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The thermoalkaliphilic Bacillus sp. strain TA2.A1 was able to grow in pH-controlled batch culture containing
a nonfermentable growth substrate from pH 7.5 to 10.0 with no significant change in its specific growth rate,
demonstrating that this bacterium is a facultative alkaliphile. Growth at pH 10.0 was sensitive to the pro-
tonophore carbonyl cyanide m-chlorophenylhydrazone, suggesting that a proton motive force (Ap) generated
via aerobic respiration was an obligate requirement for growth of strain TA2.A1l. Strain TA2.A1 exhibited
intracellular pH homeostasis as the external pH increased from 7.5 to 10.0; however, the maximum ApH
generated over this pH range was only 1.1 units at an external pH of 9.5. The membrane potential (Ays) was
maintained between —114 mV and —150 mV, and little significant change was observed over the pH range for
growth. In contrast, the Ap declined from —164 mV at pH 7.5 to approximately —78 mV at pH 10.0. An
inwardly directed sodium motive force (ApNa™) of —100 mV at pH 10.0 indicated that cellular processes (i.e.,
solute transport) dependent on a sodium gradient would not be affected by the adverse Ap. The phosphory-
lation potential of strain TA2.A1 was maintained between —300 mV and —418 mV, and the calculated H*/ATP
stoichiometry of the ATP synthase increased from 2.0 at pH 7.5 to 5.7 at pH 10.0. Based on these data, vigorous
growth of strain TA2.A1 correlated well with the ApNa™, phosphorylation potential, and the ATP/ADP ratio,
but not with Ap. This communication represents the first report on the bioenergetics of an extremely ther-

moalkaliphilic aerobic bacterium.

The exploration of extreme environments has led to the
isolation of microorganisms that are capable of surviving and
growing under extreme conditions. One group of microorgan-
isms that thrive at extremes of high pH are the alkaliphiles.
Alkaliphilic bacteria grow over the pH range from 7.5 to 11.5
and can be divided into two groups, obligate alkaliphiles (e.g.,
Bacillus alcalophilus), which grow between pH 9.0 and pH 11.5,
and facultative alkaliphiles (e.g., Bacillus pseudofirmus OF4),
which grow between pH 7.5 and 11.2 (11). The intracellular pH
of alkaliphilic bacteria is maintained at values more acidic (i.e.,
approximately 2 pH units) than their external environment (11,
12).

Because the total proton motive force (Ap) is the sum of the
membrane potential (Ay; positive out) and the pH gradient
(ApH; acid out in neutrophiles), a large ApH generated in the
opposite direction results in suboptimal Ap values for ATP
synthesis (10-12). Despite the low Ap, ATP synthesis by the
membrane-bound ATP synthase in these bacteria is still cou-
pled to protons (7, 8).

The isolation of bacteria that can grow at extremes of tem-
perature and high pH (i.e., thermoalkaliphiles) has been de-
scribed, but these are predominantly anaerobic bacteria (30).
To our knowledge, no bacteria that are able to grow at ex-
tremes of alkaline pH and temperature under aerobic growth
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conditions have been reported. We recently isolated a Bacillus
species, designated strain TA2.Al, that is capable of vigorous
growth at pH 10.0 and 65°C. Previous studies have shown that
strain TA2.A1 has an obligate growth requirement for sodium
(>5 mM) and uses a sodium motive force (ApNa*) to trans-
port glutamate and sucrose into the cell (19, 20). Growth of
strain TA2.A1 in pH-uncontrolled batch culture at pH 9.2 was
shown to be sensitive to the protonophore carbonyl cyanide
m-chlorophenylhydrazone (CCCP) and to the F-type ATPase
inhibitor N,N'-dicyclohexylcarbodiimide (DCCD) (19, 20), but
the bioenergetics of growth under these conditions has not
been reported.

The aims of the current study were to determine the ability
of Bacillus sp. strain TA2.A1 to regulate internal pH and elu-
cidate the values for Ap and the phosphorylation potential
(AG,) in order to investigate the roles of these parameters in
ATP synthesis under conditions of high temperature and pH.
This communication represents the first report on the bioen-
ergetics of an extremely thermoalkaliphilic aerobic bacterium.

MATERIALS AND METHODS

Abbreviations, chemicals, and radiochemicals. Ap, proton motive force;
ApNa™, sodium motive force; ApH, pH gradient; ZApH, transmembrane proton
gradient; Ay, membrane potential; AG,, phosphorylation potential; CCCP, car-
bonyl cyanide m-chlorophenylhydrazone. ATP (sodium salt), valinomycin, ni-
gericin, and CCCP were obtained from Sigma. The following radiochemicals
were obtained from NEN Life Science Products, Inc.: [*H]methyltriphenylphos-
phonium iodide (TPP™) (30 to 60 Ci/mmol), ['*C]methylamine hydrochloride
(56 mCi/mmol), [7-'*C]benzoic acid (10 to 25 mCi/mmol), [*H]water (25 mCi/g).
p-Glucose-[1-'*C]lactose (55 mCi/mmol) was obtained from Amersham Phar-
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macia (Amersham Laboratories). Luciferin, p-luciferase (EC 1.13.12.7), and
pyruvate kinase (EC 2.7.1.40) were purchased from Sigma.

Media, culture conditions, and gas chromatography. Bacillus sp. strain
TA2.A1 was routinely grown in an alkaline basal medium that contained the
following (per liter): 0.5 g of Na,SO,, 0.1 g of (NH,),SO,, 0.1 g of
MgSO, - 7TH,0, 0.2 g of K,HPO,, 9.0 g of NaHCO3, 10 g of tryptone peptone
(Difco), 5 ml of Dictyoglomus trace elements (25), and 2 g of L-glutamate as the
oxidizable carbon and energy source. The pH of the medium was adjusted to 9.5
at 65°C. Unless otherwise stated, pHs of all media and buffers are those mea-
sured at 65°C. Cells were grown with aeration by shaking at 120 rpm. For
pH-controlled batch culture, cells were grown in a fermentor (500 ml) equipped
with an automatic pH control unit (Cole-Parmer 5656-05) with a 1% inoculum
from an overnight culture. The pH value being studied was maintained through-
out growth by the automatic addition of sterile 2 N NaOH or 2 N HCI. Constant
stirring (120 rpm) was maintained during the entire experiment.

To monitor culture growth and conduct bioenergetic measurements, samples
were withdrawn aseptically as required, and culture optical density at 600 nm
(ODgqp) was measured with a Beckman DU-64 spectrophotometer (1-cm light
path length). The growth rate constant (k) for the log phase of growth was
determined by plotting the log,, of the optical density against time (21).

End products from bacterial growth were measured by gas chromatography
with a Hewlett-Packard HP5890 series II gas chromatograph fitted with a wide-
bore Carbowax capillary column (Econocap 19659; Alltech Associates) with the
conditions and procedures described previously (3). Cellular protein was deter-
mined by the method of Markwell et al. (16). The relationship between optical
density and cell protein was 345 mg of protein/liter/turbidity unit.

Determination of bioenergetic parameters. For the determination of Ap, Ay,
and ApH, two types of cell cultures were studied. The first determination was
carried out on exponentially growing pH-controlled batch cultures (pH 7.5 to pH
10.0). In these experiments, cells (1 ml) were taken directly from the fermentor
at the respective pHs and added to a glass tube containing one of the following
radioisotopes: [’HJTPP* (2.4 nM final concentration), ['*C]methylamine (1.8
uM, pK, = 10.6) at pH values of 8 and above, or [7-“C]benzoate (11 uM, pK,
= 4.2) at pH values below 8.0.

For the determination of Ay, no significant variation in the Ay was noted
whether the final concentration of [*H|JTPP* used was 2.4 nM or 1 pM (data not
shown). p-Glucose-[1-'*C]lactose (20 pM) and [*H]water (1 mM) were used to
determine intracellular volume. Lactose was shown to be nonmetabolizable by
strain TA2.A1. After incubation for 5 min at 65°C, the cultures (450 pl in
duplicate) were filtered rapidly through a 0.45-pm cellulose-acetate filter (Sar-
torius). This method was adapted from that of Zilberstein et al. (31). Oxygen
consumption measurements of these cultures indicated that they remained en-
ergized throughout the course of the 5-min incubation. The filters were washed
twice with 2 ml of 25 mM Na,COj (corresponding to the pH of the sample) and
dried for 60 min at 40°C. Filters were resuspended in 2 ml of scintillation liquid,
and counts per minute (cpm) were determined with an LKB Wallac 1214 Rack-
beta liquid scintillation counter.

In the second set of experiments, Ap, Ay, and ApH were determined on
mid-log-phase cultures (grown at pH 9.5) that were harvested by centrifugation
(8,000 X g, 20 min, 4°C) and washed twice in 25 mM Na,CO; (pH values of 7.5
to 10.0). Cells were resuspended to a final ODg, of 1.0 at the external pH being
studied in a volume of 1 ml, energized for 15 min with p-glucose (10 mM final
concentration), and the bioenergetic parameters were measured as outlined
above. The oxygen consumption rate of these energized cell suspensions was 303
nmol of O,/min/mg of protein. It should be noted that the silicon oil centrifu-
gation method commonly employed for the determination of Ap was not suc-
cessful with strain TA2.A1l due to the filamentous growth of strain TA2.Al,
which made it difficult to obtain reproducible cell pellets after centrifugation
through silicon oil.

The intracellular volume (3.90 = 0.40 pl/mg of protein) was estimated from
the difference between the partitioning of [*H]water and p-glucose-[-1-'*CJlac-
tose. The Ay across the cell membrane was calculated from the uptake of
[PH]TPP* according to the Nernst relationship. Nonspecific TPP* binding was
estimated from cells which had been treated with valinomycin and nigericin (10
M each) for 10 min. These inhibitors have been used previously with strain
TA2.A1 and are membrane active with this bacterium (19). The ApH was de-
termined from the distribution of either ['*C]methylamine or [7-'*C]benzoate
with the Henderson-Hasselbach equation (22), and ZApH was determined by 67
mV times the ApH. The uptake of ['*C]methylamine at a ApH of 0 was negli-
gible, indicating that strain TA2.A1 did not metabolize or transport this com-
pound.

Measurements of intracellular ATP, ADP, and inorganic phosphate concen-
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trations. Adenine nucleotides were extracted from the cells by perchloric acid
and KOH-NaHCOj; treatment after separation of the cells from the growth
medium as previously described (4) and frozen at —70°C. Prior to analysis,
samples were thawed, and the potassium perchlorate was removed by centrifu-
gation (13,000 X g, 5 min, 22°C). The ATP and ADP concentrations ([ATP] and
[ADP], respectively) were determined by the luciferin-luciferase method (13).
ATP was determined directly, whereas ADP was measured after enzymatic
conversion to ATP with pyruvate kinase. The enzymatic conversion of ADP to
ATP was carried out by incubating the adenylate-containing extract in 20 mM
Tris-acetate buffer (pH 7.75)-1 mM MgCl,—0.1 mM phosphoenolpyruvate-2 U
of pyruvate kinase. After incubation at 25°C for 2 min, the samples were boiled
for 30 s and rapidly cooled on ice (9). This allowed complete conversion of ADP
to ATP. The samples (50 pl) were then diluted in 400 pl of 40 mM Tris-acetate
buffer (pH 7.75) containing 2 mM EDTA and 50 mM MgCl.

The luciferase reaction was initiated by adding 50 pl of a purified luciferin-
luciferase mix to 450 pl of the diluted extract according to the supplier’s recom-
mendations (Sigma). Light output was immediately measured with a luminom-
eter (model LB953, EG & G Berthold) with ATP as a standard. The
determination of intracellular inorganic phosphate concentration was carried out
in cell extracts based on the formation of a phosphomolybdate complex as
previously described (17). Standard curves were constructed with KH,PO, so-
lution (0 to 1 mM). All cell manipulations were carried out with acid-washed
glassware, and determinations were carried out in triplicate. The phosphoryla-
tion potential (AG,,) was calculated with the following equation: AG, = AG® +
2.3RT log[ATP]/[ADP][P;]. The value used for AG® at 65 °C was 33.3 kJ/mol, or
the equivalent of —347 mV. The values for AG, were calculated with values of
AG" reported for the measured cytoplasmic pH and assuming an Mg?* concen-
tration of 1 to 25 mM (24).

Measurements of intracellular sodium and potassium concentrations. Cells
were harvested from pH-controlled batch culture, washed twice with an equal
volume of distilled water, and resuspended in distilled water to give a final
protein concentration of 100 to 150 mg of protein/ml. Then 20 pl of the cell-free
supernatant was taken for the determination of external potassium and sodium.
For sodium analysis, the washed cell suspension was passed through a Dowex-
50W (K" form) column and washed twice with 10 ml of distilled water. The
effluent from the column was collected and centrifuged at 16,000 X g for 15 min,
and the cell pellet was dried at 40°C. For all samples, the cell pellets and
supernatant samples were digested at room temperature for 24 h in 3 N HNO;.
Sodium and potassium concentrations were determined by flame photometry as
previously described (3). Corrections were made for extracellular contamination
of the cell pellet by Na* and K*. The sodium motive force (ApNa™) was equal
to 67 x log ([Na*];,/[Na*],,), where in and out refer to the concentrations
inside and outside the membrane, respectively.

RESULTS AND DISCUSSION

Effect of external pH on the growth of Bacillus sp. strain
TA2.A1 in pH-controlled batch culture. Strain TA2.A1 was
able to grow in the pH range from 7.5 to 10.0 in pH-controlled
batch culture with no significant change in the specific growth
rate, indicating that strain TA2.A1 was a facultative alkaliphile
(Fig. 1A). At external pH values of 7.0 and 10.2, there was a
50% decline in the growth rate, and beyond these limits, no
growth was observed. Under the growth conditions used in this
study, all ATP was derived from oxidative phosphorylation, as
supported by the lack of fermentation end products (i.e., ace-
tate) accumulated during exponential growth. This result is
consistent with L-glutamate’s being metabolized by oxidative
deamination to a-ketoglutarate, with subsequent oxidation to
CO, via the Krebs cycle. The addition of 100 pM CCCP to
cells growing logarithmically at pH 10.0 completely arrested
growth, suggesting that a proton gradient across the cell mem-
brane was required for growth under these conditions (data
not shown).

Regulation of intracellular pH in strain TA2.Al. To study
intracellular pH homeostasis and Ap generation by strain
TA2.A1, exponentially growing cells from pH-controlled batch
cultures were sampled (external pH 7.5 to 10.0), and the in-
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FIG. 1. (A) Effect of external pH on specific growth rate of Bacillus
sp. strain TA2.A1 grown in pH-controlled batch culture at the pH
indicated. The growth rate (h™') was determined in the exponential
phase of growth. The effect of external pH on (B) internal pH, (C) Ay
(m) and ZApH (O), and (D) proton motive force (A) was determined.
Exponentially growing cells were taken from pH-controlled batch cul-
ture at the pH indicated, and measurements were made as described in
Materials and Methods. The values reported are the means of three
independent experiments, and the standard error associated with these
determinations is shown.
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ternal pH and membrane potential were determined with the
radioactive probes ['*C]methylamine (external pH 8 to 10),
[7-**C]benzoic acid (pH 7.5), and [PH]TPP™, with corrections
for nonspecific binding. As the external pH was increased from
pH 7.5 to pH 10, the intracellular pH was maintained between
pH 7.8 and 9.1 (Fig. 1B). The maximum ApH (1.1 units) was
observed at an external pH of 9.5. The membrane potential
(A¥) was maintained between —114 mV and —150 mV, and
little significant change was observed over the pH range for
growth (Fig. 1C). However, the Ap declined from —164 mV at
pH 7.5 to approximately —78 mV at pH 10.0 (Fig. 1D) due to
the increase in ZApH from —21 mV at pH 7.5 to +74 mV at
pH 10.0 (Fig. 1C).

To further substantiate the above pattern of pH regulation
and Ap determinations, the internal pH and individual com-
ponents of the Ap were determined independently on ener-
gized cell suspensions prepared from mid-log-phase cultures
(grown at pH 9.5) and resuspended in 25 mM Na,CO; buffer
at pHs of 7.5 to 10.0. An identical pattern of pH regulation was
observed, and the values of Ap and ApH were comparable to
those cited above. For example, the Ay ranged from —135 mV
at pH 8.0 to a maximum value of —150 mV at pH 9.5. The Ap
decreased from —130 mV at pH 8.0 to —90 mV at pH 10.0
(data not shown).

In comparison to other alkaliphilic bacilli, the magnitude of
the ApH generated by strain TA2.A1 was low under a variety
of conditions tested (e.g., glutamate-grown cells and washed
cell suspensions resuspended in buffer). In addition, succinate-
grown cells of strain TA2.Al also generated a low ApH (data
not shown). The cells used in these experiments were from
actively growing cultures, and hence the low ApH values are
not a reflection of cells that were deenergized. In contrast, the
facultative alkaliphile B. pseudofirmus OF4 generates a ApH of
2.5 units at an external pH of 10.8 (28), and the obligate
alkaliphile B. alcalophilus has a ApH of 1.9 at pH 10.8 (9).

It has been proposed that thermophilic bacteria may lack the
ability to regulate internal pH due to increased proton perme-
ability (26). However, several studies have shown that pH reg-
ulation is evident in these bacteria, but the magnitude of the
ApH generated may be lower than that observed in mesophilic
bacteria (3, 5). While an increase in proton permeability as
observed for thermophilic bacilli (1) could provide a plausible
explanation for the lowered ApH values, this remains to be
experimentally proven with thermophilic alkaliphiles. It should
be noted that the proton permeability of the alkaliphile B.
alcalophilus is comparable to that of neutrophilic bacteria (23).
Moreover, alkaliphilic bacilli have been shown to have appre-
ciable amounts of squalene, squalene derivatives, and C, iso-
prenoids among their neutral membrane lipids, which may
prevent proton leakage (2).

Phosphorylation potential (AG,) and proton stoichiometry
of ATP synthesis in strain TA2.A1. The ATP and ADP con-
tent, phosphorylation potential, and H* stoichiometry of the
ATP synthase (i.e., phosphorylation potential/total proton mo-
tive force) was determined in cells grown in pH-controlled
batch culture. The ATP content of strain TA2.Al increased
from 1.5 mM at pH 7.5 to 3.8 mM at pH 9.5 (Fig. 2A). Under
the same growth conditions, the ADP content of strain
TA2.A1 cells was less than 1 mM (0.2 mM to 0.9 mM) (Fig.
2A). The inorganic phosphate content of strain TA2.A1 was
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FIG. 2. Effect of external pH on (A) internal ATP (O), ADP (m),
and inorganic phosphate (A) concentrations of exponentially growing
cells from pH-controlled batch culture. The values shown in A were
used to calculate the ATP/ADP ratio shown in B. (C) Phosphorylation
potential (m) as a function of external pH, calculated with the data
shown in A and a value for AG® at 65°C of 33.3 kJ/mol, or the
equivalent of —347 mV. The number of H" ions translocated per
molecule of ATP synthesized (A) was calculated from the phosphor-
ylation potential/total proton motive force. The values for all experi-
ments are the means of three independent experiments, and the stan-
dard error associated with these determinations is shown.

approximately 20 mM at pH 7.5 and increased to a maximum
value of 45 mM at an external pH of 9.5 (Fig. 2A). The
ATP-to-ADP ratio increased steadily from 3.0 at an external
pH of 7.5 to 7.3 at an external pH of 10.0 (Fig. 2B).

With the data in Fig. 2B and a value for AG® at 65°C of 33.3
kJ/mol, or the equivalent of —347 mV, the AG, of strain
TA2.A1 was maintained between —300 mV and —418 mV over
the pH range from 7.5 to 10.0 (Fig. 2C). The H"/ATP stoichi-
ometry of the ATP synthase was then calculated from the
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AG/Ap. As the external pH increased from 7.5 to 10.0, the
H™"/ATP stoichiometry increased from 2.0 to 5.7 (Fig. 2C).

The highest ATP-to-ADP ratio occurred at an external pH
of 10.0, and the AG,, was comparable to values reported for
neutrophilic bacteria (4, 18, 29) and alkaliphiles (6, 9), indi-
cating that ATP synthesis was not affected by the low Ap. Sturr
et al. (28) reported that the stoichiometry of ATP synthesis via
a chemiosmotic coupling mechanism increased from 3 H*/
ATP at pH 7.5 to 13 H"/ATP at pH 11.2 in B. pseudofirmus
OF4, but the significance of this finding has not been eluci-
dated. A ratio of 2 to 4 H'/ATP is generally accepted in
bacteria growing at neutral pHs (4, 14, 15, 18). The H" stoi-
chiometry of the ATP synthase from strain TA2.Al also in-
creased from 2 H"/ATP synthesized to 5.7 H"/ATP at pH
10.0. Furthermore, the highest ATP/ADP ratios were not ob-
served at the highest Ap values, as would be expected in a
chemiosmotic coupling situation.

The above observations are based on the premise that
AG_/Ap = H"/ATP when AG,, and Ap are in thermodynamic
equilibrium and delocalized into bulk phases. However, if a
localized microcircuit of protons existed between the respira-
tory chain and the ATP synthase, the ratio may in fact remain
constant as the external pH increases. Several theories have
been proposed as to how ATP synthesis remains coupled to the
low Ap in alkaliphilic bacteria, but these remain to be proven
experimentally (10).

Intracellular concentration of Na* and K* as a function of
external pH. Bacillus sp. strain TA2.A1 requires a ApNa™ for
growth and solute transport (19). Cells from exponentially
growing cultures at pH 9.5 had a sodium content of 1.90
pmol/mg of protein, and based on a ratio of cell volume to
protein of 3.90 pl/mg, the apparent intracellular sodium con-
centration was 487 mM at an external Na™ concentration of
150 mM. These results suggested that the ApNa™ was poised in
the reverse direction. Previous studies (9, 27) have shown that
some bacterial cells bind large amounts of Na™ tightly to cel-
lular components, and this can overestimate the apparent in-
tracellular Na™ concentration. Tightly bound sodium can be
removed by specific exchange with potassium (9, 27). After
exchanging Na™ for K* prior to cell lysis of strain TA2.A1, the
internal Na™ concentration ranged from 5 to 10 mM Na™ over
the pH range studied. With the equation ApNa™ = 67 X
log([Na™];,/[Na*], ), strain TA2.A1 had a ApNa™ of =75 mV
at pH 7.5 that increased to —100 mV at pH 10.0. Over the
same external pH range, the intracellular levels of K* in-
creased from 123 mM at pH 7.5 to 210 mM at pH 10.0 (data
not shown). These results indicated that sodium-driven solute
transport in strain TA2.A1 (19, 20) would be unaffected by the
low Ap.

To conclude, the data presented in this communication
demonstrate that, like mesophilic alkaliphiles, the thermoalka-
liphilic Bacillus sp. strain TA2.Al maintains an inverted pH
gradient at alkaline pH and must synthesize ATP via a proton-
coupled F,F,-ATP synthase at suboptimal Ap values. Recent
work from our laboratory has shown that strain TA2.Al has a
conventional F,F,-ATP synthase that is proton coupled (G. M.
Cook, S. Keis, H. W. Morgan, C. von Ballmoos, U. Matthey, G.
Kaim, and P. Dimroth, unpublished data). Despite the low Ap,
the ATP/ADP ratio, AG,, and ApNa™ would all appear to be
optimal for growth of strain TA2.A1 under these conditions.



Downloaded from https://journals.asm.org/journal/jb on 07 June 2026 by 2a06:98c0:3600::103.

VoL. 185, 2003 BIOENERGETIC PROPERTIES OF A THERMOALKALIPHILE 465

Future studies will be aimed at elucidating the mechanism of
pH homeostasis in strain TA2.A1 and how this bacterium
synthesizes ATP via the ATP synthase at suboptimal Ap values.
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