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(Background: Fast cardiolipin-mediated proton translocation from pumps to ATP synthase has been hypothesized.
Results: Mutational loss of membrane cardiolipin did not significantly affect alkaliphile ATP synthesis but other cardiolipin

Conclusion: Cardiolipin contributes to respiratory complex stability, thus indirectly to oxidative phosphorylation, and to

Significance: Clarification of cardiolipin roles in bacterial physiology can have pharmacological impact.

N

J

Cardiolipin (CL), a membrane phospholipid in bacteria and
mitochondria, has been hypothesized to facilitate movement of
protons on the outer surface of membranes in support of respira-
tion-dependent ATP synthesis, oxidative phosphorylation
(OXPHOS). If so, the high levels of membrane CL found in alkali-
philic bacteria, such as Bacillus pseudofirmus OF4, might facilitate
its robust OXPHOS at pH 10.5, where the bulk protonmotive
(PMEF) force is low. To address the role of CL in Bacillus pseudofir-
mus OF4, we studied strains in which genes (cls) potentially encod-
ing a CL synthase (CLs) were deleted: three single (AclsA, AclsB,
and AclsC), one double (AcisA/B), and one triple (AclsA/B/C)
mutant. Two-dimensional thin layer chromatography analyses of
lipid extracts from 32P-labeled strains showed that the wild-type
CL content was 15% of total phospholipids at pH 10.5 versus 3% at
pH 7.5 during log phase. The % CL was higher (28 —33%) at both pH
values during stationary phase. The clsA gene plays a major role in
CL biosynthesis as no detectable CL was found in AclsA-containing
mutants, whereas the CL precursor phosphatidylglycerol was ele-
vated. The AclsB mutant exhibited no significant reduction in CL,
but clsB expression was up-regulated and appeared to support
growth at pH 7.5. In the absence of detectable CL, the alkaliphile
showed no significant deficits in non-fermentative growth, respi-
ration-dependent ATP synthesis, or salt tolerance. Minor deficits
inrespiration and ATP synthase assembly were noted in individual
mutants. In long term survival experiments, significant growth
defects were found in AclsA strains and the AclsC strain at pH 10.5.

Cardiolipin (CL)? is an anionic glycerophospholipid with
four acyl chains. The presence of CL is primarily associated
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with membranes of bacteria and mitochondria that carry out
F,F,-ATP synthase-dependent synthesis of ATP that is ener-
gized by electrochemical ion gradients generated by respiratory
chain activity, i.e. OXPHOS. CL is linked to Barth syndrome, a
human metabolic disorder in which mutations in taffazin lead
to reduced CL, increased lyso-CL, and associated deficits in
mitochondrial function in OXPHOS (1-3). Recently, it has also
been shown that CL loss in yeast leads to defects in cellular iron
homeostasis (4), which may reflect the importance of the
energy status for this function. Similarly, the greater sensitivity
to high salinity reported in CL-deficient mutants of Bacillus
subtilis and a deficit in managing prolonged salinity in Staphy-
lococcus aureus (5, 6) could reflect the OXPHOS deficits
because a high salinity challenge requires an energy-demanding
response. The specific CL roles most frequently reported in
connection with OXPHOS-related deficits are roles in stabi-
lizing respiratory complexes and supercomplexes in both
eukaryote mitochondria and bacteria (7—11). Although CL is
integral to the structural organization of individual mitochon-
drial respiratory complexes (12), the CL-precursor phosphati-
dylglycerol (PG) appears to substitute for CL (11). However,
higher order organization of the respiratory chain into super-
complexes is highly dependent on CL (10). CL forms microdo-
mains in regions of negative membrane curvature (13-16),
which have been shown to promote polar localization of osmo-
sensitive transporter ProP from Escherichia coli (17, 18). Dro-
sophila mutants with severe reductions in flight muscle mito-
chondrial CL exhibit deficits in the oligomerization and order
of ATP synthase assemblies and formation of the regions of
high membrane curvature characteristic of mitochondrial cris-
tae (19). CL is also found near the entrance of a proton uptake

tonmotive force; TMPD, N,N,N’,N’'-tetramethyl-p-phenylenediamine;
MYE, malate-yeast extract; GYE, glucose-yeast extract; qPCR, quantita-
tive PCR.
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TABLE 1
Bacterial strains and plasmids used in this study

Cardiolipin Roles in an Alkaliphilic Bacillus

Strain or plasmid Properties Ref.
B. pseudofirmus 811M
Wild type, 811M A methionine auxotroph of B. pseudofirmus OF4 41
AclsA Deletion of clsA gene This study
AclsB Deletion of c/sB gene This study
AclsC Deletion of cIsC gene This study
AclsA/B Deletion of c/sA and clsB This study
AclsA/B/C Deletion of clsA, clsB, and clsC This study
AF, Deletion of atpB-F 44
E. coli BKT12 strain E. coli triple deletion of cisA, clsB and cisC 43
Plasmids
pBAD-TOPO Expression vector, Ap" Invitrogen
pBAD-TOPO/lacZ/V5-His A control vector containing the gene for $-galactosidase Invitrogen
pBAD-Bp-ClsA pBAD-TOPO containing clsA from B. pseudofirmus 811M This study
pBAD-Bp-ClsB pBAD-TOPO containing clsB from B. pseudofirmus 811M This study
pBAD-Bp-ClsC pBAD-TOPO containing c/sC from B. pseudofirmus 811M This study
pBAD-Bp-ClsC-His pBAD-TOPO containing B. pseudofirmus 811M clsC with His-tagged at 3" end This study

pathway in respiratory Complex III (20-22). Digestion of
bound CL in bovine Complex IIl inactivates the complex, which
can be reversed by addition of CL (23). However, bound CL in a
Rhodobacter cytochrome ¢ oxidase complex has been shown to
be replaceable with other lipids without an impact on structure
or function (24), whereas CL was required for full activity of a
mammalian Complex IV (25). In both E. coli and B. subtilis, CL
has been shown to be dispensable (26, 27), so flexibility in
accommodating CL loss may be greater in prokaryotes than
eukaryotes.

One of the goals of this study was to test a hypothesis devel-
oped by Haines and Dencher (28-30) that CL could play a
direct role in proton translocation on the membrane surface
during OXPHOS by acting as a proton sink. Peter Mitchell’s
(31) ground-breaking chemiosmotic hypothesis posited that
during generation of a protonmotive force (PMF) by proton-
pumping respiratory chain complexes, pumped protons equil-
ibrate with the bulk liquid phase outside the coupling mem-
brane and are then re-captured for entry into the ATP synthase
during OXPHOS. However, recent experimental and compu-
tational data have indicated that pumped protons can move
rapidly on the membrane surface or near the membrane surface
and reach the ATP synthase before their full equilibration, thus
making the effective PMF larger than the PMF calculated using
the bulk phase proton concentration to calculate the pH gradi-
ent component (32—35). There is not yet a complete consensus
on how the protons move on the surface and the roles of various
variables in “trapping” them near the surface, e.g. whether CL or
other specific charged molecules at the surface are involved. A
major model system in which robust OXPHOS occurs under
conditions of low bulk PMF, is alkaliphilic Bacillus pseudofir-
mus OF4, a genetically tractable alkaliphile that carries out
OXPHOS more effectively at an external pH of 10.5 than at 7.5,
although the bulk PMF during growth in media at pH 10.5 is
much lower than at pH 7.5 because the cytoplasmic pH is 8.3
under those conditions. As a consequence, this organism pro-
vides a setting in which to test whether CL is a likely participant
in the near-surface proton translocation that is expected to be
crucial for alkaliphile OXPHOS (36 —38). Haines and Dencher
(28-30) proposed that unusual features of the CL head group
could enable a cluster of such head groups to pick up protons
and then serve as a rapid and direct conduit of protons from
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proton pumping respiratory chain complexes to the ATP syn-
thase. If this is a key mechanism, mutational loss of the three Cls
enzymes identified in the B. pseudofirmus OF4 genome (39)
would be expected to have a major negative impact on
OXPHOS capacity at high pH. Study of the individual and col-
lective roles of the Cls enzymes is also of general interest to
explore in an alkaliphile that grows well, both fermentatively
and non-fermentatively, in a pH range from 7.5 to >11.2. The
three paralogous Cls enzymes may well have distinct roles at
different pH values, and may reveal roles apart from OXPHOS
for the high CL content that is found in B. pseudofirmus OF4
(40).

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—The bacterial strains and
plasmids used in this study are listed in Table 1. The primers
used in this study are available on request. The wild-type (WT)
strain is an alkaliphilic B. pseudofirmus 811M strain (41), a
derivative of B. pseudofirmus OF4, whose whole genome was
recently sequenced (39). Three genes potentially encoding a Cls
enzyme were identified and designated as clsA, clsB, and clsC,
respectively. The cls deletion mutants, including three single dele-
tion mutants, one double mutant (deletion of clsA and cisB), and
one triple mutant (deletion of c/sA, clsB, and clsC), were con-
structed in the native alkaliphile host as described (42). Briefly, to
construct the Ac/sA strain, an upstream and a downstream flank-
ing region about 1000 bp of the clsA gene were amplified with B.
pseudofirmus 811M genomic DNA as the template, and cloned
into pGEM3Zf(+) (Promega) and pG “host4 (Appligene, Pleasan-
ton, CA) sequentially. The resulting pG“host4 construct was
transformed into B. pseudofirmus 811M strain. The AclsA
strain was constructed after a single crossover step and a double
crossover recombination step. The deletion region was verified
by DNA sequencing performed by Genewiz, Inc. (South Plain-
field, NJ). The AclsB and AclsC strains were constructed in a
similar way except that the amplified ¢/sC upstream and down-
stream fragments were ligated with low copy plasmid pMW118
(Nippon Gene, Tokyo, Japan) instead of pPGEM3Zf(+) to avoid
mutation. The double AclsA/B strain was constructed by delet-
ing the c/sB gene in the AclsA strain and the triple AclsA/B/C
strain was constructed by deleting the c/sC gene in the AclsA/B
strain.
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The three individual c/s genes from B. pseudofirmus 811M
were also amplified, and then ligated with pBAD-TOPO vector
(Invitrogen) for complementation studies. The resulting con-
structs were designated as pBAD-Bp-ClsA, pBAD-Bp-ClsB,
and pBAD-Bp-CIsC, respectively. These three recombinant
plasmids and a pBAD-TOPO/lacZ/V5-His control (Invitrogen)
were transformed into a CL-deficient E. coli BKT12 strain (43)
and expressed by overnight induction with 0.2% arabinose. A
His-tagged pBAD-Bp-ClsC-His construct was prepared to
check clsC gene expression after it failed to show complemen-
tation in E. coli BKT12.

Growth Media—Two types of media were used: both were
buffered at pH 7.5 or 10.5 for particular experiments. The
carbon source was either malate (to 50 mm) to support non-fer-
mentative growth or glucose (to 50 mm) to support fermentative
growth. The semi-defined medium with the above respective car-
bon sources are referred to as MYE (malate-yeast extract) and
GYE (glucose-yeast extract) medium (44). A defined medium in
which glutamine and alanine provided the nitrogen source
(QA) was also used at pH 7.5 or 10.5 and contained either 50
mwm malate (M-QA) or glucose (G-QA) (45).

Growth Experiments—Growth curve experiments were con-
ducted in the media and at the pH values specified in the leg-
ends for the particular experiments. The pre-cultures, unless
specified, were grown in the same media in which they would
ultimately be grown overnight and then diluted to an A, 0of 0.2
with fresh medium; then 10 ul of the diluted culture was inoc-
ulated into 190 ul of medium in a 96-well plate (Greiner Bio-
one, Germany). The plate was incubated with shaking at 30 °C
in a PowerWave XS2 microplate spectrophotometer (BioTek
Instruments, Inc.), and the A, was recorded hourly. For long
term survival growth tests, the WT strain and cls deletion
strains were pre-grown overnight in MYE or M-QA media at
pH7.50r10.5. Ten ul of each pre-culture (A, ~ 2) was diluted
into 2 ml of fresh corresponding media in a 15-ml tube. The
tubes were incubated at either 30 or 37 °C with shaking at 250
rpm. Growth was monitored by recording the Ay, in a Shi-
madzu UV-1601 spectrophotometer at the indicated time.
Appropriate dilutions were made so that the A,,, was within
the range of 0.3 to 0.5. For growth on the MYE medium, a strain
deleted in F, genes of the ATP synthase operon (AF,), which
does not grow non-fermentatively, was included as a control
and the pre-culture was grown in GYE medium at pH 7.5. The
modest growth exhibited by the AF, mutant on malate was
subtracted from the raw A, data to calculate the non-fermen-
tative growth.

Phospholipid Analysis—For determinations of phospholipid
composition, cells were grown in the presence of 5 uCi/ml of
32PQ,, which was added either during overnight growth or after
dilution of an overnight culture to an Ay, of 0.05 to initiate
logarithmic growth. Uniformly labeled cells were harvested by
centrifugation and phospholipids were extracted as described
previously (43). Analyses of the phospholipids were carried out
either by silica gel one-dimensional thin-layer chromatography
(TLC), using chloroform/methanol/water/NH,OH (60:37.5:
3:1,v/v/v/v) as solvent 1 (46), or by two-dimensional TLC using
solvent 2 (chloroform/methanol/NH,OH (130:60:8, v/v/v)) in
the first dimension (vertical direction) and solvent 3 (chloro-
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form-methanol/acetic acid/water (170:25:25:6, v/v/v/v)) in a
second dimension (horizontal direction).

For two-dimensional TLC, 20 X 20-cm TLC plates of Merck
Kiesel Gel 60 (0.25 mm) were used. Radiolabeled lipids were
visualized and quantified using a Personal Molecular Imager ™
FX (Bio-Rad). Stored images were processed and quantified
using Quantity One software for scanning and analysis of the
captured PhosphorImages (Bio-Rad). Phospholipid content is
expressed as mol % of total phospholipid, after correcting for
two phosphates per molecule of CL, and is based on the
intensity of the captured signal generating a latent image of
the radiolabeled spot on the Phosphorscreen. The results
presented are representative of two or more independent
determinations.

Isolation of Everted Membrane Vesicles, Assays of ATPase
Activity, Quantification of B-Subunit Content by Western Blot
and Assays of ATP- and NADH-driven Proton Pumping Activity—
The WT and cls deletion strains were grown on MYE medium at
pH 10.5 and the AF, strain was grown on GYE medium at pH
10.5. The cells were harvested at 4—5 h when A, was around
1.5. Everted membrane vesicles were prepared as described
previously (47). Protein concentrations were determined by
Lowry assays (48). Everted membrane vesicles were diluted to
20 mg of protein/ml with a solution containing 20% glycerol, 10
mM Tris-HCl, pH 8, 5 mm MgCl,, and stored at —80 °C for
further experiments. Octyl glucoside-stimulated ATPase activ-
ities were assayed as described previously (47). Membrane ves-
icles and cytoplasmic fractions were resolved by 11% SDS-
PAGE gel (49), and Western blot analyses were performed as
described previously (47). The amount of 8 subunit was quan-
tified by Image] 1.47 software and described as % of WT, with
WT set 100%. NADH-driven proton pumping assays were car-
ried out similarly to the ATP-driven proton pumping assays
except that 0.5 mM NADH was used to initiate the reaction (42).

Assays of Respiratory Chain Components—All enzyme assays
were conducted in a Shimadzu UV-1601 UV-Visible spectro-
photometer at room temperature. The assay buffer was 50 mm
Tris-HCI, pH 8, and the assay volume was 1 ml using 50 or 100
pg of everted membrane vesicle protein. NADH oxidase assays
were conducted by monitoring the decrease of A, over time in
the presence of 0.2 mm NADH. The NADH-ferricyanide oxi-
doreductase activity was measured at 420 nm in a buffer con-
taining 1 mm NADH, 1 mm K;Fe(CN),, and 10 mm KCN as
described (50). Succinate dehydrogenase activity was moni-
tored by following the phenazine methosulfate-coupled
reduction of 2,6-dichloroindophenol at 600 nm (51). The
reaction mixture, consisting of 10 mM succinate, 50 pg of
vesicles, and 10 mm KCN, was preincubated for 5 min at
room temperature. Then, 0.07 mm 2,6-dichloroindophenol
and 1.625 mM phenazine methosulfate were added to initiate
the reaction. N,N,N’,N’'-Tetramethyl-p-phenylenediamine
(TMPD) oxidase was measured by monitoring the increase
in Agg, o in the presence of 0.25 mm TMPD (52). The
extinction coefficients (mm ™' cm ') used for activity calcu-
lations were 6.2 at 340 nm, 1 at 420 nm, 21 at 600 nm, and
10.5 at 562 nm. One unit (U) was defined as 1 wmol of sub-
strate reduced or oxidized per minute per mg of protein.

asEveN
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Heme Staining and Spectral Analyses of Cytochrome Content—
20 or 30 pg of everted membrane vesicle protein were sepa-
rated by native 15% PAGE (49). The gels were immersed in 100
ml of staining solution containing 0.5 mg/ml of 3,3',5,5'-
tetramethylbenzidine, 50% methanol, 1 M sodium acetate, pH 4.7,
for 30 min at room temperature in the dark (53), with slow
shaking, after which H,O, was added to 0.5%. The stained
bands appeared in 5 min and the gels were scanned. The bands
were quantified by Image] 1.47 software and described as % of
WT, with WT set at 100%. Cytochromes were determined in a
Shimadzu UV-2501PC UV-Visible recording spectrophotome-
ter. Everted membrane vesicles were diluted to 4 or 5 mg/ml
with 50 mm Tris-HCl, pH 8, 0.1% dodecyl maltoside in the
cuvette. Ascorbate/TMPD-reduced minus air-oxidized spectra
were used to quantitate cytochromes c and aa,; dithionite was
then added to the reduced samples to measure the cytochrome
b spectra (as the dithionite minus ascorbate/TMPD difference
spectrum). For the quantification of cytochromes, the following
wavelength pairs and millimolar extinction coefficients were
used: (a+as), Aoy go0r A€ =20.5mM 5 b, AArgy ors, A€ =
17.5mM 5 ¢, Ados, sz Ae = 17.3 mm ' (54).

ATP Synthesis from ADP + P-loaded Right-side Out Vesicles—
The WT, AclsA, and AclsA/B/C strains were grown to an Ag,
around 0.6 in 1 liter of MYE at pH 10.5. The right-side out
membrane vesicles loaded with ADP plus P; were prepared as
described previously (47). For the ATP synthesis reaction, 500
pg of vesicle protein was added into 1 ml of pH 7.5 or 10.5 assay
buffer as described previously (47), and the reaction was initi-
ated by adding 0.1 mm phenazine methosulfate and 10 mm
ascorbate. At 10 s, part of each reaction mixture (200 ul) was
removed and transferred to a pre-cooled solution of 30% per-
chloric acid. After neutralization, the amount of ATP was
determined by the luciferin-luciferase method described previ-
ously (55); fluorescence was recorded by a chemiluminometer
(Sirius L Tube Luminometer, Berthold, Germany). The amount
of ATP synthesized was calculated from a standard curve. For
each experimental set, the background ATP was measured
using non-energized vesicles.

RNA Isolation and Quantitative Real-time PCR (gPCR)—
The WT and cls deletion strains were grown on MYE medium
at pH 7.5 or 10.5. The cells were harvested when the A,
reached 0.4. RNA was isolated and 200 ng of total RNA was
used for reverse transcription with an iScript cDNA synthesis
kit (Bio-Rad, number 170 —8891) as described previously (42).
Relative and absolute qPCR experiments were carried out in
384-well plates at the qPCR shared resource facility (Icahn
School of Medicine at Mount Sinai, New York). Primers were
designed by using Primer3 software (56). PCR were set up as
described previously (42). Samples were run in triplicate with
no template and no reverse transcriptase as controls. Data were
analyzed using SDS 2.2.1 software (Applied Biosystems). For
the relative qPCR, the fold-changes in gene expression were
calculated according to the AA threshold cycle method (57)
after normalization using gyrB and recA as reference genes.
These two reference genes gave similar results. For the absolute
qPCR determinations, standard curves were constructed for
each test gene (clsA, clsB, and clsC) according to Refs. 42 and 58,
and the transcript copies were calculated from the linear rela-

JANUARY 31,2014 +VOLUME 289-NUMBER 5

Cardiolipin Roles in an Alkaliphilic Bacillus

TABLE 2

The major phospholipid composition of WT and c/s deletion strains
grown to mid-logarithmic phase at either pH 7.5 or 10.5 on MYE
medium

Total phospholipid
PG PE CL
%

wWT pH7.5 81 16 3

pH 10.5 77 8 15
AcisA pH7.5 84 16 0

pH 10.5 91 9 0
AcisB pH7.5 79 17 4

pH 10.5 76 8 16
AcisC pH7.5 81 15 4

pH 10.5 75 10 15
AcisA/B pH7.5 83 17 0

pH 10.5 92 8 0
AclsA/B/C pH7.5 83 17 0

pH 10.5 92 8 0

tionship between the threshold cycle (C,) and the value of the
natural log of gene concentration (copies/ul). The gyrB tran-
script was used as the internal standard.

RESULTS

Three Putative Alkaliphile Cls Proteins and Their Comple-
mentation Profiles in E. coli—The membranes of alkaliphilic B.
pseudofirmus OF4 had earlier been shown to contain large
amounts of CL at stationary phase at both pH 7.5 and 10.5 (40).
Here, we first examined the % CL content among the phospho-
lipids in the WT strain grown to exponential growth phase at
pH 7.5 and 10.5. The % CL in the phospholipid panel at pH 10.5
was about 5 times higher than at pH 7.5 (Table 2). The lower %
CL observed at the lower pH, pH 7.5, was generally closer to the
% CL reported for the exponential phase cells of neutralophiles,
such as B. subtilis (5, 14) and E. coli (43). Three cls genes had
been identified in the genome of B. pseudofirmus OF4 (39), with
locus tags of BpOF4._01900, BpOF4._07070, and BpOF4._03205.
The corresponding genes are designated clsA, clsB, and clsC,
respectively; the clsA gene had already been identified by Guo
and Tropp (59) to encode a Cls. Bp-ClsA and Bp-ClsB have two
conserved HKD motifs (HXK(X),D(X),G(X),N motif), a fea-
ture of the phospholipase D family (60), whereas Bp-ClsC
shows some variations in the two HKD motifs. The predicted
transmembrane helices for Bp-ClsA, ClsB, and ClsC are three,
two, and one, respectively, as determined using TMHMM 2.0
software. Bp-ClsA shows significant sequence similarity to
YwnE from B. subtilis (45% identity; 215/482 amino acids), and
to Cls1 and Cls2 from S. aureus, with identities of 40 and 43%,
respectively, Bp-ClsB has a high sequence similarity to YwjE of
B. subtilis (41% identity, 155/380 amino acids) as well as YwnE
from B. subtilis (42% identity, 155/373 amino acids). Bp-ClsC
has a sequence similarity to YwiE of B. subtilis (23% identity,
84/364 amino acids). Among the three B. pseudofirmus OF4 Cls
proteins, Bp-ClsA displays 39% identity to Bp-ClsB, and Bp-
ClsC shows 28% identity to both Bp-ClsA and Bp-ClsC.

To test whether cls genes of B. pseudofirmus OF4 are func-
tional in vivo, three candidate genes were cloned into E. coli
expression vector pBAD-TOPO and transformed into a CL-
deficient E. coli BKT12 strain (43). Lipid analyses of E. coli
BKT12 transformants showed that both Bp-ClIsA and Bp-ClsB
produced CL (21% of total phospholipid), whereas no CL was
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observed for E. coli BKT12 transformant containing Bp-ClsC or
the empty control (Fig. 1). These results suggest that Bp-clsA
and Bp-clsB functionally complement the CL-deficient E. coli
strain and thus encode Cls enzymes. The Cls activity indicated
for Bp-ClsA in E. coli was consistent with earlier findings (59).
As shown for the ywiE gene from B. subtilis (14), B. pseudofir-
mus OF4 clsC could not complement the CL production defect
in the E. coli mutant. We further investigated Bp-clsC expres-
sionin E. coli BKT12 by introducing a His, tag at the C-terminal
of Bp-clsC, and no detectable expression of Bp-clsC was found
with 0, 0.02, or 0.2% arabinose induction, indicating that failure
of its complementation of CL production might be due to lack
of expression.

A Bp-clsA B Bp-cisB
PG 5%—(2@6) PG 3% —
\ 10
/ CL CL
21% / 21%
PE 74% PE 76%
- B
C Bp-cisC D Control
PG 24% PG 22%
4
PE 76% PE 78%
[ = B

FIGURE 1. Complementation study on CL production of E. coli BKT12
strain expressing cls genes from B. pseudofirmus 811M. B. pseudofirmus
811M cls genes were cloned into pBAD-TOPO vector and overexpressed in
CL-deficient E. coli BKT12 with 0.2% arabinose induction overnight in the
presence of [*?P]PO,. Lipids were extracted and analyzed as described under
“Experimental Procedures.” The test plasmids are pBAD-Bp-ClsA (A), pBAD-
Bp-ClsB (B), pBAD-Bp-ClsC (C), and pBAD-TOPO/lacZ/V5-His (D) as a control.
The values shown are representative of three determinations.

Roles of the Three Synthase in CL Content of the Native Host—
The lipid compositions of WT B. pseudofirmus OF4 and cls
deletion strains grown to stationary phase on MYE medium
were analyzed by two-dimensional TLC on silica gel plates (Fig.
2). The WT had CL contents of 28 and 33% of total phospho-
lipid at pH 7.5 and 10.5, respectively. The CL contents at sta-
tionary phase were much higher than the values measured from
log phase, suggesting that CL accumulated at the stationary
phase, which is consistent with our previous observations (40)
and reports of others (5, 14, 43). Therefore the initial assess-
ment of CL deficiencies in the mutant panel was conducted on
stationary cells. The AclsA mutant showed no detectable CL at
either pH 7.5 or 10.5, and exhibited a significant increase in PG
content to 88 or 85% of total phospholipid at pH 7.5 or 10.5,
respectively. By comparison, the WT had PG contents of 56 and
49% of total phospholipid at pH 7.5 and 10.5, respectively. The
absence of detectable CL in the AclsA strain was further con-
firmed in overexposed images (data not shown). The AclsB
showed similar lipid profile and percentage of the total phos-
pholipid to that obtained with the WT strain at both pH 7.5 and
10.5, indicating no contribution of ¢/sB to CL production under
these conditions. The Ac/sC mutant exhibited a significant
decrease of CL content, relative to WT, from 28 to 17% at pH
7.5, but not at pH 10.5, suggesting that c/sC plays a role in CL
synthesis at pH 7.5 during stationary phase. The double
AclsA/B and triple AclsA/B/C strains showed similar phospho-
lipid profiles to the AcisA strain, with no detectable CL at both
pH values tested. We also performed a similar phospholipid
analysis for WT and c/s mutants grown to exponential phase at
both pH 7.5 and 10.5 (Table 2). The WT had much lower CL
contents than noted above for stationary phase cells, with expo-
nential phase values of only 3 and 15% of total phospholipid at
pH 7.5 and 10.5, respectively, indicating an up-regulation of CL
synthesis at high pH in exponential phase as well as stationary
phase. The AclsA, AclsA/B, and the AclsA/B/C mutants all
showed no detectable CL at either of the test pH values. By

A, pH 7.5, stationary phase
WT AclsA
PG 56% PG 88%
PE16% CL 28% PE 12%
AclsB AclsC
PG 50% PG 65%
“ ) ‘ ‘e
PE16% CL 34% PE18% CL17%
AclsA/B AclsA/B/C
PG 86% PG 86%
o ' )
PE 14% PE 14%

B, pH 10.5, stationary phase
WT AclsA
PG 49% PG 85%
.~ o
PE18% CL 33% PE 15%
AclsB AclsC
PG 45% PG 52%
e “.
PE19%  CL 36% PE20% CL28%
AclsA/B AclsA/B/C
PG 86% PG 84%
.o . ®
PE 14% PE 16%

FIGURE 2. Comparative phospholipid profiles of WT and cis deletion strains grown to stationary phase on MYE medium at either pH 7.5 (A) or 10.5 (B).
Cells were grown overnight to stationary phase and lipids were extracted and separated by two-dimensional TLC as described in the legend to Fig. 1. The values

shown are representative of two or more determinations.

2964 JOURNAL OF BIOLOGICAL CHEMISTRY

VOLUME 289-NUMBER 5-JANUARY 31, 2014



A
OcisA McisB DOcl
20000- cls. cls clsC
<
-
§15000-
]
210000
@
o
& 5000
(%)
0
pH7.5 pH 10.5
B 4, gcisa meisB meisc
n
e
£xT 34
g S
c ©
$5 2
E9
T O
T g 1]
3
Ty o o @
¥ o 9 ‘?X
TS
Avd
C 4, Qpcisa mcisB melsC
n
=
sz 31
g S
$c
= 0
£9
T O
Ta
S3

FIGURE 3. Analysis of cIs gene expression in WT and cis deletion strains by
gPCR. The experiments were conducted as described under “Experimental
Procedures.” The gyrB gene was used as an internal reference gene. The val-
ues are averages of determinations from at least two independent experi-
ments, and the error bars show the S.D. A, absolute quantification of WT cls
gene transcripts at different pH values. The gyrB gene had values of (3.71 =
0.04) X 10*and (3.52 + 0.13) X 10 copies/ng of total RNA at pH 7.5 and 10.5,
respectively. B, effects of deletion of a single c/s gene or a double c/sA and c/sB
on expression of the remaining cls genes in strains grown at pH 7.5 or 10.5 (C),
the fold-difference is relative to the WT strain, with WT set to 1.

contrast, the AclsB and AclsC mutant strains exhibited phos-
pholipid profiles similar to that of WT, suggesting that deletion
of ¢lsB or clsC did not significantly affect CL synthesis during
exponential phase growth.

Expression Levels of the Three cls Genes—The expression lev-
els of three cls genes were determined for cells grown at pH 7.5
and 10.5 by absolute quantification PCR. As shown in Fig. 34,
the transcript levels of c/sA were constitutively high at both pH
values relative to the other cls genes, consistent with a domi-
nant role in CL synthesis. The level of c/sB transcripts in cells
grown at pH 7.5 was about twice the level in cells grown at pH
10.5, and the transcript levels of c/sC were the same at both pH
values and the lowest among the three cls genes. We further
investigated whether deletion of one or more cls genes affected
expression of the remaining c/s genes at pH 7.5 and 10.5. At low
pH, there were no very significant effects of the cls deletion
mutants on expression of those remaining (Fig. 3B), and at high
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pH, the expression level of c/sC was modestly up-regulated in
the AclsA and AclsA/B mutant strains (Fig. 3C).

Effects of the Absence of CL on Non-fermentative Growth and
OXPHOS—We then investigated whether the absence of
detectable CL affects non-fermentative growth of B. pseudofir-
mus OF4, especially at high pH. First, we examined the growth
of cls deletion mutants on semi-defined MYE medium, at both
pH 7.5 and 10.5. The ATP synthase mutant AF, strain was
grown as a control to assess for fermentative growth supported
by the presence of 0.1% yeast extract on MYE medium. At pH
7.5, the clsA and c¢/sC mutants showed similar growth patterns
to the WT, whereas the Ac/sB mutant showed a slightly lower
level of growth at stationary phase (data not shown). At high
pH, none of the mutants differed significantly from the WT
strain in growth pattern (data not shown). We further mea-
sured the growth of ¢/s mutants on QA medium at pH 7.5 and
10.5. QA is a defined medium that only supports non-fermen-
tative growth when malate is the added carbon source (M-QA)
and supports fermentative growth when glucose is added as the
carbon source (G-QA). In M-QA medium at pH 7.5, the AclsB
mutant exhibited a significantly shorter lag and more rapid
exponential growth than the WT strain, the Ac/sC mutant grew
just slightly faster than the WT, and all three mutants that had
a clsA deletion showed a longer lag and slower exponential
growth than the WT, especially the single Ac/sA mutant (Fig.
4A). At pH 10.5, in M-QA medium, there were only small dif-
ferences among the growth patterns of the strains, with the
AclsC strain again showing a slightly faster growth rate than
WT, whereas all the other mutants grew slightly more slowly
than WT (Fig. 4B). The impressive growth phenotypes of cls
mutants, which were evident at pH 7.5 in M-QA but not on
MYE medium, suggested that the phenotype might relate to
particular properties of the QA medium rather than the non-
fermentative carbon source. To test this, 50 mm glucose was
substituted for malate as the carbon source in pH 7.5 G-QA. As
shown in Fig. 4C, the pattern of phenotypes was indeed similar
to that observed at pH 7.5 in M-QA medium except for an extra
phase of modest additional growth, with a diauxic appearance,
by the AclsB after the initial exponential phase in the G-QA. At
pH 7.5, the spread of growth patterns suggests that stress from
the high medium amine content leads to an increase in the
value of Bp-ClsA relative to the other two synthases. However,
the absence of detectable CL did not prevent non-fermentative
growth of B. pseudofirmus OF4 in either MYE or M-QA media
at pH 10.5, nor at pH 7.5.

Although CL was not essential for non-fermentative growth
at high pH, it was of interest to assess its impact on specific ATP
synthase and respiratory chain functions that are important
elements of OXPHOS at pH 10.5. We first determined the
amount of (B subunit of F,F-ATP synthase in the membrane
and cytoplasm fractions, because the incorporation of the cat-
alytic F; domain, which contains the 8 subunit, depends upon
prior assembly of the membrane-associated F, domain (42). As
shown in Table 3, no significant differences on 3 subunit levels
were found in the membrane. However, the Ac/sB mutant
showed a significant, ~2.5-fold, increase in the cytoplasmic 3
subunit content relative to the W'T, consistent with an assembly
or stability deficit (Table 3). There was also a significantly lower
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FIGURE 4. Growth tests of WT and cIs deletion strains on M-QA medium at pH 7.5 (A), pH 10.5 (B), or G-QA medium at pH 7.5 (C). The growth experiments
were conducted as described under “Experimental Procedures.” The values are the average of at least two independent growth curves with triplicate repeats,

and the S.D. were within 13%.

TABLE 3

Characterization of cls deletion strains, relative to WT strain, in B subunit distribution, ATPase activity, and proton pumping activity

cls deletion strains and WT strains were grown on MYE medium at pH 10.5, whereas the AF, strain, as a control, was grown on GYE medium at pH 10.5. The AF, strain
showed a 12 * 3 and 1021 =% 203% of B-subunit content, relative to WT, in the membrane and cytoplasm fractions, respectively; for the WT, the B-subunit distribution was
88 * 3% in the membrane and 12 * 3% in the cytoplasm. The WT strain had a value of 1.1 # 0.18 units (mg of membrane protein) ' min~1 for octyl glucoside-stimulated
ATPase activity. For the ACMA fluorescence quenching assay, the WT strain had a proton pumping activity of 44.9 * 3.9 and 56 = 4% in ATP-driven and NADH-driven
assays, respectively. The data from ATPase and the ATP-driven proton pumping assay were corrected by subtracting the values of AF, strain as background. The values are

the averages of at least 3 independent preparations =S.D.

B-Subunit content

Octyl glucoside-stimulated

ATP-driven proton NADH-driven proton

Membrane Cytoplasm ATPase activity pumping activity pumping activity
% of WT % of WT

WT 100 100 100 100 100

AclsA 93 +7 101 = 11 103 =9 102 = 10 97 £ 4

AcisB 102 +7 256 * 47 116 + 6 98 + 12 95 £ 10

AclsC 98 + 14 50 + 18 94+ 16 93+9 99 *+2

AcisA/B 97 £5 97 = 16 99 +10 104 =1 92 +3

AclsA/B/C 86 +5 116 = 27 86 =7 91 =15 93 £10

cytoplasmic B subunit content in the Ac/sC mutant relative to
the WT standard, suggestive of a more efficient assembly pro-
cess in that mutant than in the WT.

Assays of ATPase activity (the hydrolytic activity) also
revealed no significant defects on the cls deletion mutants. All
the mutants exhibited ATP-driven and NADH-driven proton
pumping activities comparable with that of the WT. Because no
detectable CL levels were found in AclsA-deleted strains, AclsA
and AclsA/B/C strains were chosen for further experiments.
We conducted several additional assays of membrane vesicles
isolated from AclsA and AclsA/B/C strains in comparison with
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the WT control (Fig. 5). The capacities for ATP synthesis by the
two mutants were determined in ADP + P,;-loaded right-side
out membrane vesicles, yielding evidence that both mutants
retained at least 90% of the WT ATP synthase activity at both
pH 7.5 and 10.5 (Fig. 5A4). This result indicated that any deficits
in the respiratory chain did not have devastating effects on
OXPHOS. To assess deficits that might be modestly reducing
optimal growth, several respiratory complexes and segments
were assayed in the same two mutants in comparison with the
WT control. The two mutants showed comparable NADH oxi-
dase activity, which assessed function of the whole respiratory
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FIGURE 5. Functional characterization of WT, AcisA, and AclsA/B/C
strains. A, ATP synthesis by ADP + P-loaded right-side out membrane vesi-
cles. The strains were grown on MYE at pH 10.5. Assays were conducted as
described under “Experimental Procedures.” The values are the averages of
triplicate assays from three independent vesicle preparations and the error
bars show the S.D. B, enzymatic activities of components of the respiratory
chain. Everted membrane vesicles were prepared from cells grown on MYE at
pH 10.5 and assays were conducted as described under “Experimental Proce-
dures.” The values for mutants are described as % of WT, with WT set at 100%.
The values are the averages of duplicate assays from two independent vesicle
preparations, and the error bars show the S.D. The WT strain had values of
0.112 # 0.003 and 0.283 = 0.012 units for NADH oxidase and TMPD oxidase
activity, respectively. The specific activities of the WT were 0.823 == 0.014 and
0.561 = 0.013 units/mg for NADH ferricyanide reductase and succinate dehy-
drogenase, respectively. C, heme-staining analysis of everted membrane ves-
icles. 30 ug of membrane vesicles were resolved on 15% polyacrylamide gels
and stained with 3,3’,5,5'-tetramethylbenzidine + H,O,. The bands were
quantified using ImageJ 1.47 software and the WT was designated 100%. Two
¢ type cytochromes (bottom two bands) were quantified together. The values
are the averages = S.D. from two independent vesicle preparations.

chain with NADH as electron donor; there was a modest deficit
observed with the Ac/sA mutant that was not observed in the
triple mutant also containing that deletion (Fig. 5B). Compara-
ble succinate dehydrogenase activity was observed in both
mutants relative to WT (Fig. 5B). Similarly, with the TMPD
oxidase assay used for measuring the activity of cytochrome
caa; oxidase, the proton-pumping terminal oxidase, the AclsA
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TABLE 4
Cytochrome content of WT, AclsA, and AclsA/B/C strains

Cells were grown to logarithmic phase on MYE medium at pH 10.5, and assayed as
described under “Experimental Procedures.” The values are averages = S.D. from at
least two independent determinations.

Cytochrome content

Cytochrome b
Cytochrome gz,  nmol/mg of protein  Cytochrome ¢
WT 0.1 = 0.016 0.29 = 0.01 0.57 = 0.06
AclsA 0.092 + 0.023 0.29 = 0.03 0.50 = 0.08
AclsA/B/C  0.097 = 0.016 0.26 = 0.01 0.47 £ 0.08

and AclsA/B/C strains had levels similar to those of WT. By
contrast, both mutants had significant reductions on NADH
ferricyanide activity; this assay assesses NADH dehydrogenase
activity, which in B. pseudofirmus OF4, represents two NdhlII
type enzymes that are peripheral proteins that associate with
the cytoplasmic side of the coupling membrane (61). The AclsA
and AclsA/B/C had 64 and 59% of WT activity, respectively.
The WT strain has four major heme staining polypeptides as
described (62). Both AclsA and AclsA/B/C showed the expected
four bands with no significant reductions in the amounts (Fig.
5C). This was consistent with spectral assays of cytochrome
contents of AclsA and AclsA/B/C, in which only a slightly
reduced cytochrome c relative to WT was observed in the
AclsA/B/C mutant (Table 4).

Role of CL in Tolerance of High Salt and in Long Term
Survival—As noted earlier, CL deficiency is associated with
reduced tolerance of salinity in B. subtilis and prolonged salin-
ity stress in S. aureus (5, 6). It was therefore of interest to exam-
ine whether this pattern extended to alkaliphilic B. pseudofir-
mus OF4 as well. We conducted growth tests of cls deletion
strains on high salt medium. As shown in Fig. 6, the WT had a
longer lag time for initiation of growth in media with elevated
NaCl concentrations than observed in its absence; the cls dele-
tion strains did not differ greatly from WT at either 2 M NaCl on
MYE at pH 7.5 (Fig. 6A), or at 1.5 M NaCl at pH 10.5 (Fig. 6B).
The pattern of the alkaliphile response to elevated salinity indi-
cated greater salt tolerance than observed with CL-less B. sub-
tilis, which exhibited a lag and final growth deficit relative to
WT in 1.5 M NaCl (5). The alkaliphile pattern was more similar
to that of the salt-tolerant S. aureus strain, for which growth of
cls mutants was not significantly different from growth of the
WT (6). The S. aureus double cls1/cls2 mutant did, however,
exhibit a significant drop in CFUs after 105 h incubation at
around 2.5 M NaCl (6).

CL has been shown to play a role in survival of cells in a
prolonged incubation for E. coli (43, 63) as well as for S. aureus
under elevated salt conditions (6). Here, we first examined the
long term survival of alkaliphilic B. pseudofirmus OF4 cls
mutants on MYE and QA media at 30 °C (Fig. 7). At 7.5 MYE,
survival of the WT, as assessed by Ay, declined with the
increase in incubation time from 24 h, by which time the sta-
tionary phase is reached, to 168 h, and all the mutant strains
except the Ac/sB mutant exhibited similar growth to the WT.
The AclsB mutant exhibited an A, that was only 71 and 44% of
WT, at 120 and 168 h, respectively (Fig. 7A). The reduced Ay,
indicates that c/sB plays a role in long term survival at pH 7.5. At
pH 10.5, the WT strain exhibited a sharp decline in A,
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FIGURE 6. Growth of WT and c/s deletion strains on high salt medium. The
strains were pre-grown on MYE medium at either pH 7.5 or 10.5, and the
growth experiments were conducted as described under “Experimental Pro-
cedures.” Strains were grown on 7.5 MYE + 2 m NaCl (A) or 10.5 MYE + 1.5m
NaCl (B). The values are the average of two independent growth curves with
duplicate repeats, and the S.D. were within 9%.

between 24 and 48 h; interestingly, deletion of c/sB appeared to
offer some protection against that decline whereas, especially
after 72 h, deletion of c/sC alone seemed to exacerbate the
decline relative to WT (Fig. 7B). Long term survival was also
examined in the same panel of strains growing on the defined
QA medium at 30 °C. At pH 7.5, all the mutant strains exhibited
comparable growth to the WT, except for a small deficit in
initial growth of the Ac/sB mutant (Fig. 7C). At pH 10.5, all the
strains with c/sA deletions exhibited a major decline in Ay, by
96 h, with less than 80% of the WT A, after 96 h incubation
(Fig. 7D). The AclsC mutant more slowly reached the full
decline shown by the c/sA mutants by the end point of 168 h,
whereas, by contrast, the Ac/sB mutant exhibited a significantly
better survival than any of the other strains after 96 h (Fig. 7D).
The generally greater retention of long term survival capacity in
pH 10.5 M-QA media than in pH 10.5 MYE media was striking
(compare Fig. 7, D with B). Finally, the same long term experi-
ment was conducted at 37 °C (data not shown), under condi-
tions in which the stationary phase is somewhat faster than at
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30 °C. In pH 7.5 MYE, the strains with a c/sA deletion exhibited
an Ao decline to values less than 52% of WT growth at 72 h, a
much more rapid decline than observed at 30 °C; strains with
clsA deletions still showed even more profound declines in sur-
vival and there was still an indication that deletion of clsB
favored survival up to 72 h at which point a deleterious effect of
clsC deletion became evident. In M-QA medium, the survival
deficits of the panel of strains were greater than at 30 °C; the
AclsB decline as a function of temperature was significantly less
than that of the other mutants.

DISCUSSION

A major finding of this study is that CL is not essential for
OXPHOS and the non-fermentative growth it supports in alka-
liphilic B. pseudofirmus OF4, during growth at either pH 7.5 or
10.5. This makes it unlikely that CL is a crucial participant in the
proton movements on or near the membrane surface from pro-
ton-pumping respiratory chain complexes to the F,F,-ATP
synthase complex. As in other studies in which CL has been
reduced (14, 43), a compensatory rise in anionic PG was
observed in the alkaliphile, but PG does not have the head
group structure, which was hypothesized to underpin a specific
mechanism that could account for the capacity of the alka-
liphile for ATP synthesis at high pH (28).

Other mechanisms and bases for retention and translocation
of protons before equilibration with the bulk have been pro-
posed (33, 34). Further studies in this model system will explore
the possibility that several such mechanisms make contribu-
tions in this extremophile. In keeping with early proposals of
Williams (64, 65), several adaptations in the OXPHOS machin-
ery itself have already been shown to be necessary for the
OXPHOS capacity displayed by B. pseudofirmus OF4 (38, 66,
67).

The experiments conducted here reveal that Bp-ClIsA is the
major contributor to the CL content of B. pseudofirmus OF4.
Consistent with that contribution was the observation that
both the single AclsA and triple deletion mutants had a signifi-
cant reduction in NADH dehydrogenase activity. This reduced
activity did not ultimately cause a major defect in respiration as
awhole, but may be caused by the reduced ability of the enzyme
to bind well enough to the membrane surface in the absence of
CL. Although ClsA is a dominant source of CL in the alkaliphile,
Bp-ClsC makes an evident contribution, augmenting the role of
Bp-ClsA during long term survival at pH 10.5 (Fig. 7). In addi-
tion, there are particular contexts in which either positive or
negative effects on expression of Bp-ClsB are evident, i.e. a pos-
itive effect during growth at pH 7.5 (data not shown) and a
negative effect during long term growth at pH 10.5 (Fig. 7). This
greater role of Bp-ClsB at pH 7.5 than at pH 10.5 is consistent
with an emerging pattern in B. pseudofirmus OF4 in which
paralogous genes that may have arisen from gene duplications
develop pH-specific functions. This was recently described for
two yqjG/spolll] homologues in the alkaliphile (42). B. pseudo-
firmus OF4 is “hard-wired” for alkaliphily, i.e. its capacities for
growth at external pH values of 11.2 and above are accompa-
nied by a cost in efficacy of some physiological systems, e.g. loss
of motility, at pH 7.5 (68). However, in the realm of its mem-
brane phospholipids, the current studies suggest that the major
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FIGURE 7. Long term survival growth of cIs deletion strains at 30 °C. Strains were grown on MYE at pH 7.5 (A) or 10.5 (B), or M-QA at pH 7.5 (C) or 10.5 (D). The
experiments were conducted as described under “Experimental Procedures.” The values are the averages of two independent growth experiments with
duplicate repeats, and the error bars show the S.D.

Bp-ClsA is in general well complemented by the mixture of

contributions from the two other synthases in terms of meeting
current demands to function well in the near neutral range
of pH.
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