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Bioenergetics of the Moderately Halophilic Bacterium Halobacillus
halophilus: Composition and Regulation of the Respiratory Chain

Nadin Pade,* Saskia Kocher,* Markus RoeBler,* Inga Hanelt, Volker Miiller

Molecular Microbiology & Bioenergetics, Institute of Molecular Biosciences, Johann Wolfgang Goethe University, Frankfurt, Germany

In their natural environments, moderately halophilic bacteria are confronted not only with high salinities but also with low oxy-
gen tensions due to the high salinities. The growth of H. halophilus is strictly aerobic. To analyze the dependence of respiration
on the NaCl concentration and oxygen availability of the medium, resting cell experiments were performed. The respiration
rates were dependent on the NaCl concentration of the growth medium, as well as on the NaCl concentration of the assay buffer,
indicating regulation on the transcriptional and the activity level. Respiration was accompanied by the generation of an electro-
chemical proton potential (Afiy+) across the cytoplasmic membrane whose magnitude was dependent on the external pH. Genes
encoding proteins involved in respiration and Afi,;+ generation, such as a noncoupled NADH dehydrogenase (NDH-2), complex
II, and complex III, were identified in the genome. In addition, genes encoding five different terminal oxidases are present. In-
hibitor profiling revealed the presence of NDH-2 and complex III, but the nature of the oxidases could not be resolved using this
approach. Expression analysis demonstrated that all the different terminal oxidases were indeed expressed, but by far the most

prominent was cta, encoding cytochrome caa, oxidase. The expression of all of the different oxidase genes increased at high
NacCl concentrations, and the transcript levels of cta and qox (encoding cytochrome aa; oxidase) also increased at low oxygen
concentrations. These data culminate in a model of the composition and variation of the respiratory chain of H. halophilus.

oderately halophilic bacteria require NaCl for growth and

have the capability to grow over a wide range of NaCl con-
centrations, ranging from marine concentrations to near satura-
tion, with similar growth rates. This demonstrates not only the
mere NaCl requirement but an extraordinary capacity to adjust
the metabolism to a wide range of different external salinities (1).
In recent years, Halobacillus halophilus has become a model sys-
tem to study the adaptation of Gram-positive moderately halo-
philic bacteria to the changing salinities in their environments. Its
genome sequence has been determined, and a genetic system has
been developed (2, 3). The most obvious challenge that a halophile
is confronted with is to establish turgor pressure. H. halophilus
accumulates molar concentrations of chloride, along with com-
patible solutes (4), in a highly regulated process: at intermediate
NaCl concentrations, glutamine and glutamate are the major
osmolytes, whereas proline becomes predominant at higher salin-
ities (5). In addition to the salinity-dependent regulation of
osmolyte synthesis, there is a second, growth phase-dependent
regulation: the cellular proline content is reduced at the end of the
exponential growth phase, while ectoine is synthesized instead (6).
The regulatory events involved in maintaining a proper solute
pool size are not well characterized, but chloride is required for
glutamate and glutamine production (4).

Although turgor adjustment is an obvious challenge for mod-
erate halophiles, the adaptation of other cellular processes is
equally important. Genome-wide expression analyses in nonhalo-
philic bacteria, such as Escherichia coli (7) and Bacillus subtilis (8,
9), or the methanogenic archaeon Methanosarcina mazei (10), re-
vealed upregulation of many different cellular functions, includ-
ing protective pathways, such as solute transport and biosynthesis,
import of phosphate, export of Na™, and upregulation of path-
ways for modification of DNA and cell surface architecture. In its
natural environment, the salt marshes, exposure to sunlight cre-
ates an additional stress for H. halophilus that is combated by
carotenoids (11). Exposure to sunlight also leads to evaporation of
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water, which has two important consequences: first, the salinity
increases, and second, since the solubility of gases is dependent on
the salinity, the consequence is a reduced availability of oxygen at
high salinities. The concentration of dissolved oxygen at 3 M NaCl
is reduced by 62% compared to the concentration at 0.5 M NaCl at
20°C (12, 13), and the reduction is even greater at higher temper-
atures. Despite the obvious correlations between salinity and
oxygen availability, little is known about how these parameters
affect respiration and bioenergetics in moderate halophiles.
Therefore, we have studied the bioenergetics of H. halophilus, the
composition of its respiratory chain, and its regulation.

MATERIALS AND METHODS

Organism and cultivation. H. halophilus (DSMZ 2266") was routinely
grown in nutrient broth (NB-Mg”* medium) containing 0.03 M magne-
sium sulfate. The final concentration of NaCl varied depending on the
experiment (values are given in the text). The pH was adjusted to 7.8 with
NaOH. H. halophilus was cultivated aerobically and shaken on a rotary
shaker at 30°C. Growth was monitored by determining the optical density
of the cultures at 578 nm (ODs.,). In addition to the NB-Mg*" medium,
glucose minimal medium (G10 medium) was used for anaerobic condi-
tions. This medium contained 1 M NaCl, 50 mM glucose, 37 mM NH,ClI,
36 uM FeSO,, 100 mM Tris base, 3 mM K,HPO,, yeast extract (0.1 g -
liter '), DSM 141 vitamin solution (1 ml - liter '), and DSM 79 artificial
seawater (250 ml - liter!). For anaerobic cultivation, both media were
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gassed with N,-CO, (80:20, vol/vol). The pH of the G10 medium was
adjusted to 7.8 with H,SO,,. The growth conditions were strictly anaerobic
under N,-CO, (80:20, vol/vol) in 16-ml Hungate tubes (Ochs, Bovenden,
Germany) containing 5 ml medium. Growth was monitored by determin-
ing the OD 44 of the cultures using a Genesys 10 photometer (Spectronic
Instruments, USA) designed for Hungate tubes. All data points given
reflect the means of triplicate tubes of one experiment that was performed
at least two times. Trimethylamine-N-oxide (TMAO), dimethyl sulfoxide
(DMSO), or NO; ™~ was used as the potential electron acceptor, with glu-
cose as the carbon and energy source. Potassium acetate and succinate
were used as electron donors, with Na,SO, or Fe(NO,); as the electron
acceptor. Unless otherwise noted, every electron acceptor and donor was
used in a concentration of 50 mM.

Preparation of cell suspensions. For preparation of cell suspensions,
NB-Mg?" medium with 1.0, 2.0, or 3.0 M NaCl was inoculated (5%) with
exponentially growing cells that had been pregrown at the same salinity.
The cells were harvested in the mid-exponential growth phase (ODs5, of
0.5 to 0.7) by centrifugation (25 min at 12,800 X g in an Avanti JA-10
rotor; Beckmann Coulter, USA) and washed once with 0.05 M Tris buffer
(pH 7.8) containing 0.05 M MgSO,, and NaCl as used for growth. The cell
pellet was resuspended in the same buffer to an OD, of 50 and stored on
ice until use. The protein concentration of the cell suspension was deter-
mined according to the Bradford method (14), with bovine serum albu-
min as the standard.

For preparation of the concentrated cell suspensions used to deter-
mine the bioenergetic parameters, NB-Mg”" was inoculated (1%) from
cultures maintained in the same medium. Fresh cell suspensions were
prepared for each experiment. Cells in the late logarithmic growth phase
were harvested by centrifugation and washed once with 0.05 M Tris-HCI
buffer, pH 7.5, containing 0.66 M Na,SO, and 0.05 M MgSO,. The cell
pellet was resuspended in the same buffer to a concentration of 12 to 18
mg protein - ml~! and stored on ice until use. The protein concentration
of the cell suspension was determined according to the Bradford method
(14), with bovine serum albumin as a standard.

Determination of the ATP content. The ATP contents of cell suspen-
sions were determined using a luciferin-luciferase assay (15). Aliquots
(0.5 ml) of the concentrated cell suspension were added to 9.5-ml volumes
of 0.05 M Tris-HCI buffer, pH 7.5, containing 0.05 M MgSO, and 1 M
NaCl. The cell suspensions were shaken at room temperature. At specific
time points, 0.5-ml samples were taken and directly transferred into Ep-
pendorf tubes containing 0.2 ml of ice-cold 3 M perchloric acid. After
incubation of the samples on ice for 2 h, the pH was increased to 7.4 by the
addition of 30 pl saturated K,COj solution and 0.2 ml 0.4 M TES [N-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid]-NaOH buffer,
pH 7.4. The KCIO, formed was removed by centrifugation. The superna-
tants were kept at 4°C until ATP determination. Amounts of 10 ul of the
supernatants were transferred into luma cuvettes (Celsis Lumac, Land-
graaf, Netherlands) containing 250 pl of the assay buffer (20 mM glycyl-
glycine, 5 mM sodium arsenate, and 4 mM MgSO,, pH 8.0). The reaction
was started by the addition of 20 pl of a luciferin-luciferase preparation
(Sigma, Deisenhofen, Germany). The cuvettes were rapidly mixed and
introduced into a Biocounter (Celsis Lumac, Landgraaf, Netherlands).
The amount of light emitted is proportional to the ATP content of the
assay, which was determined using a calibration curve between 0 to 40
pmol ATP.

Measurements of Als and ApH. The transmembrane electrical field
(Ay) was estimated from the distribution of radioactively labeled tetra-
phenylphosphonium ions ([*H]TPP™) (16, 17). Amounts of 0.5 ml of the
concentrated cell suspensions were added to 9.5 ml of 0.05 M Tris-HCl
buffer, pH 7.5, containing 0.05 M MgSO,, sodium salts as indicated, and
1 wCiof [PH]TPP*Br~ (final concentration, 3.2 uM). At this concentra-
tion, TPP™ did not affect the respiration and viability of the cells (data not
shown). At specific time points, 0.5-ml samples were withdrawn from the
cell suspension and transferred to Eppendorf tubes containing 0.2 ml
silicon oil (p = 1.065 to 1.095, depending on the salt concentration of the
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buffer used). The cells were separated from the buffer by centrifugation
through silicon oil as described previously (17). An amount of 50 pl of the
supernatant was transferred into a scintillation vial that contained 0.5 ml
of 3 M NaOH. The remainder of the supernatant and the silicon oil was
removed by suction. The tip of the Eppendorf tube with the pellet was cut
off with a razor blade and transferred into a second scintillation vial con-
taining 0.5 ml of 3 M NaOH. The vials were vigorously shaken, and after
an incubation time of 12 h at 37°C, the cells were completely hydrolyzed.
After the addition of 5 ml Rotiszint ecoplus (Roth, Karsruhe, Germany),
the levels of radioactivity were determined in a liquid scintillation counter
type 2100 TR (Packard, Dreieich, Germany).

Ay was calculated from the distribution of [’H]TPP* using the Nernst
equation (17). The internal and total water spaces of H. halophilus under
these conditions were determined earlier (18). The accumulation of
[PH]TPP* was corrected for unspecific binding to the cells. The radioac-
tivity found in the pellet after treating cells with 4% butanol for 1 hat 37°C
was defined as unspecific binding.

ApH was calculated from the distribution of the weak base methyl-
amine, but at pH values lower than 7.0, ['*C]benzoic acid was used as a
marker. The treatment of the cells was exactly as described above for the
measurement of Als except that, instead of [PH]TPP", 10 pnCi? H,0and1
uCi [**C]methylamine (final concentration, 1.9 M) were added to the
cell suspensions. The ApH was calculated as described previously (17).
The transmembrane electrochemical proton gradient (Api;;+) was calcu-
lated according to the equation A+ = Ay — 59 X ApH.

Measurement of oxygen uptake. An oxygen electrode (Rank Broth-
ers, Bottisham, Cambridge, United Kingdom) connected to a chart re-
corder was used to measure oxygen uptake. Before the experiment was
started, the air-saturated buffer (0.05 M Tris, pH 7.8, 0.05 M MgSO,, and
NaCl as indicated below) was incubated for 5 min at 30°C. The reaction
vessel contained 2.9 ml of the buffer and 100 pl of the cell suspension or
the membrane suspension. The sample was stirred throughout the exper-
iment using a small magnetic stirrer. Inhibitors like rotenone, HDQ [1-
hydroxy-2-dodecyl-4(1H)quinolone], and antimycin A were dissolved in
ethanol and used in different concentrations. Sodium azide, potassium
cyanide, and zinc chloride were dissolved in water, also in different con-
centrations.

Isolation of cytoplasmic membrane. Cell suspensions prepared as
described above were supplemented with lysozyme (100 mg/ml, final con-
centration) for 15 min at 30°C. After the addition of 0.5 mM phenylmeth-
ylsulfonyl fluoride (PMSF), cells were disrupted in a French pressure cell.
Cell debris was removed by centrifugation (30 min at 20,500 X g in an
Avanti JA-25.50 rotor; Beckmann, USA), and the resulting cell extract was
centrifuged at 170,000 X gand 4°C for 1.5 h (rotor 70 Ti, Optima L-100K
centrifuge; Beckmann, USA). The pellet was homogenized in buffer (0.05
M Tris, pH 7.8, 0.05 M MgSO,, and NaCl as used for growth) and then
centrifuged a second time at 170,000 X g and 4°C for 1.5 h. The washed
membranes were resuspended in 1 ml of the same buffer to an average
protein concentration of 25 to 40 mg/ml.

Real-time PCR analysis. For real-time PCR analysis, H. halophilus
cells were harvested in the early exponential growth phase (ODs,5 0f 0.15
to 0.3). Isolation of RNA, cDNA synthesis, and qPCR were done as de-
scribed before (19). Amplification of cbaB, qoxA, cydA, ctaC, and ythA
fragments was achieved with primers RT_cbaB_fw, RT_cbaB_rev,
RT_qoxA_fw, RT_qoxA_rev, RT_cydA_fw, RT_cydA_rev, RT_ctaC_fw,
RT_ctaC_rev, RT_ythA_fw, and RT_ythA_rev. Data analysis was accom-
plished using the threshold cycle (27*4¢T) method (20). Real-time PCR
analysis was done with three independent physiological parallels to ensure
statistical relevance.

Chemicals. HDQ was kindly provided by W. Bohne (University of
Gottingen), and antimycin A, rotenone, and sodium azide by B. Ludwig
(University of Frankfurt). Potassium cyanide and zinc chloride were pur-
chased from Merck (Darmstadt, Germany).
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TABLE 1 ApH, A, Afiy;+, and ATP content in cell suspensions of H. halophilus at different external pH values®

Mean value * SD for:

pH. pH; ApH Ay (mV) Afy+ (mV) ATP (nmol/mg)
6.6 6.52 = 0.07 —0.08 £ 0.07 —194 £ 9 —190 £ 13 1.5 0.1
7.4 7.24 = 0.06 —0.19 £ 0.06 —201 £9 —190 £ 13 3.8 0.2
8.0 7.41 £0.12 —0.59 £0.12 —218 =4 —183 £ 11 3.2+0.3
8.5 7.86 £ 0.08 —0.64 £ 0.08 —220*£5 —182 £ 10 2.8 +0.2
8.9 7.98 = 0.02 —0.96 £ 0.02 —188 = 12 —133 £ 13 1.3 +0.3

@ Cell suspensions were incubated in 0.05 M Tris-HCl, pH 7.5, containing 0.05 M MgSO, and 1 M NaCl. The bioenergetics parameters were determined as described in Materials

and Methods. pH,, external pH; pH;, internal pH.

RESULTS

The metabolism of H. halophilus is strictly aerobic. To address
the question of whether H. halophilus can grow in the absence of
oxygen by anaerobic respiration or fermentation, experiments
were performed under strictly anaerobic conditions (21, 22).
When cells were incubated anaerobically in NB-Mg*" medium,
the optical density doubled 2.5 times within the first 12 h, from
0.012 t0 0.073. Although very poor, this increase in optical density
was accompanied by a decrease in the pH of about 1.25 units,
demonstrating a physiological activity in the absence of oxygen.
The same was observed in G10 minimal medium with glucose as
the carbon source, but in a time frame of 200 h (data not shown).
Growth under fermentative conditions was not supported by pro-
line, lysine, arginine, alanine, ornithine, glutamate, arabinose, lac-
tose, glucuronic acid, pyruvate, glucose, or Casamino Acids as
carbon sources or in the presence of alternative electron acceptors,
such as TMAQO, DMSO, nitrate, sulfate, or Fe’", and glucose, ac-
etate, or succinate as electron donors. In addition, no growth was
observed after inoculating from a culture grown anaerobically,
and thus, the low increase in optical density observed was assigned
to endogenous assimilation. These data demonstrate that H. halo-
philus has a strictly aerobic metabolism.

H. halophilus has a respiratory chain that leads to the gener-
ation of an electrochemical proton gradient across the cytoplas-
mic membrane. The growth of H. halophilus is dependent not
only on Cl~ but also on Na™ (18, 23). The latter may be involved
in pH regulation, as observed in other halophiles (24), but could
potentially also be used as a coupling ion for ATP synthesis. Res-
piration catalyzed by whole cells was independent of the external
pH, tested from 6.0 to 9.0, although growth had a sharp pH opti-
mum at 7.5. Respiration was not influenced by the anion used and
was identical in buffer containing 1 M NaCl, NaNO,, NaBr, Na
glutamate, Na gluconate, or Na,SO,, showing that the nature of
the anion was not important for activity. Na™ could be replaced by
K™, indicating that Na* is not a coupling ion for a respiratory
enzyme. In line with this argument is that a Na™-translocating
Nqr is not encoded by the genome, the F,F, ATP synthase subunit
c does not have a signature for Na* binding (2), and respiration is
stimulated not by Na™* ionophores but by protonophores. These
data are consistent with the hypothesis that respiration in H. halo-
philusleads to the generation of an electrochemical proton poten-
tial.

To determine the magnitude of the electrochemical proton
potential, cells were grown at 1.0 M NaCl in NB—Mg2+ medium,
harvested, and washed, and cell suspensions were prepared. An
aliquot of the concentrated cell suspension was added to buffer
with a composition as indicated in Table 1. When the external pH
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(pH.) was increased from 6.6 to 8.9, the internal pH (pH;) in-
creased from 6.5 to 8.0 (Table 1). The ApH was inverse (acidic
inside) at all external pH values and approached a value close to 1
at an external pH of 8.9. Therefore, like other alkalitolerant/alka-
liphilic organisms, H. halophilus is able to maintain a relatively
neutral internal pH over a wide range of external pH values. The
AW was fairly constant at pH 6.6 to 8.9 and ranged between —190
and —230 mV. The intracellular ATP content was highest at pH,
values optimal for growth and declined slightly at suboptimal pH,
values. The bioenergetic parameters were identical in chloride- or
sulfate-containing buffers.

Respiration in H. halophilus is salinity dependent. After we
had determined a strictly aerobic metabolism of H. halophilus and
its basic bioenergetic parameters, we analyzed the dependence of
respiration on the salinity of the medium. This was the more in-
teresting since the solubility of oxygen decreases with increasing
salinity (12). To determine whether increasing salinities have an
effect on the respiration of whole cells of H. halophilus, cells were
grown in NB-Mg>* medium in the presence of 1.0, 2.0, or 3.0 M
NaCl to the exponential growth phase, harvested, and washed, and
cell suspensions (ODs, of 50) were prepared. An aliquot of the
concentrated cell suspension was added to buffer containing NaCl
in concentrations ranging from 0 to 3.5 M, and the respiration
rates were measured using an oxygen electrode. As can be seen
from the data in in Figure 1, the respiration rates were clearly
dependent on the salinity of the buffer. Different correlations were
observed: first, maximal respiration rates were observed at the
NaCl concentration used to grow the cells (cells grown at 3 M
NaCl did not have a sharp maximum but a plateau at 2 to
3.5 M NaCl). Second, the higher the NaCl concentration of the
growth medium, the lower was the activity at low salt. For exam-
ple, cells grown at 1 M NaCl and incubated in the absence of NaCl
still had ca. 50% of the maximal activity. This value decreased to
10% for cells grown at 3 M NaCl. Third, the higher the NaCl
concentrations in the growth medium, the higher were the respi-
ration rates. Taken together, these data demonstrate that H. halo-
philus adjusts its respiration depending on the salinity in its envi-
ronment. These findings imply that H. halophilus may have
alternative electron transport chains or alternative enzymes for
certain respiratory complexes. Therefore, the genome of H. halo-
philus was searched for genes encoding electron transfer com-
plexes.

Genes encoding respiratory complexes. Inspection of the ge-
nome sequence (2) for known respiratory enzyme complexes re-
vealed that, apparently, a complex I is not encoded in the genome
of H. halophilus. Instead, genes encoding a noncoupled NADH
dehydrogenase, NDH-2 (Hbhal_3901), are present. The three
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FIG 1 Effect of salinity on the respiration of H. halophilus. Cells were cultivated in NB-Mg** medium in the presence of 1.0 M NaCl (A), 2.0 M NaCl (B), or 3.0
M NaCl (C) to an OD,,4 of about 0.4. After harvesting and washing, the cells were directly resuspended in air-saturated buffer (50 mM Tris, 50 mM MgSO,,, pH
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subunits of complex II are apparently encoded by the genes sdhC, Inhibitor profiling of respiratory enzyme complexes. To ver-
sdhA, and sdhB (Hbhal_3710 to 3712). From there, the electrons  ify the presence of the different respiratory complexes in H. halo-
are probably channeled to complex I1I, a cytochrome bc, complex  philus as proposed by the genome sequence, membranes were pre-
encoded by the gcrABC (Hbhal_3267 to Hbhal_3269) clusterof H.  pared and electron transfer from NADH to oxygen was measured
halophilus. The deduced proteins are very similar to the corre- using the oxygen electrode. Different inhibitors were used to
sponding subunits from B. subtilis and have the same predicted screen for the presence of the different complexes in the respira-
cofactors. Interestingly, the genome of H. halophilus has the in-  tory chain of H. halophilus. NDH-2 carries out the same redox
ventory to potentially encode five different cytochrome oxidases.  reaction as complex I (NDH-1) but is insensitive to rotenone, an
These were identified based on sequence comparisons (E values <  inhibitor of complex I, and sensitive to HDQ, a high-affinity in-
e ") and cofactor content. Two are cytochrome ¢ oxidases. hibitor for membrane-bound NDH-2 (25). As expected, respira-
ctaABCDEFG (Hbhal_4053 and Hbhal_2834 to Hbhal_2839) en-  tion as catalyzed by washed membranes of H. halophilus was in-
code a cytochrome caa; oxidase, whereas cbaA (Hbhal_4958) and  sensitive to rotenone (up to 250 wM) but inhibited by HDQ with
cbaB (Hbhal_4959) may encode a cytochrome ¢ oxidase of the a 50% inhibitory concentration (ICs,) of 1.6 wM (Fig. 2A). Anti-
b(o/as) type. Three potential quinol oxidases are encoded by mycin, an inhibitor of complex III, inhibited respiration of H.
qoxABCD (Hbhal_3694 to Hbhal_3697), cydAB (Hbhal_2799 to  halophilus with an I1C5, of 59 wM (Fig. 2B). Specific inhibitors for
Hbhal_2800), and ythAB (Hbhal 1233 to Hbhal 1234) of H. the alternative oxidases are not known, but cyanide and azide are

halophilus. typical inhibitors for cytochrome ¢ oxidases. KCN also inhibited
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indicated.
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the respiration of H. halophilus (Fig. 2C), with maximal inhibition
reached at about 1.5 mM. Azide was also a potent inhibitor of
respiration; maximal inhibition was observed at about 75 mM
(data not shown). The bd oxidase of Geobacillus stearothermophi-
lus was inhibited by ZnCl, (26). ZnCl, also inhibited respiration in
H. halophilus membranes, with 50% inhibition at 0.55 mM (Fig.
2D). Finally, these data demonstrate the presence of NDH-2 and
complex IIT but do not allow discrimination between the different
terminal oxidases.

Expression analyses of alternative oxidase genes. Apparently,
H. halophilus has several genes encoding different oxidases that
could not be differentiated by inhibitor profiling. To analyze
whether the identified genes are expressed, cells were grown in
NB-Mg** medium in the presence of 1.0, 2.0, or 3.0 M NaCl to the
exponential growth phase. RNA was isolated and transcribed into
cDNA as described previously (19), and the cDNA was then used
for quantitative real-time PCR analyses with primers detecting
one representative gene for each alternative oxidase. The results

depicted in Figure 3 show that all genes are expressed, but the
transcription level for every gene shows a strong dependence on
the salinity of the medium. In every case, the highest transcript
levels were observed at 3 M NaCl. The multiplication factor of
induction was lowest for cbaB (2-fold) and highest for cydA (9-
fold). Next, we analyzed the transcript levels of the different oxi-
dases relative to each other. Interestingly, the transcript levels for
ythA, cbaB, and cydA were up to 4,000-fold lower than the level of
ctaC and 2,000-fold lower than the level of goxA. Compared to
ctaB as the standard, the ctaClevels were 8,000-fold higher and the
qoxA levels 2,000-fold higher. This was independent of the growth
phase and the salinity used (Fig. 4). Again, the expression levels
were salinity dependent and highest at 3 M NaCl but not depen-
dent on the growth phase. These data indicate that cytochrome
caa, oxidase is the predominant oxidase under the conditions
tested.

When cells were grown at different oxygen concentrations, the
same overall expression pattern was observed: the transcript levels
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FIG 4 Effect of salinity on the expression of different terminal oxidase genes. H. halophilus was grown in NB-Mg”" medium in the presence of 1.0 (white bars),
2.0 (light gray bars), and 3.0 M NaCl (dark gray bars) to the exponential (A) or stationary (B) growth phase. RNA was isolated and transcribed into cDNA as
described previously (19). The cDNA was then used for quantitative real-time PCR analyses. Real-time PCR analysis was done with three independent
physiological parallels to ensure statistical relevance. The x-fold copy numbers were determined using the value of the cbaB sample as the reference. Error bars
show standard deviations.
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FIG 5 Effects of growth phase and oxygen concentration on the expression of ctaC and qoxA. H. halophilus was cultivated in 1.2-liter flasks in NB-Mg®" medium
in the presence of 1.0 M NaCl and different oxygen concentrations ranging from 0.1% to 5.0%. Cells were harvested in the exponential and stationary growth
phases. RNA was isolated and transcribed into cDNA as described previously (19). The cDNA was then used for quantitative real-time PCR analyses. Real-time
PCR analysis was done with three independent physiological parallels to ensure statistical relevance. The x-fold copy numbers were determined using the value

of the ythA sample as the reference. Error bars show standard deviations.

for ctaC and qoxA were highest. However, the transcript levels of
both genes were oxygen regulated, with only a small effect in ex-
ponential-phase cells but a much more pronounced effect in sta-
tionary phase (Fig. 5). The ctaC and qoxA levels increased with
decreasing oxygen concentration, up to 6-fold for ctaC and even
28-fold for qoxA. This pronounced effect in the stationary phase is
also reflected in the relative ratio of ctaC to goxA. Under air, ctaC
dominated 550-fold over qoxA, but decreasing oxygen concentra-
tions led to a decrease of the ctaC/qoxA ratio down to 0.3. These
data demonstrate that the caa, oxidase (cta) is the predominant
oxidase under air and the aa, oxidase (qox) dominates under
oxygen limitation.

DISCUSSION

The moderately halophilic bacterium H. halophilus has to cope
with changes of pH in its environment. The capacity to tolerate
slightly alkaline pH values is reflected by its capacity to regulate its
internal pH, which was kept fairly constant. Under alkaline con-
ditions, the ApH was increased (by =1 unit), whereas the Ays was
kept constant. Thus, the electrochemical proton potential (AfLy+)
dropped from —190 mV to —130 mV. The rotor subunit (subunit
c) of the F\F, ATP synthase of H. halophilus does not contain a
Na™ binding motif, indicating that it uses H" as the coupling ion.
Furthermore, we did not obtain any indication that respiration is
coupled to Na™ transport. Therefore, the respiratory chain is pre-
sumably H* motive and the Afi+ determined must be still high
enough to drive ATP synthesis under these conditions. It is also
interesting to note that Cl~ has no effect on the basic bioenergetic
parameters in H. halophilus, although the growth of H. halophilus
is strictly C1~ dependent and a CI™ modulon has been described
that regulates a number of different cellular processes (4).
Atincreasing salinities, the cell requires more energy to combat
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salt stress by synthesizing or taking up solutes and extruding Na™
from the cytoplasm. This is consistent with our finding that res-
piration increases with the salinity of the medium. Since increas-
ing salinities are accompanied by decreasing oxygen concentra-
tions, we looked for regulatory effects exerted by O, availability.
The expression of genes encoding terminal oxidases, cta and qox,
was upregulated in the presence of low oxygen (and at stationary
growth phase), indicating O, stress under these conditions. How-
ever, since the metabolism of H. halophilus is strictly respiratory,
the upregulation of these oxidases may just prolong survival at
very low oxygen concentrations by enabling respiration at re-
duced oxygen tensions.

While to our knowledge, the effect of changing salinities on the
expression of different oxidases has not been studied so far, several
publications reported regulated oxidase gene expression in re-
sponse to changing oxygen concentrations in other aerobic and
facultative aerobic bacteria. The composition of the respiratory
chain plays a decisive role during the adaptation of aerobic and
facultative aerobic bacteria to environmental or developmental
changes (27). In general, the last step of this pathway is character-
ized by the four-electron reduction of dioxygen to two water mol-
ecules, catalyzed by terminal oxidases (28). E. coli has two different
terminal oxidases, cytochrome bo; and cytochrome bd. The for-
mer is used under aerobic growth conditions, and the latter is
induced under microaerobic conditions (29, 30). Furthermore,
the obligately aerobic, nitrogen-fixing bacterium Azotobacterium
vinelandii has a cytochrome bo, oxidase and a cytochrome bd
oxidase. The latter oxidase has a very high affinity to oxygen and,
therefore, protects the oxygen-labile nitrogenase by keeping the
oxygen level low (31). Moreover, B. subtilis synthesizes alternative
electron transport chains with three or four terminal oxidases un-
der aerobic growth conditions (32, 33). H. halophilus obviously
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FIG 6 Composition of the respiratory chain of H. halophilus. The chain con-
tains a noncoupled NDH-2 and complexes II and III converted by the
menaquinone pool. Electrons are delivered to different oxidases. The two ma-
jor oxidases, cytochrome aa; (qoxABCD) and cytochrome caa; (ctaA to -G),
are highlighted. For the roles of the different oxidases, see the text.

uses a similar strategy to combat increasing salinity and the ac-
companying changes in O, tension. The expression data indicate
that cytochrome caa; and aa; oxidases are the predominant oxi-
dases in H. halophilus, with caa; levels being higher than aa, levels.
The same was observed for G. stearothermophilus (34), but the
contrary was observed in B. subtilis (35). In Bacillus cereus, the caa;
and aa; oxidases were differentially expressed in vegetative and
sporulating cells. The caa; oxidase was found in both types of cells
but was 2-fold upregulated in sporulating cells. On the other hand,
caas was not found in sporulating cells. This expression profile
corresponds to the affinities of the oxidases to oxygen: the aa;,
oxidase has a higher affinity than the caa, for O, (36). The same
may be true for H. halophilus, since the relative ratios of ctaC/qoxA
mRNA levels decreased with decreasing oxygen concentration
and the goxA mRNA became predominant.

To summarize, the regulatory chain of H. halophilus has a non-
coupled NADH dehydrogenase, a complex II and a complex III,
the two predominant alternative oxidases caa, and aa,, and a pro-
ton-motive ATP synthase (Fig. 6). Both oxidases are upregulated
in response to increasing salinities and decreasing oxygen concen-
trations, but the dominance of the low-affinity caa, oxidase is
displaced by the high-affinity aa; oxidase under high-salt and
oxygen limitation conditions.
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