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Abstract We characterized physical and chemical prop-

erties of cell-membrane fragments from Bacillus subtilis

168 (trpC2) grown at pH 5.0, 7.0 and 8.5. Effects of long-

term bacterial adaptation reflected in growth rates and in

changes of the membrane lipid composition were corre-

lated with lipid order and dynamics using time-resolved

fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene.

We demonstrate that the pH adaptation results in a modi-

fication of a fatty acid content of cellular membranes that

significantly influences both the lipid-chain order and

dynamics. For cultivation at acidic conditions, the lipid

order increases and membrane dynamics decreases com-

pared to pH 7.0. This results in rigid and ordered mem-

branes. Cultivation at pH 8.5 causes slight membrane

disordering. Instant pH changes induce qualitatively simi-

lar but smaller effects. Proton flux measurements per-

formed on intact cells adapted to both pH 5.0 and 8.5

revealed lower cell-membrane permeability compared to

bacteria cultivated at pH optimum. Our results indicate that

both acidic and alkalic pH stress represent a permanent

challenge for B. subtilis to keep a functional membrane

state. The documented adaptation-induced adjustments of

membrane properties could be an important part of mech-

anisms maintaining an optimal intracellular pH at a wide

range of extracellular proton concentrations.
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Introduction

The gram-positive bacterium Bacillus subtilis inhabits the

upper layer of the soil as its primary habitat. Within this

ecosystem the bacteria experience a wide variety of envi-

ronmental challenges as well as nutrient limitations that

trigger adaptation mechanisms that allow them to survive

under changed conditions. The cellular membrane is

known to be the first barrier separating the cell interior

from the extrinsic physical and chemical stress factors.

Maintenance of cell integrity and cytoplasmic membrane

integrity plays, therefore, a crucial role in preserving the

cell viability and their metabolic functions. Cellular

membranes modulate stress-signal transduction, and a

molecular machinery triggering adaptation responses

resides on the membrane as well (Poolman et al. 2002,

2004). It also constitutes a barrier against free passing

protons and other ions. Physical properties of the lipid

bilayer are therefore of particular importance and should be

maintained in a narrow optimal range to ensure its full

functionality (Mansilla et al. 2004; McElhaney and Souza

1976). These static and dynamic membrane properties,

often covered by the broad and inaccurate term ‘‘fluidity,’’

are tightly linked to the membrane composition and depend

on lipid shape, interactions, packing, phase transition,

dynamics, protein content and a number of related

parameters (Denich et al. 2003; Mykytczuk et al. 2007).

Membrane adaptation therefore results in readjustment

of the membrane properties that restores the optimal
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membrane state and compensates for perturbations caused

by the extrinsic factors. This can happen in response to

variations in temperature (Hazel 1995; Herman et al. 1994,

1998), pressure, ion concentrations, pH, availability of

nutrients and xenobiotics.

Lipids are one of few classes of molecules that can

adjust to environmental disturbances by changing their

structure and relative fraction in response to variations in

extracellular conditions (see, e.g., Denich et al. 2003, for

review). The most extensively studied external factor

stimulating adaptation of cellular membranes is tempera-

ture. Temperature variations cause significant changes of

membrane properties that are compensated on a physio-

logical level by an adjustment of membrane lipids (see,

e.g., Hazel 1995, for review). Much less is known about the

physical effects of pH on properties and adaptation of

biomembranes. Surprisingly, no universal paradigm of

preferred fatty acid (FA) membrane content was observed

in bacteria treated by low pH. Streptococcus mutans, an

etiological agent in human dental caries, displayed a shift

from the short-chained saturated membrane FA (C14:0,

C16:0) seen at pH optimum to the long-chained monoun-

saturated FA (C18:1 and C20:1) at pH 5 (Fozo and Quivey

2004). A similar response was detected in the membranes

of oral bacteria Lactobacillus casei (Fozo et al. 2004). Such

changes are usually accompanied by membrane fluidiza-

tion. In contrast, log-phase Listeria monocytogenes, the

causative agent of foodborne listeriosis, significantly

increased the membrane content of straight-chain FA

(C14:0 and C16:0) when adapted to pH 5.5 at the expense

of decreased levels of C18:0 (van Schaik et al. 1999).

Similarly, Escherichia coli O157:H7, a foodborne patho-

gen persisting in acidic foods, increased an amount of

C16:0 palmitic acid when exposed to pH 5. A fraction of

cis-vaccenic acid (C18:1x7c) in the cell membranes

decreased (Yuk and Marshall 2004). This would be usually

interpreted as membrane rigidization. Detailed mechanisms

relating highly variable and often opposite chemical

responses to a functional membrane state have not been

identified yet.

Proton permeability is an important factor permitting

cells to maintain the proton motive force for vital energy-

transducing processes. It has been shown that the proton

permeability correlates with the physical state of the

lysosomal membrane; in particular, the permeability

increases with increasing membrane fluidity (van de Vos-

senberg et al. 1999a; Wan et al. 2002; Zhang et al. 2000).

The proton permeability of liposomes made from cellular

membrane lipids extracted from B. subtilis grown at dif-

ferent temperatures was shown to be almost constant when

measured at growth temperature. The growth temperature–

dependent lipid variation therefore permits maintenance of

the proton permeability of the cytoplasmic membrane (the

‘‘homeo-proton permeability’’ concept) (van de Vossen-

berg et al. 1999a). Recently, effects of acid shock on the

lactic acid bacterium Oenococcus oeni were investigated

(Chu-Ky et al. 2005). The shocks were shown to induce a

rigidifying effect on the cell membranes without affecting

cell viability. Acid-adapted E. coli cells were shown to

better withstand extremely acidic pH in simulated gastric

fluids (pH 1.5) than nonadapted cells. The longer survival

correlated with lower cell membrane fluidity caused by an

adaptation-induced exchange of membrane lipids (Yuk and

Marshall 2004, 2005). On the other hand, environmental

pH affected neither the membrane structure nor the per-

meability of halo(alkali)philic archaeal membranes (van de

Vossenberg et al. 1999b). The proton permeability of the

liposomes formed from lipids of halophiles was essentially

constant when measured at pH between 7 and 9.

It has been demonstrated that the lipid and FA compo-

sition of the B. subtilis cellular membrane is responsive to

environmental stress, e.g., temperature (Svobodova et al.

1988; van de Vossenberg et al. 1999a). The FA profile of

gram-positive B. subtilis was shown to be dominated by the

iso- and anteiso-branched FAs that are synthesized from

branched amino acid precursors (Clejan et al. 1986). Since

the melting temperature of anteiso-branched FAs is sig-

nificantly lower than that for the iso-branched isomers,

variation of their relative fraction is one of the important

factors contributing to adjustment of membrane phase

transition and, consequently, a physiologically optimal

membrane state (Kaneda 1977, 1991).

Spectral and chemical properties of popular membrane

probe 1,6-diphenyl-1,3,5-hexatriene (DPH) are ideally

suited for investigation of membrane structure (Shinitzky

and Barenholz 1978). This highly hydrophobic molecule

that is essentially nonfluorescent in aqueous solution

incorporates spontaneously into the hydrophobic core of

the membrane with an accompanying dramatic increase of

the fluorescence quantum yield. The cylindrical rod-like

shape of the molecule allows its parallel orientation to the

FA side-chains that restrict rotational freedom of the

probe’s long axis (Trevors 2003). Changes of the FA chain

dynamics and order therefore propagate to the orientational

distribution of DPH that can be accessed by time-resolved

fluorescence anisotropy.

Time-resolved fluorescence anisotropy measurements are

highly suitable for evaluation of rotational diffusion of

fluorescent probes in membranes (Lakowicz 1999). Unlike

the steady-state approach, polarized time-resolved experi-

ments yield deeper insight into the origin of the membrane

adaptation by differentiating between changes of the probe

fluorescence lifetime that sensitively reflect adaptation-

induced variation of the probe microenvironment from

rotational diffusion of the probe inside the membrane. The

rotational diffusion of the probe is affected by its interactions
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with lipid chains that modulate both the rotational diffusion

rate and the extent of the rotational motion that is influenced

by a packing of the lipid chains (lipid order) (Jahnig 1979;

Kinosita et al. 1977; van der Meer et al. 1984). All this

information can be extracted from a detailed shape of the

fluorescence anisotropy decay, r(t) (Herman et al. 1994). It is

evident that the time-resolved approach offers a significant

advantage over simple and highly popular steady-state

fluorescence anisotropy measurements where the emission

lifetime (s) and diffusion information (/) are intermingled

into a single scalar value as described by the Perrin equation

(Lakowicz 1999): rs = r0/(1 ? s//). The measured steady-

state anisotropy, rs, depends on the fluorescence lifetime of

the probe used. If the lifetime varies, e.g., by influence of

temperature or other external factors, the anisotropy exhibits

variations that are not relevant to changes of the membrane

state. The time-resolved fluorescence approach eliminates

such possible bias caused by the fluorescent probe itself and

yields true membrane-related information.

In order to shed more light on the effects of long-term pH

adaptation of B. subtilis in the context of membrane struc-

ture modifications, we focused on adaptation-induced

alterations of membrane lipid composition. Accompanying

changes of physical membrane properties, in particular, an

adjustment of membrane lipid order and lipid-chain

dynamics was characterized by time-resolved fluorescence

spectroscopy and DPH fluorescence probe. Effects of abrupt

pH changes on the physical properties of the pH-adapted

membranes and adaptation-induced modulation of mem-

brane permeabilities were comparatively evaluated as well.

Materials and Methods

Cultivation of Bacteria

The bacterial strain B. subtilis 168 (trpC2) (wild-type,

laboratory stock) was used for all experiments. The strain

was maintained on a slate agar (nutritive medium 2; Imuna,

Sarisske Michalany, Slovak Republic). The bacteria were

routinely grown under vigorous agitation (200 rpm) in an

orbital shaker in the fluid complex medium with 0.15% (w/

v) Bacto beef extract (GIBCO, Invitrogen, Carlsbad, CA),

0.15% (w/v) yeast extract (GIBCO), 60 mM NaCl (Imuna),

20 mM K2HPO4 (Fluka, Buchs, Switzerland), 10 mM

KH2PO4 (Fluka), 0.5% bactopeptone (Oxoid, Basingstoke,

UK) and 0.5% glucose. The cultivation was done at pH 5.0,

7.0 or 8.5.

Cultures of B. subtilis were inoculated from cultures

grown overnight and cultivated on slant agar by propaga-

tion of the cells on the complex medium of the appropriate

pH. Then, cells were grown at 40�C and growth was

monitored by measurements of optical density at 420 nm

(OD420). Cells were harvested by rapid filtration when the

culture reached an OD420 of 0.6 (a mid-exponential phase).

Long-term adaptation was accomplished by keeping cells

on the slant agar at the specific pH for 20 h. Short-term

adaptation was done by changing the pH value of the

cultivation medium to 5.0 or 8.5 for 15 min before cell

harvesting. Then, cells were used for the isolation of

plasma membranes. During cultivation, the bacteria

exhibited a tendency to acidify the cultivation medium.

The pH value was therefore continuously monitored and

adjusted by a stepwise addition of 500 mM KOH, if nec-

essary. Acidification was especially pronounced during

cultivation at pH 8.5.

Membrane Isolation

Bacteria were harvested by filtration through the Prago-

por 5 filter (pore size 0.6 lm; Pragochema, Prague, Czech

Republic), washed with a phosphate buffer (50 mM, pH

8.0) and resuspended in the same buffer. Cells were dis-

rupted by the enzymatic method using lysozyme, deoxy-

ribonuclease 1 and ribonuclease at final concentration of

300, 10 and 10 lg/ml, respectively (Bisschop and Konings

1976). Additionally, the protease inhibitor phenylmethyl-

sulphonyl fluoride (PMSF), at a final concentration of

0.5 mM, was added to the suspension; and cells were

incubated for 30 min at 40�C in a shaker. Then, membrane

fractions were separated by ultracentrifugation (20,0009g,

60 min, 4�C). The protein concentration of the pellet (the

membrane fraction) was determined with the commercial

BCA Protein Assay kit (Pierce, Rockford, IL). The mem-

branes were stored as frozen aliquots at -75�C.

Lipid Isolation

For lipid extraction we used the hexane and isopropanol

extraction method of Radin (1981). The method was

modified for its application to the bacterial material. The

mid-exponential cells harvested from about 1,000–

1,500 ml of culture were resuspended in 100 ml of the

extract solution (hexane and isopropanol, 3:2 v/v) and

incubated overnight under mild shaking at 4�C. Then, cells

were separated by centrifugation (4,3009g, 10 min, 0�C).

The supernatant was removed and evaporated in a rota-

tional vacuum evaporator thermostated to 40�C. The

resulting lipid fraction was solubilized into 50 ml of

chloroform and filtered, and the solvent was gently evap-

orated. The isolated lipids were stored at –75�C.

FA Analysis

FA profiles of B. subtilis were determined from about 1 mg

of the isolated lipids. To determine the FA composition,
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methyl esters were prepared from isolated phospholipids by

trans-esterification with sodium methoxide and HCl in

methanol (Glass 1971). The methyl esters were analyzed

using a Varian (Palo Alto, CA) 3400 gas chromatography

system coupled to a Finnigan INCOS 50 mass spectrometer

(San Jose, CA) equipped with a DB5 column and ProLab

Resources (Madison, WI) software. A mixture of bacterial

FA methyl esters (Supelco) was used as standard.

Cell Membrane Labeling

Membrane suspensions were diluted in the phosphate

buffer (50 mM; pH 5.0, 7.0 or 8.5) typically to the con-

centration of 90 lg/ml of membrane protein. A DPH

solution (3 mM) in acetone was diluted (1:1,000 v/v) in a

vigorously stirred membrane suspension. The labeled sus-

pension was incubated for 30 min at 25�C before fluores-

cence measurements.

Time-Resolved Fluorescence Measurements

Fluorescence emission and anisotropy decays were mea-

sured on an apparatus comprised of a pulsed excitation

source and time-correlated single photon counting detec-

tion with a cooled MCP-PMT (Hamamatsu, Shizuoka,

Japan; R3809U-50). For the excitation of DPH fluores-

cence we used a picosecond cavity-dumped dye laser

(Spectra Physics, Mountain View, CA; model 375) emit-

ting at 710 nm. The laser output at repetition frequency of

4 MHz was frequency-doubled to 355 nm and used for

excitation. DPH fluorescence was collected through

monochromator at 430 nm (slit width 15 nm). A supple-

mental absorption long-pass filter with the cut-off wave-

length of 405 nm was placed in front of the input slit to

enhance suppression of scattered light. The timescale

of 36 ps/channel was used for all measurements. Typi-

cally, we used 1,024 channels per decay and data were

accumulated until the peak count of 105 was reached.

Intensity decays were acquired under the ‘‘magic angle’’

conditions when the measured intensity decay, I(t), is

unbiased by the rotational diffusion of the chromophore.

In the fluorescence anisotropy experiments the polarized

components I||(t) and I\(t) were accumulated quasi-

simultaneously with a switching frequency of 15 s. The

polarized decays were measured with the emission pola-

rizer set in the fixed vertical position while the polariza-

tion plane of the excitation beam was switched between 0

and 90�, respectively. In this configuration the G-factor

was close to unity, and its exact value was determined in

a separate experiment. The apparatus response function

was measured using diluted Ludox solution. Samples were

placed in a thermostatic holder and measured at 22�C. All

experiments were repeated with an aliquot of an unlabeled

sample in order to evaluate background emission. This

background was always lower than 3% of the total

intensity and subtracted from decays of the labeled sam-

ples before data analysis.

Data Analysis

Fluorescence intensity was assumed to decay multiexpo-

nentially according to the formula

IðtÞ ¼
X

i

ai � e�t=si ð1Þ

where si are fluorescence lifetime components and ai are

corresponding amplitudes. The mean lifetime was

calculated as

smean ¼
X

i

fisi ð2Þ

where fi is the intensity fraction of the i-th lifetime

component.

fi ¼ aisi=
X

i

aisi ð3Þ

Fluorescence anisotropy decays, r(t), can be constructed

from the parallel I||(t) and the perpendicular I\(t) decay

components according to the formula

rðtÞ ¼
IjjðtÞ � I?ðtÞ

IðtÞ ¼
IjjðtÞ � I?ðtÞ

IjjðtÞ þ 2I?ðtÞ
ð4Þ

Because r(t) is distorted by a convolution of I||(t) and

I\(t) with the excitation pulse and the fluorescence

anisotropy cannot be directly deconvolved, it is

advantageous to rearrange Eq. 4 and directly deconvolve

I||(t) and I\(t)(Cross and Fleming 1984; Tao 1969):

IjjðtÞ ¼
IðtÞ
3
� ½1þ 2rðtÞ�

I?ðtÞ ¼
IðtÞ
3
� ½1� rðtÞ�

ð5Þ

We used global simultaneous analysis of I||(t) and I\(t)

to increase the accuracy of the extracted r(t) (Beechem

et al. 1985; Knutson et al. 1983). The time-dependent

anisotropy r(t) in Eq. 5 was assumed to decay

multiexponentially:

rðtÞ ¼
X

i

bie
�t=/i þ r1 ð6Þ

where /i are rotational correlation times and bi are

corresponding amplitudes. We can write:
X

i

bi þ r1 ¼ r0 ð7Þ

where r0 is a zero-time anisotropy at t = 0 s. This constant

is characteristic for the probe used and does not depend on
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membrane properties. The limiting anisotropy r?,

characterizing rotational freedom of the probe in the

membrane, can be expressed as follows (Jahnig 1979;

Kinosita et al. 1977; Lipari and Szabo 1980; Zannoni

1981):

r1 ¼ r0 �\P2 [ 2 ð8Þ

where \P2[ is the second-rank order parameter. Mean

correlation time, /mean, was calculated as follows:

/mean ¼
X

i

bi/i=
X

i

bi ð9Þ

Proton Flux Assay

Proton flux measurements were performed according to a

modified method of Jordan et al. (1999). Briefly, pH-

adapted cells in exponential growth phase were harvested,

thoroughly washed by 100 mM KCl and resuspended in

10 ml of the same unbuffered solution. Final concentration

of the cells in the suspension was always kept at 25 mg/ml

(wet weight). Then, the suspension was incubated at 30�C

with continuous stirring until pH stabilized near the neutral

value (3–4 min). When necessary, the pH was adjusted by

a small amount of KOH. Then, the suspension was pulse-

perturbed by addition of 50 ll of 0.5 M HCl and pH drifts

were monitored for about 10 min. The initial abrupt acid-

ification of the medium was followed by a slow pH

increase caused by proton influx to the cytoplasm. The rate

of proton accumulation was qualitatively estimated from

the initial slope of the pH increase.

Results and Discussion

Growth of B. subtilis 168 trp2- in the Complex Medium

of Different pH

We compared bacterial growth rates of cells adapted to

extreme pH. Bacteria were adapted to pH 5.0 and 8.5 by

growing them on slant agar for 16 h at 40�C. Then, cells were

inoculated into the liquid complex medium of the same pH

and growth curves were measured. Because the cultures

typically reached the early stationary phase in 20 h, the

bacteria were supposed to be already pH-adapted. Control

experiments were performed by growing the cells in the

complex medium of pH 7.0. Measured growth rates, calcu-

lated as c = Dlog2(OD420)/Dt, are depicted in Fig. 1. It is

seen that the pH adaptation does not allow a full recovery of

the growth rates measured under optimal growth conditions

(pH 7.0, 40�C). Compared to pH 7.0, where c =

0.055 min-1, the growth rate reduced to 0.037 min-1

and 0.032 min-1 for bacteria adapted to pH 5.0 and 8.5,

respectively. The doubling time correspondingly increased

from 18 min to 27 and 31 min at acidic and basic pH,

respectively. The 8% lower increase of the doubling time per

pH unit measured for cells adapted to pH 5.0 compared to

cells adapted to pH 8.5 could indicate that the compensation

mechanisms work more efficiently for acidic than for basic

pH shifts.

FA Profiles of B. subtilis Cells Cultivated at pH 5.0

and 8.5

In order to determine to what extent the long-term envi-

ronmental pH stress influences lipid composition of the

cellular membranes, we characterized the FA profile syn-

thesized by B. subtilis under different growth conditions.

Figure 2 shows the distribution of 13 main FA species of B.

subtilis in membranes of bacteria grown at pH 5.0 (BS50),

pH 8.5 (BS85) and the control pH 7.0 (BS70). It can be

seen that under optimal pH conditions the FA profiles of

BS70 contain more than 80% of the iso- and anteiso-

branched FA (Fig. 2c). The profile is dominated by i-15:0,

a-15:0, i-17:0 and a-17:0 FAs (Fig. 2a, b). This FA com-

position is typical for the B. subtilis strain 168 (Clejan et al.

1986). Compared to BS70, the lipid profile of BS50

exhibits a marked increase in the shorter iso-branched FA

with an even number of carbons, i-14:0 and i-16:0. This

increase was at the expense of a decreased content of the

longer iso-branched FAs with an odd number of carbons, i-

15:0 and i-17:0 (Fig. 2a). Specifically, the fractional ratio

of (i-C:14 ? i-C:16)/(i-C:15 ? i-C:17) increased from

0.25 in BS70 to 1.3 in BS50 membranes. The summary

presented in Fig. 2c suggests that the total content of the

Fig. 1 Growth curves of B. subtilis after the long-term adaptation to

pH 5.0 (filed square) and pH 8.5 (filled diamond). The control growth

curve at pH 7.0 is depicted by open symbols (open triangle). B.
subtilis 168 trp2- was grown for 16 h on slant agar at pH 5.0, 8.5 and

7.0 (control). Then, cells were transferred to the complex cultivation

medium of the same pH for measurements of growth rates. Rates were

0.055 min-1 (doubling time T = 18 min), 0.037 min-1 (T = 27 min)

and 0.032 min-1 (T = 31 min) at pH 7.0, 5.5 and 8.5, respectively.

All measurements were done under good aeration at 40�C. Growth

curves represent an average of typically six independent experiments
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iso-branched FA of BS50 is similar to that of the control

membranes BS70. At the same time, the sum of non-

branched saturated FA increases at the expense of the an-

teiso-FA series. The level of straight-chain n-14:0, 15:0

and 16:0 also increases. Due to a lower melting tempera-

ture of the anteiso-branched FAs compared to the iso-

branched isomers (Gurr et al. 2002), our result can be

interpreted as a ‘‘thermodynamic rigidization’’ of mem-

branes isolated from bacteria cultivated at acidic pH.

Figure 2a shows that the FA profile of BS85 resembles

more closely the profile of the BS70 control membranes.

We found decreases of a-15:0 and a-17:0 FAs as well as of

the iso-branched FA i-16:0. This decrease was compen-

sated by an increase of i-15:0 together with an increase of

nonbranched 14:0 FA. Interestingly, the fractional ratio of

(i-C:14 ? i-C:16)/(i-C:15 ? i-C:17) exhibited the opposite

trend compared to acidic conditions and decreased from

0.25 in BS70 to 0.08 in BS85 membranes. This indicates a

higher content of the longer iso-branched FAs. The sum-

mary in Fig. 2c exhibits smaller adaptation-induced dif-

ferences of BS85 than the acid-adapted BS50 membranes.

The conclusion is consistent with the lowest growth rate of

bacteria adapted to pH 8.5 (Fig. 1).

We also examined a short-term pH adaptation in order to

see which FA class first responds to the changed pH con-

ditions. Figure 2b demonstrates changes in the FA profiles

after 15-min incubation at the stress pH. From visual com-

parison of Fig. 2b and 2a it can be seen that the readjustment

of a-15:0 and n-16:0 is almost completed within the first

15 min. These FAs are therefore responsible for the early

membrane adaptation to changed pH conditions leading to

the rigidization of the plasma membranes. The content of the

other FAs is adjusted later during the adaptation process.

Our observation is in agreement with the literature since

similar rapid adaptation of the FA content in the plasma

membrane of B. subtilis was observed during a cold shock

(Suutari and Laakso 1992; Svobodova et al. 1988). It was

reported that within 20 min from the onset of the cold stress

the major branched FAs were replaced by straight-chain

ones. Synthesis of low melting unsaturated FA was reported

to be induced within this short time period as well.

Time-Resolved Fluorescence Measurements

In order to evaluate to what extent the observed changes in

the membrane composition influence their physical prop-

erties, we performed a series of time-resolved fluorescence

experiments with DPH fluorescence probe. An example of

experimental data is presented in Fig. 3. Visual inspection

of the figure reveals that both the fluorescence (Fig. 3a) and

the anisotropy decays (Fig. 3b) acquired on pH-adapted

membranes at a corresponding cultivation pH significantly

differ. This observation indicates that both the chemical

microenvironment of DPH that influences emission decay

rates and membrane packing reflected by the anisotropy

decays are different in membranes adapted to different pH.

Fluorescence decays of DPH in membranes were found to

be biexponential under all experimental conditions. The

biexponential decays observed in membranes of B. subtilis

are in accord with typical characteristics of DPH fluores-

cence in solutions as well as in other membrane systems and

reflect the complex nature of DPH photophysics (Herman

A

B

C

Fig. 2 Effect of pH on FA profiles of cell membranes from B.
subtilis. Fractional contributions of dominating FA species after long-

term (a) and short-term (b) adaptation to pH 5.0 and 8.5. c Fractions

of the main structural FA types after long-term adaptation. Control

FA profiles for cells cultivated at pH 7.0 are presented for

comparison. i-, a- and n- represent branching patterns of iso-, anteiso-

and nonbranched FAs, respectively. Accuracy of the individual FA

determination is about 15%

78 D. Petrackova et al.: Long-Term pH Adaptation of B. subtilis

123



et al. 1994). Detailed dependence of mean fluorescence

lifetimes, smean, on the cultivation and measurement pH is

summarized in Table 1 and Fig. 4. It can be seen that an

adaptation-induced FA exchange significantly influences

membrane properties since at any measurement pH smean

increases with increasing cultivation pH. Such an observa-

tion is consistent with a modulation of the DPH microenvi-

ronment resulting from membrane adaptation. From Fig. 4

we can see that lifetime changes caused by variation of the

environmental pH are almost insignificant, especially for

BS50 and BS70 membranes. A small lifetime increase was

recorded on BS85 membranes at basic pH. We suggest that

the effect could indicate a loosened structure of BS85

resulting in a higher sensitivity of DPH fluorescence to

quenching by protons.

Order Parameters

To evaluate structural membrane changes caused by long-

term adaptation of B. subtilis to extreme pH values as well

A

B

Fig. 3 Fluorescence emission (a) and anisotropy (b) decays of DPH

in membranes from B. subtilis cultivated at pH 5.0 and 8.5.

Measurements were performed at pH of the cultivation
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as an immediate lipid reordering caused by extracellular

pH variations, we performed time-resolved fluorescence

anisotropy measurements. Membranes BS50, BS70 and

BS85 were measured at pH 5.0, 7.0 and 8.5, respectively.

Then, the order parameter \P2[, reflecting the lipid chain

order and the rotational correlation time of DPH in mem-

branes, was evaluated. Results of this grid experiment are

summarized in Table 1 and Fig. 5.

The\P2[order parameters calculated from the limiting

anisotropy r? according to Eq. 8 depend on a local angular

distribution Peq(h) of the probe molecule within the lipid

bilayer according to the formula (van der Meer et al. 1984):

\P2 [ ¼
Zp

0

P22 cosðhÞð ÞPeqðhÞ sinðhÞdh ð10Þ

where P22(h) is a Legendre polynomial and h is an angle

between the local director in the membrane and the long

axis of DPH. Since the order of lipid chains determines

Peq(h) of the probe,\P2[describes this order as well. For

fully ordered membranes, all DPH molecules are aligned

with the local director in the membrane (h = 0�) and

\P2[ = 1. For complete disorder, all orientations of DPH

are possible and \P2[ = 0. Interpretation of r? can be

done also in the frame of a ‘‘cone model,’’ where the probe

freely wobbles in a cone with a semiangle h (Kinosita et al.

1977): r1 ¼ r0 � ½1=2 cosðhÞð1þ cosðhÞ�2. Since the probe

rotation is restricted by FA chains, h reflects a degree of the

lipid order (packing). The larger the lipid disorder, the

wider the cone that DPH can explore during its rotational

diffusion. As a consequence, r? decreases. Looking along

the diagonal of Fig. 5a we can clearly see that the mem-

brane adaptation results in a substantially different lipid

chain order, membranes adapted to the acidic pH being the

most ordered. We can also see that as the cultivation pH

increases, all membranes disorder. The effect is indepen-

dent of the measurement pH, and the difference is espe-

cially visible when BS50 and BS70 membranes are

compared. Similar lipid disordering can be seen when the

measurement pH for any of the BS50, BS70 and BS85

Fig. 4 Mean fluorescence lifetime of DPH in BS50 (black bars),

BS70 (white bars) and BS85 (gray bars) membranes as a function of

measurement pH. Standard deviation is 0.05 ns

A

B

Fig. 5 Overview of time-resolved fluorescence anisotropy results. a
Second-rank order parameters \P2[ of DPH in BS50 (black bars),

BS70 (white bars) and BS85 (gray bars) membranes as a function of

measurement pH. Order parameters were calculated from data in

Table 1 using equations 7 and 8. b Mean correlation time of DPH in

BS50 (black bars), BS70 (white bars) and BS85 (gray bars)

membranes as a function of measurement pH. Error bars were

estimated from three to five measurements made on two membrane

preparations
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cultivations increases. Taking into account data uncer-

tainty, the qualitative behavior of all membrane cultiva-

tions was the same. The membrane ordering seems to be

important for modulation of proton permeability and the

ability of cells to maintain mostly invariant intracellular pH

under a wide variety of environmental conditions. Impor-

tantly, as seen from Fig. 5a, changing the environmental

pH always causes a fast preadaptation response, resulting

in the FA-chain reordering that partially offsets the envi-

ronmental stress. Later, a slower adaptive FA exchange

facilitates further membrane reordering.

Lipid Chain Dynamics

Rotational correlation times of DPH within the BS50,

BS70 and BS85 membranes at various pH values are pre-

sented in Table 1. It can be seen that two correlation time

components were resolved in the anisotropy decays under

all conditions. The correlation times are inversely propor-

tional to rotational diffusion rates and reflect the dynamics

of the probe reorientation. The longer the correlation time,

the slower the rotational movement of DPH modulated by

interactions of the probe with lipid chains. Since DPH is a

rod-like molecule, it exhibits several rotational diffusion

rates along different molecular axes (Lakowicz 1999).

Moreover, biological membranes are not uniform lipid

bilayers. The current view of membrane organization

includes the existence of dynamic lipid microdomains/rafts

that participate in diverse cellular functions such as regu-

lation of cellular polarity, cellular signaling and adhesion

(Dupree and Pomicter 2009; Fullekrug and Simons 2004;

Goni et al. 2008). As a consequence, the physical proper-

ties of membranes can differ at different membrane loca-

tions. The heterogeneity of the fluorescence anisotropy

decays is therefore not surprising. Due to the rather com-

plicated interpretation of the individual correlation time

components, we preferred to characterize the rotational

diffusion of DPH by a single /mean, which was calculated

from values given in Table 1 using Eq. 9. These mean

values are plotted in Fig. 5b and represent a qualitative

indicator of DPH dynamics within the membranes. In turn,

/mean reflects the internal membrane dynamics since the

DPH reorientational rate depends on the collisional rate of

the probe with lipid chains. Inspection of Fig. 5b reveals

that both the cultivation and the measurement pH affect

/mean in all membrane cultivations. When we look along

the measurement pH axis, we can see that /mean increases

with decreasing measurement pH. This indicates a decrease

of membrane dynamics. When we look along the cultiva-

tion pH axis, we notice the opposite tendency. Decrease of

the cultivation pH causes decrease of /mean, which can be

interpreted as increased lipid dynamics compensating for

membrane rigidization caused by acidification of the

environment. The compensation effect is clearly seen when

BS50 membranes are shifted from pH 5.0 to 8.5 (black

bars). Such alkalization of the environmental pH is

accompanied by a significant decrease of /mean (increase of

membrane dynamics). When the alkalization persists,

adaptation mechanisms strive to reverse the change and the

adaptive FA modification results in decreased membrane

dynamics (increased /mean). The end point of the whole

process can be traced on the diagonal of Fig. 5b (BS85

membranes at pH 8.5). We can conclude that the pH

adaptation seems to maintain optimal membrane dynamics

and to compensate for changes caused by a long-term

deviation of environmental pH from the optimal value.

Proton Accumulation Rates

It is of great interest to evaluate how chemical and struc-

tural changes correlate with proton permeabilities of the

membranes. Therefore, we performed an acidic pH-jump

assay on intact cells adapted to pH 5.0, 7.0 and 8.5. Results

are summarized in Fig. 6. It can be seen that following the

initial pH pulse, the pH of the cell suspension starts to

gradually increase as a consequence of cellular proton

uptake. The rate of the pH increase was found to be the

highest for B. subtilis cultivated at pH optimum. An analysis

of the polynomial fits revealed that the initial rates of the

pH increase (the first derivative at t = 0 s) are 0.08, 0.09

and 0.16 pH units/min for bacteria adapted to pH 5.0, 8.5

and 7.0, respectively. This indicates decreased proton

permeability of the stress-adapted membranes. Similar

Fig. 6 Proton accumulation data measured on intact B. subtilis cells

long-term-adapted to pH 5.0 (filled triangle), 7.0 (open square) and

8.5 (open circle). The DpH is change of cell-suspension pH after an

acidic pH jump. Symbols represent a mean value of three to five

measurements, and solid lines are polynomial fits. The pH increase of

the medium is caused by cellular proton uptake. Initial rates of pH

change (first derivative at t = 0 s) are 0.08, 0.09 and 0.16 pH units/

min for bacteria adapted to pH 5.0, 8.5 and 7.0, respectively
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coupling between membrane FA profiles of B. subtilis and

H? membrane permeability that allows B. subtilis to sus-

tain a proton motive force and survive at a wide range of

growth temperatures has been reported (van de Vossenberg

et al. 1999a). It has to be noted that the observed pH effects

are caused by a net H? movement across the membrane.

From our findings it is impossible to decide whether the

lower permeability is caused by decreased proton influx or

increased activity of H? pumps transporting protons out of

the cytoplasm. In any case, our data reveal a strong cor-

relation between structural and functional membrane

properties that allows B. subtilis to survive highly unfa-

vorable pH conditions.

Conclusion

Our data document that a change of cultivation conditions

to both the acidic and basic pH triggers a physiological

response that partially offsets the environmental stress.

Long-term pH adaptation results in a modification of the

FA content in cellular membranes and consequently in a

change of physical membrane properties. We found that

both the lipid-chain order and dynamics are under adaptive

pH control. As the cultivation pH decreases, the lipid order

increases. Compared to the BS70, membranes from bac-

teria cultivated at acidic pH are more rigid and ordered.

Cultivation at pH 8.5 causes slight membrane disordering.

Instant variation of the lipid order of the fully adapted

membranes that were subjected to variation of external pH

was observed to be qualitatively similar to the adaptation-

induced changes. Their extent, however, was significantly

smaller. The adaptation also seems to maintain optimal

membrane dynamics perturbed by fluctuations of environ-

mental pH. Interestingly, in both cases the adaptation to

suboptimal pH conditions correlated with decreased net

proton permeability of cellular membranes.

It was demonstrated earlier that the lipid order is directly

related to the lateral pressure which is experienced by other

membrane components (Fulford and Peel 1980). The lat-

eral pressure decreases with increasing lipid order and

modulates the activity of membrane enzymes (Amler et al.

1990; Owicki et al. 1978). Changing the lipid order and

dynamics could therefore be a mechanism for adjustment

of both passive cellular membrane permeability and regu-

lation of the active proton transport in order to keep opti-

mal intracellular pH at a wide range of extracellular proton

concentrations.
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