reaction centers (22–24) that release ubiquinol after ubiquinone is
fully reduced and protonated and DsbB that binds oxidized
ubiquinone and uses its oxidative power to generate disulfide
bonds (13, 25, 26). Many type A and type B ubiquinone-binding
sites have a histidine-containing triad comprised of an aliphatic
(X)3-H-(X)2/3-(L/T/S) sequence. The histidine triad is often lo-
cated at the end of the transmembrane helix or in a short periplas-
mic loop (27, 28). There are exceptions to this triad, such as DsbB,
where residues from two adjacent periplasmic loops form a dis-
continuous, but spatially similar, histidine-containing triad (25,
29).

A simple sequence alignment suggests that the GGXXNPF
ubiquinone-binding site in RegB shares little homology with pro-
totypical histidine-containing triads. However, the absence of pri-
mary sequence conservation with the histidine triad may be mis-
leading, as there are several similarities between the genetically
and biochemically characterized (8) ubiquinone-binding site in
RegB and the atypical ubiquinone-binding site present in ubiqui-
nol oxidase (30). The crystal structure of ubiquinol oxidase indi-
cates that the C-4 carbonyl group of the oxidized ubiquinone ring
is hydrogen bonded to a conserved polar His-X-X-Gln sequence
that is located in a short periplasmic loop at a lipid bilayer/solvent
interphase (30). On the other side of the ubiquinone ring, the C-1
carbonyl is hydrogen bonded to the Arg71 and Asp75 residues,
which are surprisingly deeply buried in the lipid bilayer. Like the
His-X-X-Gln sequence of ubiquinol oxidase, the conserved Gly-

Gly-X-X-Asn-Pro-Phe ubiquinone-binding sequence in RegB is
located at a short periplasmic loop. Mutation of Asn110 in RegB
inhibits ubiquinone binding, indicating that this residue could be
hydrogen bonded to a carbonyl residue of ubiquinone. �-� stack-
ing interactions between the aromatic side group of Phe and Trp
to the benzoquinone ring have also been shown to be important in
ubiquinone binding in many proteins (27, 31–33), so the fully
conserved Phe112 in RegB could allow binding of both oxidized
and reduced forms of ubiquinone through ring-stacking interac-
tions. Mutations of the two universally conserved Arg31 and
Gln38 polar residues in RegB’s transmembrane helix 1 also are
critical residues in ubiquinone binding and may thus serve a sim-
ilar function of forming a hydrogen bond to the C-1 carbonyl of
oxidized ubiquinone, not unlike that of Arg71 and Asp75 in
ubiquinol oxidase.

Our working model is that the modest ubiquinone-binding
affinity of RegB allows ubiquinone bound to the kinase to readily
equilibrate with the ubiquinone pool by diffusion exchange.
When the ubiquinone pool becomes more oxidized, then more
RegB would contain bound oxidized ubiquinone, presumably
with the C-4 carbonyl of the ubiquinone ring hydrogen bonded to
Asn110 and the C-1 carbonyl of the ubiquinone ring hydrogen
bonded to Arg31 and Gln38. When the ubiquinone pool becomes
predominantly reduced to ubiquinol, then equilibration/diffu-
sion would drive more RegB to interact with ubiquinol via stack-
ing interactions with Phe112. Reduction of the C-4 and C-1 car-
bonyls that occurs in ubiquinol would lead to loss of hydrogen
bonding to Asn110, Arg31, and Gln38. This loss of hydrogen
bonding would presumably trigger a conformational change in
RegB that allows increased kinase activity. Note that the ability of
RegB to equilibrate with both oxidized and reduced ubiquinones

FIG 4 Alignment of the transmembrane domains of representative RegB homologs. Alignment was constructed using Clustal W and edited by GeneDoc. Fully
conserved R31, Q38, N110, and F112 residues are highlighted in red. Additional conserved residues constituting part of the GGXXNPF ubiquinone-binding
pocket are highlight in yellow. Lines under the alignment denote the transmembrane helixes 1 (TM1), 3, and 4, with helix 2 omitted for brevity.
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would allow modest changes in the ubiquinone/ubiquinol ratio to
alter the overall average activity of membrane-bound RegB in a
cell, not unlike that of a rheostat. The redox state of the ubiqui-
none pool is not only affected by environmental oxygen tension
(9, 34) but also affected by light intensity, the redox state of cyto-
solic metabolites exchanging electrons, such as NADH and succi-
nate (35), and metabolic processes that use reducing equivalents,
such as carbon fixation and nitrogen fixation, all of which being
part of the RegB/RegA regulon. Thus, monitoring the redox state
of the ubiquinone pool gives RegB the capability to monitor the
overall cellular energy and redox state of the cell, and with this

FIG 5 Involvement of key residues in the membrane-spanning domain that
are involved in ubiquinone binding. (A) RegB N110Q/C265S (red), RegB
F110Y/C265S (green), and RegB C265S (blue) were scanned before (solid
line) and after (dashed line) NaBH4 reduction. The inset shows the difference
spectrum before minus after reduction of RegB N110Q/C265S (red line),
RegB F110Y/C265S (green line), and RegB C265S (blue line). (B) RegB
R31A/C265S (red) and RegB Q38A/C265S (green) were scanned from
240 nm to 340 nm before (solid line) and after (dashed line) NaBH4 reduc-
tion. The inset shows the difference spectrum of before minus after reduction
of RegB R31A/C265S (red line) and RegB Q38A/C265S (green line). Bound
ubiquinone was determined to be 0.16 mol ubiquinone per mol RegB R31A/
C265S and 0.20 mol ubiquinone per mol RegB Q38A/C265S.

FIG 6 Spectral scans of photopigments in R. capsulatus carrying RegB mu-
tations. (A) Spectral scans of semiaerobically grown wild-type (solid lines),
RegB N110Q mutant (dotted lines), and RegB F112Y mutant (dashed lines)
cells. (B) Spectrum of anaerobically grown cells as described in the legend to
panel A. (C) Spectral scans of semiaerobically grown wild-type (solid lines),
RegB R31A mutant (dotted lines), and RegB Q38A mutant (dashed lines) cells.
(D) Spectrum of anaerobically grown cells as described in the legend to panel
C. For all scans, the cells were grown to the same cell density, collected, soni-
cated, and scanned from 400 to 900 nm.
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capability, it functions as a global regulator to coordinate the syn-
thesis of a complex network of energy-related processes. This
model is supported by mathematical modeling by Klamt et al.
(35), which indicates that alterations of the redox state of ubiqui-
none is a suitable signal for the regulation of photosynthetic gene
expression. Grammel and Ghosh also found a correlation between
the redox state of the ubiquinone pool and the expression level of
photosystem in Rhodospirillum rubrum (9). They suggested that
RegB activity is highly cooperatively regulated by the redox state of
the ubiquinone pool (9), although this study did not take into
account the fact that there is also a redox-sensing role of cytosolic
Cys265. Given that the RegB Cys265 mutant was used in this
study, it is likely that the ubiquinone-binding site as defined in this
study, and in our previous study (8), is just one of several redox-
dependent signal inputs that are ultimately responsible for con-
trolling the kinase activity of RegB. Just how much RegB activity is
controlled by ubiquinone binding and Cys265 remains unclear.
Whether there is cooperation between ubiquinone binding and
the formation of the disulfide bond at Cys265 needs to be further
investigated.

MATERIALS AND METHODS
Strains, media, and growth conditions. E. coli strains DH5� and SM10
�pir were used for cloning and conjugal transfer of plasmids, respectively.
The mobilization of plasmids from E. coli into R. capsulatus strains was
performed as described in reference 8. E. coli cells were routinely grown in
Luria-Bertani (LB) medium at 37°C.

R. capsulatus strain SB1003 was used as the parent strain to generate all
chromosomal mutants with a chromosomal in-frame deletion of regB, as
previously reported (8). All R. capsulatus strains were grown in peptone-
yeast extract (PY) medium supplemented with 10 �g/ml spectinomycin at
34°C as described previously (8).

Plasmid construction. Plasmid pET28RegBfull that expresses full-
length C-terminal His-tagged RegB was described previously (8). An
overexpression plasmid for expressing truncated RegB, pET28RegB�, was
constructed by cloning a DNA fragment encoding the RegB cytosolic do-
main starting with M196 and to the native stop codon, using forward and
reverse primers (5=-TACCATGTCGGATGCGCTTTTCGCGACA and
5=-ATCTCGAGGGCGGTGATCGGAACATTC) that incorporated NcoI
and XhoI sites, respectively. The PCR-amplified truncated RegB gene seg-
ment was then cloned into similar sites of pET28.

All point mutations were generated using the QuikChange mutagen-
esis kit obtained from Stratagene. For C265S mutations, primer 5=-TGA
ACAGGCCGAACGCTCCCGCGACAT and a complementary primer
were used. For N110Q mutations, primer 5=-CGGGCGGGCTGAACCA
ACCCTTCGCGCTTTT and a complementary primer were used. For
F112Y mutations, primer 5=-GCGGGCTGAACCCCTACGCGCTTTTG
and a complementary primer were used. For R31A mutations, primer
5=-GACATTGATCCTGTTGGCATGGGCGGCGGTCGTC and a com-
plementary primer were used. For Q38A mutations, primer 5=-GGCCGC
GGTCGTCGGTGCGCTGGCGGC-GCTGAT and a complementary
primer were used.

Overexpression and purification of full-length RegB. E. coli cells that
overexpressed full-length wild-type or mutant versions of RegB were
grown in Terrific broth (TB) supplemented with 25 �g/ml kanamycin at
37°C until A600 reached 0.4 to 0.6, induced by the addition of 75 �M mM
isopropyl �-D-thiogalactopyranoside (IPTG), and then grown overnight
at 16°C. The cells were harvested by centrifugation, resuspended in
20 mM sodium phosphate, pH 7.6, and 100 mM NaCl, and then lysed by
the M-110L microfluidizer processor (Microfluidics). The supernatant of
the cell lysate was centrifuged at 150,000 � g for 1.5 h at 4°C to pellet
membranes. The membranes were solubilized in 20 mM sodium phos-
phate at pH 7.6, 300 mM NaCl, 40 mM imidazole, 20% glycerol, and 1%
n-dodecyl-�-D-maltoside (DDM) (Pierce) to a final concentration of 3 to

5 mg protein/milliliter using the RC DC protein assay kit (Bio-Rad) for
protein concentration determination. The solubilized membrane fraction
was rotated in a 50-ml conical tube at 4°C for 2 h and then centrifuged at
150,000 � g to remove insoluble material. The resultant supernatant was
loaded onto a 1-ml HisTrap column (GE), washed with 50-column-
volume wash buffer containing 20 mM sodium phosphate at pH 7.6,
300 mM NaCl, 40 mM imidazole, 10% glycerol, and 0.05% DDM. RegB
was eluted with 20 mM sodium phosphate at pH 7.6, 300 mM NaCl,
250 mM imidazole, 10% glycerol, and 0.05% DDM.

BL21(�DE3) cells that overexpress RegB� were grown in TB at 37°C
until A600 reached 0.4 to 0.6, induced by the addition of 0.4 mM IPTG, and
then grown overnight at 16°C. The cell pellet was collected and resus-
pended in 20 mM Tris, pH 7.9, and 150 mM NaCl. The cells were lysed by
passing them through an M-110L microfluidizer processor (Microfluid-
ics) three times. The supernatant of the cell lysis was loaded into a 1-ml
HisTrap column, washed with 30 ml 20 mM Tris at pH 7.9, 150 mM NaCl,
and 30 mM imidazole, and then eluted with 20 mM Tris at pH 7.9,
150 mM NaCl, and 250 mM imidazole.

Spectral analysis. The analysis of oxidized bound ubiquinone in-
volved suspending 5 �M RegB or RegB� in 50 mM sodium phosphate at
pH 7.6, 300 mM NaCl, 10% glycerol, and 0.05% DDM and then scanning
from 240 to 340 nm. A few grains of solid sodium borohydride (NaBH4)
were then added to the cuvette to reduce ubiquinone, incubated at 22°C
for 5 min, and then rescanned from 240 to 340 nm to see the optical
changes centered at A275. The amount of oxidized bound ubiquinone was
calculated using ��275 of 12.25 mM�1 (13). For wild-type RegB, RegB
C265S, or each of the binding site mutants, at least three independent
preparations were measured to confirm that the results are reproducible.

Spectral scans used to analyze photopigments in R. capsulatus cell
membranes were performed as previously described (7). The absorption
at 850 nm, which is the wavelength of the light-harvesting bacteriochlo-
rophyll (BChl) complex, was measured and compared.

Kinase assays. Kinase assays were performed as described previously
(6). To alter the redox state of bound ubiquinone, a few grains of solid
NaBH4 or 2 mM potassium ferricyanide [K3Fe(CN)6] were added to the
reaction mixture and incubated at 22°C for 5 min before 1.0 mM ATP and
200 to 400 �Ci [�-32P]ATP (7,000 Ci/mmol; MP Biomedicals) were
added.

ITC analysis. To determine the binding affinity of reduced Q0 to RegB
C265S, 5 mM dithionite was included in a degassed buffer containing
50 mM sodium phosphate at pH 7.6, 300 mM NaCl, 10% glycerol, and
0.05% DDM in an anaerobic hood filled with 90% nitrogen, 5% carbon
dioxide, and 5% hydrogen. The same buffer was later used to make a
2.5 mM coenzyme Q0 solution and to exchange the buffer of RegB C265S
by passing it through a 10DG column (Bio-Rad). The ITC chamber
(MicroCal LLC) was purged and filled with argon gas, and the sample cell
was then filled with 13 �M RegB C265S and titrated with 2.5 mM Q0.
Eleven consecutive 25-�l Q0 injections were then performed at 30-min
intervals. The dilution heat of Q0 was obtained by injecting Q0 solution
into buffer using the same parameters in a separate experiment. For the
binding affinity of oxidized Q0 to RegB, 2.5 mM K3Fe(CN)6 was added to
the buffer. Buffer containing 50 mM sodium phosphate at pH 7.6,
300 mM NaCl, 10% glycerol, 0.05% DDM, and 2.5 mM K3Fe(CN)6 was
used to exchange the buffer of the RegB C265S sample and to make a
2.5-mM solution of Q0. The Q0 solution was rotated at 4°C for 2 h, and the
oxidation of Q0 was confirmed by the solution turning dark brown. The
same parameters were used for ITC experimental analysis of binding of
reduced Q0 to RegB C265S to obtain the binding and dilution heat of
oxidized Q0.
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