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Abstract

Bacterial respiration, endogenous as well as induced respiration by glucose, lactose and glycine betaine, was found
to be sensitive to external solute concentration. Permeability of hydrogen peroxide, a non-electrolyte of molecular

Žsize between water and urea, through the bacterial membranes changed directly with the rate of respiration an
.activity residing in the bacterial plasma membrane in E. coli and the enhanced permeability and respiratory activity

Žwere highly correlated. Hydrogen peroxide permeability and induction of voids spaces in the matrix of the bilayer
into which hydrophobic fluorescent probes partition, which in turn were used to assess the modulation of these

.cavities were shown to be a direct and excellent measure of leak conductance. Fluorescence intensity and anisotropy
Ž .of the extrinsic fluorescent probes incorporated by growing bacteria in their presence decreased with increased

respiration in bacteria, consistent with lowered molecular restriction and enhanced hydration in the membrane phase
for these probes as seen in dimyristoylphosphatidylcholine bilayers due to phase transition. The physical basis of

Ž .osmotic phenomena, as a relevant thermodynamic volume, could relate to water exchange or compression,
depending on the osmotic domain. In the domain of compression in bacteria, i.e. well above the isotonic range, the
computed activation volume was consistent with voids in the membrane. This study emphasises a major role of leak
conductance in bacterial physiology and growth. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Voids can be defined as internal cavities or
spaces, hydrated or otherwise, in the membranes
made up of lipid bilayer and proteins and these
voids have a critical role in the function and

w xdynamics of the biopolymers 1 . Physical per-
turbations such as external solute concentration,
temperature and pressure affect the dynamics
and associated functions of these biopolymers.
Oxidative phosphorylation in mitochondrial mem-
branes and photophosphorylation in chloroplast
membranes were shown to be sensitive to the
external solute concentration. It was also shown
that such sensitivity does not reside in any single
complex but in the diffusivity of quinones through

w xcompressible voids between the acyl chains 2,3 .
A comparison for voids can be drawn in the
literature on proteins and in molecular dynamic

w xstudies 4]6 as the unoccupied spaces in the
polymer assembly. An important development
with regard to voids is the use of osmotic sensit-
ivity of hydrogen peroxide permeation as a mea-

w xsure of voids in the membrane 7 . The similari-
ties run deep between the bacterial plasma mem-
brane and mitochondrial inner membrane. The
osmotic sensitivity offers a unique probe to delve
into these similarities. As in the case of mito-
chondria, bacterial energetics have made signifi-
cant advances by way of explicit thermodynamic
treatments, in spite of the complexities of the

w xsystems 8,9 .
We have investigated the osmotic responses in

E. coli from the point of view of energetics. It
Žcould be generalised that growth energy dissipa-

. Ž .tor ceases well before respiration energy source ,
in all aerobes thus far tested. The link with os-
molality and growth itself is very interesting since
one could identify a variety of osmotically respon-
sive volumes in the physiology of an organism to
account for the osmotic sensitivity. Besides
water-flux dependent-volume specific for the iso-
tonic range of external osmotic pressure, a variety
of polymeric volumes could be considered rele-
vant to account for the osmotic sensitivity of
different processes. Voids that occur in biopoly-

Ž .mers e.g. membranes and proteins , by virtue of

being compressible, exhibit different energy re-
quirements which could be assessed by non-linear
osmotic methodology as critical osmotic pres-
sures. We report here that leak conductance
Ž .across the membrane through such voids plays a
major role in bacterial physiology based on the
present experimental results.

1.1. Theoretical considerations

Understanding cause]effect relationships in
osmotic responses in bacterial physiology could
be difficult. It is necessary to define the osmoti-
cally relevant terms theoretically and experimen-
tally in bacterial and analogous systems, before
attempting to unravel these inter-relationships.

Consider a vesicle of volume:

Ž .V sV qV 1vesicle internal membrane

where, V stands for volume and,

Ž .V sV qV 2membrane lipid voids

In the face of osmotic gradients across this vesi-
cle, V would obey the relationship:internal

Ž .PDVsnRT 3

where, DV is the volume of water displaced, P
the osmotic pressure, n the internal solute con-
tent, R the gas constant and T the temperature
in Kelvin.

The internal energy,

Ž .U sC ?T 4internal ¨

where, C is the specific heat capacity. Therefore,¨

Ž .PDVsnRU rC 5internal ¨

Thus, volume changes would occur in a quantita-
tive range of energy wherein the energy terms are
the product of the pressure and volume change
due to water. This can be investigated in a variety
of ways for volume changes directly measured
using a particle size analyser during osmotic
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swelling. Activation volume obtained from varia-
tion in equilibrium processes has units of cubic

Ž .centimetres per mole of water .
Two problems beset the investigators, since

some definition is required on how the range of
tonicities may be compared. The problem is com-
pounded by the fact that the domain of actual

Žvolume change directly measured by morphome-
try, electrical impedance or indirectly by light

.scatter, ordinary or dynamic laser light scatter is
quite small. In fact, many effects are seen in the
domain of compaction and not directly due to
bulk volume changes. Fig. 1a,b is a cartoon dia-
gram showing the likely physical state of the
bilayer under various conditions and the corre-
sponding changes in the components of the vesi-
cle volume. From Fig. 1 it is clear that what would
matter is the osmotic range of the actual mea-
surement. If the observed effect is seen as a
monotonic relationship across a wide range of
osmolalities, there is no advantage in restricting
the analysis of such a phenomenon to a specific
domain: only of hypo- or hypertonicities. If the
phenomena are exclusively seen in a hypertonic
domain, wherein volume changes due to net wa-
ter gainrloss are negligible, we need to invoke
other variables, depicting a different volume. This

Ž .is embodied in Eq. 1 where, V could bemembrane
invariant in the domain of primary volume re-

Ž .sponse hypotonicity of the vesicle. On the other
hand, in the domain of compaction, the Vmembrane
would change due to compaction and this would
necessarily involve the intermolecular spacesr
voids, which alone would be compressible and not

Ž .the hard sphere molecules V . Voids, unlikelipid
structural cavities, are primarily statistical and
not simply structural and hence the choice of the
dynamic term voids. Voids can also change in the
hypotonic domain due to a change in the Vinternal
while, in the domain of compaction voids must
change. Thus, if the measure of voids changes
monotonically across isotonicity, correspondingly
voids can be described in the entire range of
osmolality from hypo- to hypertonicity. The likely
consequence of compaction is the hindered
mobility of the fluorescent probe and in terms of
measured anisotropy it would increase. This was

shown in DMPC LUVs for the fluorescent probe
Ž .DPH Fig. 1c .

The corresponding equation of state for the
voids appears from the elastic constraints that
define the polymeric behaviour such that, notio-
nally,

Ž . Ž .U s PDVC rnRqU 6total ¨ elastic

The term U itself can be expanded to includeelastic
all the relevant stresses and strains of the poly-
mericrmembrane structures, their areas and the
structural voids. Basically, the energy term being
additive, can be seen only at higher pressures.
Intuitively, higher pressuresrenergies would be
required to occlude pores that admit smaller par-
ticles since a greater level of compaction would
be required. An investigation into osmotic scale
of activities would, therefore, be an adequate
description of the energy requirements of a
process.

2. Experimental procedures

2.1. Materials

IPTG, ONPG, glycine betaine, non-electro-
lytesrpolyols, DMF, DMPC and the fluorescent
probes ANS and DPH were from Sigma Chemical
Co., USA. Other fluorescent probes 2-AS, 6-AS,

w Ž .9-AS and 12-AS where, n-AS is n- 9-anthroyloxy
xstearic acid were obtained from Molecular Probes

Inc., USA. All other chemicals used were of ana-
lytical grade. Deionised and filtered water of tis-

Ž .sue culture grade Labconco was used in all
experiments.

2.2. Measurements in unwashed cells of E. coli
during growth period

E. coli C90 cells were grown in minimal medium
w Ž .1 mM KH PO , 1.5 mM NH SO , 0.08 mM2 4 4 2 4
MgCl and 1.8 mM FeSO with 40 mM sodium2 4

Ž . Ž .phosphate buffer pH 7.2 and 0.2% wrv glu-
x w xcose at 378C in a shaker water bath 10 . Aliquots

of cells were taken for the various measurements
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at different periods of growth without washing
the cells with buffer.

2.3. Preparation of washed E. coli cells

E. coli C90 and E. coli K-12 were grown aer-

obically in the minimal medium. Inoculation and
harvesting of bacteria was carried out at the log-
arithmic phase routinely monitored by turbidime-
try. Growth was monitored as O.D. and the520
number of cells was calculated from detailed
standard curves. These were obtained by colony

Fig. 1.
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counts in plates after appropriate dilution and at
least 2000 colonies were physically counted to
minimise the counting errors at each dilution to
prepare the O.D. vs. number of cells profiles.520
Cells were washed twice in 100 mM sodium phos-

Ž .phate buffer pH 7.2; isotonic for the cells at 48C
and centrifuged at 12 000=g and these cells were
maintained at 48C for studies on respiration, hy-
drogen peroxide permeation and transport. The
tonicity of the media was ascertained by a Wescor
5500 vapour pressure osmometer.

Bacteria were isolated from high salt as well as
low salt and were washed also in high- and low-
phosphate buffers and osmotic titrations of respi-
ration were carried out. Basically, the profiles
were consistent with accumulation of Naq in
high-salt growth media, while the wash medium
itself hardly affected the profiles in the range of

Ž50]100 mM sodium phosphate buffer data not
.shown .

2.4. Osmotic titration of swelling in bacteria

Ž 11Bacterial cells E. coli K-12, stock of 1.2=10
.cells were suspended in different NaCl concen-

Žtrations at 258C in 1 ml of 10 mM Tris]HCl pH
.7.2 and the O.D. was monitored under con-420

stant stirring in a UV-vis spectrophotometer
Ž .Hitachi 220S . The cells exhibited invariably a
decrease in O.D. except at very high osmolari-420
ties andror molecular mass of the external osmo-
lyte, consistent with swelling phenomena. The
rate of decrease in O.D. was used as a measure420

w xof swelling in the bacterial cells 11 . The rate of

swelling varied with external osmolarity permit-
ting a detailed evaluation of the permeability to

Ž .the external solute s , which was highly compar-
w xable to mitochondria 12 .

2.5. Measurements of respiratory rate in bacteria

Respiratory rates in washed bacterial cells were
measured at 208C in a medium containing differ-
ent NaCl concentrations with 10 mM sodium

Ž .phosphate buffer pH 7.2 , using a Clark-type
oxygen electrode in a Gilson 5r6 Oxygraph. The
oxygen electrode was calibrated by the standard

w xmethod 13 . Specific activity was expressed as
nanograms of atoms of oxygen consumed per
minute per milligram of bacterial protein.

Protein concentration in the bacterial cells was
estimated by using bovine serum albumin as the

w xstandard 14 .

2.6. Transport of b-galactoside

The Lac operon was induced in the E. coli
strains by growing the bacteria in minimal medium
supplemented with 0.5 mM IPTG. The b-galac-
tosidase activity was measured at 308C in the
presence of 5 mM ONPG as the chromogenic

w xsubstrate 15 , using a medium consisting of 2 mM
Na HPO , 1.3 mM NaH PO , 0.33 mM KCl and2 4 2 4
0.033 mM MgSO . Transport activity of lactose4
permease was monitored as the rate of o-
nitrophenol formation, when the intact cells were
incubated in the presence of ONPG. Specific
activity was expressed as micromoles of ONPG

Ž . Ž .Fig. 1. Cartoon diagram of the most plausible position of fluorescent probes heavy lines in the lipid bilayer A , the consequence
Ž .of osmotic pressure on the volume of a bilayer vesicle and the physical status of the bilayer in steady-state condition B , and the

experimental data of DPH anisotropy in DMPC large unilamellar vesicles as a function of increasing tonicity in the external
Ž . Ž .medium C . A The probes are represented in only one-half of the bilayer though both halves are equally likely to harbour the
Ž .probes. B Only relative volumes are represented. The numbers 1, 2 and 3 represent isotonicity, hypotonicity and hypertonicity of

ŽU .the external medium in which the vesicles are suspended and ‘int’ stands for the corresponding internal volume. The indicates
that the state ‘2’ can be achieved by either hypotonicity of the external medium or by induction of respiration by substrates in

Ž .organisms like E. coli. C External sucrose concentration is plotted on a log scale to specifically show the effect on ‘hypo’ and
w‘hyper’tonic domains and the vertical line represents the isotonicity entrapped solution contained 200 mM sucrose, 10 mM NaCl

Ž .xand 10 mM sodium phosphate buffer pH 7.4 . Fluorescence anisotropy of the probes would increase in ‘3’ as compared to ‘1’ or ‘2’,
Ž .whereas it may decrease in ‘2’ as compared to ‘1’ owing to corresponding change in V in the membrane phase. From Eqs. 1 andvoid

Ž . Ž . Ž . Ž .2 we can deduce the following such that, at steady state: i V )V )V ; ii V )V GV ; iiivesicle2 vesicle1 vesicle3 internal2 internal1 internal3
Ž .V GV 4V ; and iv V GV 4V .membrane2 membrane1 membrane3 void2 void1 void3
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hydrolysed per minute per milligram of bacterial
Žprotein millimolar extinction coefficient of

.ONPG at 420 nms3.22 at pH 7.2 .

2.7. Measurements of hydrogen peroxide permeation

w xOccluded catalase activity 16 was assayed us-
ing a HP8450A diode-array spectrophotometer as
the disappearance of H O at 240 nm at 208C2 2
w x17 . The media consisted of different NaCl con-
centrations in 10 mM sodium phosphate buffer
Ž .pH 7.2 and 12 mM H O with constant stirring2 2
and aeration. Specific activity was expressed as
micromoles of H O consumed per minute per2 2
milligram of bacterial protein. An aliquot of cells
disrupted by a brief sonication on an ice-water
bath was the source for total catalase activity,
which was monitored during the entire growth
period. Catalase activity was also measured
polarographically as the evolution of oxygen upon

w xaddition of hydrogen peroxide 18 and expressed
as nanograms of atoms of oxygen evolved per
minute per milligram of bacterial protein.

2.8. Osmotic responses of E. coli growth in the
presence of glycine betaine

Ž .Glycine betaine 0.5 mM was prepared in 10
Ž .mM sodium phosphate buffer pH 7.2 . Bacteria

in the presence and absence of glycine betaine
were grown aerobically at 378C in a shaker water
bath at varying concentrations of NaCl. When the
bacteria reached the logarithmic phase, an aliquot
of 1 ml was taken from the cultures and the
growth was monitored as O.D. . The O.D.520 520
was converted to number of cells using the rela-

11 Ž 8.tionship Ys1.6=10 Xq y6.6=10 , where, Y
is the cell number and X is the O.D. , which520
was determined empirically. Growth in the pres-
ence and absence of glycine betaine in E. coli
was compared by plotting the number of cells as a
function of the NaCl media. Cells were pre-
incubated for 5 min in different NaCl media in
the absence and presence of glycine betaine along
with 10 mM glucose.

2.9. Osmoprotectï e role of glycine betaine ¨is-a-̈ is`
¨arious substrates in the growth of E. coli MC 4100

Bacteria were grown with glycerol, glucose,
mannitol and trehalose as the substrates at 10
mM, each as an exclusive carbon source in a
minimal medium. The O.D. of media at a time520
corresponding to the logarithmic phase of control
cells was plotted as a function of the NaCl con-
centration. The critical NaCl concentration at
which growth ceases was obtained for each sub-
strate in the presence and absence of 0.5 mM
glycine betaine. The data were obtained in a
single experiment with all the substrates for ap-
proximately 12]18 concentrations of NaCl for
each substrate. Organic acids, pyruvate, lactate

Ž .and succinate 10 mM each were also used as
substrates in a parallel experiment.

2.10. Preparation of DMPC ¨esicles

Ž .Large unilamellar vesicles LUVs were pre-
pared by reverse phase evaporation by incorporat-
ing an aqueous solution consisting of 200 mM
sucrose, 10 mM NaCl and 10 mM sodium phos-

Ž . w xphate buffer pH 7.4 19 and resuspended in
Ž .isotonic ;280 mOsrkg sucrose medium. DPH

was incorporated by incubating aliquots of vesicle
Ž . Ž;0.5 mgrml with 12.5 mM DPH final concen-

.tration , in dark for 30 min and were used for
measurement of DPH anisotropy as a function of
sucrose concentration. Vesicles were maintained
at 308C throughout, i.e. above phase transition

Ž .temperature of DMPC ;248C . Multilamellar
Ž . w xvesicles MLVs were prepared 19 and re-

suspended into a medium of 0.155 M NaCl in 10
Ž .mM sodium phosphate buffer pH 7.2 . Small

Ž .unilamellar vesicles SUVs were prepared by
sonicating the MLVs in a probe-type sonicator
Ž .Branson into a clear suspension and pelleted by
centrifuging at 200 000=g for 1 h at 258C and
re-suspended in the same medium. These SUVs
were used for phase transition measurements with
all the fluorescent probes.
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2.11. Phase transition measurements with fluorescent
probes

The relative changes in the fluorescence inten-
sity of an incorporated fluorophore can be a

w xmeasure of thermal transitions in lipids 20 . Flu-
orescence intensity and anisotropy of the incor-
porated probe was monitored using a Kontron
SFM25 spectrofluorometer. Temperature transi-
tion of DMPC SUV’s was measured with the
incorporated fluorophore, while heating the sam-
ple in the cuvette at the rate of 0.58Crmin using
a Haake circulating water bath and Haake F3
thermoregulator controlled by a PG 20 pro-

Ž .grammer. Fluorescence anisotropy r was calcu-
w xlated from fluorescence polarisation, P 20 as

follows:

Ž . Ž .Ps I yG?I r I qG?I wherevv vh vv vh

Ž . Ž .Gs I rI 7hh hv

Ž . Ž .rs 2 P r 3yP

where, I is the fluorescence intensity, v and h
stand for the polariser placed vertically and hori-
zontally, respectively, and the double subscripts
stand for the excitation and emission polarisers.
The correction factor G was calculated at every
polarisation value using the horizontally polarised

Žlight i.e. for each polarisation value, a set of four
fluorescence measurements were used with the
excitation and emission polarisers oriented in all

.four combinations . In all measurements reported
here, the G-value was seen to be close to 1.0
Ž .range 1.0]1.25 thereby ensuring that the emis-
sion monochromator did not contribute signifi-
cantly to polarisation effects at the wavelengths
used. The temperature in the cuvette was inde-
pendently monitored using a temperature probe
connected to a Hewlett Packard 89100A tempera-
ture controller and recorded on a Hewlett Packard
85B microprocessor. Continuous on-line mea-
surements of fluorescence were made on a Kon-
tron SFM25 spectrofluorometer and accumulated
every 12 s onto an IBM compatible 286 PC. In all
the phase transition measurements the probe-
to-lipid ratio was 1:200.

2.12. Fluorescence intensity and anisotropy
measurements in E. coli

The fluorescent dyes ANS, DPH and the n-AS
depth probes were prepared in distilled water,
dimethyl formamide and ethanol, respectively.
Probes dissolved in distilled water were filter-
sterilised using 0.45-mm HWAP Millipore filters
and those dissolved in organic solvents were fil-
tered using 0.45-mm FHLP Millipore filters. A
fluorescent dye dissolved in organic solvent, after
filter sterilisation, was smeared on the bottom
and sides of sterile culture flasks by evaporating
the solvent, into which the sterile aqueous growth
medium was added and used for bacterial growth.
The cells were harvested at the logarithmic phase
by centrifuging at 12 000=g at 48C and washed

Žtwice with 100 mM sodium phosphate buffer pH
.7.2 . The fluorescence measurements were car-

ried out at 208C with constant stirring and aera-
tion, in a Kontron SFM25 spectrofluorometer.

Polarization measurements were made in the
automated mode as described above. Approxi-
mately 30 polarisation readings were made at 12-s
intervals before and after addition of glucose and
only the mean values were used for representa-
tion.

Approximately 7.2=1010 bacterial cells with
incorporated fluorophores were suspended in me-
dia containing 0.155 M NaCl in 10 mM sodium

Ž .phosphate buffer pH 7.2 and aerated by bubbling
air during the measurements at 208C. Fluores-
cence anisotropy was continuously monitored at
12-s intervals in the automated mode as described
above. After 5 min, 10 mM glucose was injected
into the reaction mixture and recording was cont-
inued for another 5 min. As controls, the oxygen
content was depleted by bubbling nitrogen into
the medium during the assay.

The amount of fluorescent probe incorporated
into the bacterial cell membrane was determined
by extracting the probe in a chloroform:methanol

Ž .mixture 2:1, vrv and measuring the fluorescence
intensity in ethanol. Uncorrected excitation and
emission spectra were obtained for all probes for
comparison. Excitation and emission wavelengths
for the different probes were: ANS, 360 and 450
nm; DPH, 355 and 430 nm; and for the n-AS
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probes, 360 and 460 nm, respectively. The amount
of fluorophore was estimated from standard
curves of fluorophore concentration vs. relative
fluorescence intensity in ethanol.

2.13. Measurement of critical pressures for cessation
of osmotically sensitï e actï ities: break-point
analysis

Osmotic responses have been shown to be seg-
mentally linear in a variety of situations. The
limits of linear responses could be readily ob-
tained by spline regression techniques. The vari-

Žance associated with the break-point the projec-
tion of discontinuity onto the abscissa, osmotic

.pressure was solved using a boot-strap technique
based on Hudson’s algorithm with the help of a
computer programme to assess the discontinuities
w x21 . The significant osmotic response considered
here was one of inhibition, resulting in a discont-

Ž .inuity i.e. break-point beyond which osmotic re-
sponse was marginal. For this reason the spline
regression in the hypotonic domain was omitted
due to plurality of causes. The computer pro-
gramme essentially determines iteratively a two-
spline regression such that the unaccounted vari-
ance by this procedure is far less compared to
single regression for all the data points. Typically
the analysis in all reported data was such that the

ŽNRSS the unaccounted variance as a fraction of
.total variance was less than 5%. The break-point

concentration of the external osmolality carries
specific information for an osmotically sensitive
process, i.e. the critical pressure at which a partic-
ular process ceases. The larger the break-point
the larger the energy required to stop a process,
i.e., to compress a relevant volume. In the figures
showing break-points isotonicity is indicated by
vertical lines.

2.14. Measurement of actï ation ¨olume of processes

It is possible to define a relevant volume
Ž .activation volume in an energy-related scale
which is inversely related to the critical pressure
Ž .break-points . The activation volume was calcu-
lated using the relationship:

Ž .DVsyRT ln J rd P 8rel

and

J sJ rJrel osm o

where, J is the relative activity, J is therel osm
activity at a given osmolarity, J is the lowesto
activity measured in that range, R is the gas
constant, T is the absolute temperature, P is the

Žosmotic pressure where, PscRT and c is the
.molarity of the external osmolyte and DV is the

w xactivation volume 22 . Since the relationship need
not be linear in the logarithmic scale of relative

Žactivity as a function of osmotic pressure in
.atmospheres , it was convenient to determine the

maximal negative slope with the best possible fit
iteratively. In all instances, the data uniformly
represented the best-fit maximal negative slope.
Three criteria were chosen for comparison among

Ž .activation volumes: i overlapping ranges of pres-
Ž . Žsure; ii activation volume for the effects energy

.dissipators would be equal to or more than causes
Ž . Ž .energy generators ; and iii the critical pressures
Ž .break-point are inversely related to activation
volume. Hence, it was not considered to be neces-
sary to compute the activation volume using the
same range of pressures, nor is it practical.

3. Results and discussion

3.1. Effect of external solute concentrations on basic
microbial energetics

Fig. 2 shows the plots of specific activities,
Žnamely, swelling, respiration, growth and

.transport vs. the external NaCl concentration.
The comparisons were made based on the reason-
able premise that these E. coli have isotonicity at

w x;300 mOsmrkg 23 .

( )3.2. i Turbidimetric measurements of bacterial
swelling

E. coli shares the non-adiabatic behaviour of
w xmitochondria 24 in that, while the external NaCl

behaves as an osmolyte in inducing volume
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Fig. 2. Effect of external NaCl media on various physiological
Ž .processes in E. coli K-12. Turbidimetric changes sswelling

Ž 3 .0.43 M, 2767 cm rmol was measured as rate of change of
Ž . Ž 3 .O.D. A . Endogenous respiration 0.57 M, 1363 cm rmol420

was measured polarographically as nanograms of atoms oxy-
gen consumed per minute per milligram of bacterial protein
Ž . Ž 3 .B . Growth rate 0.31 M, 3164 cm rmol was measured as

Ž .rate of change of O.D. C and transport of b-galactoside520
Ž 3 .0.54 M, 1275 cm rmol was measured as micromoles ONPG

Ž .hydrolysed per minute per milligram of bacterial protein D .
The values in parentheses indicate the break-point and the
activation volume, respectively.

changes, the bacterium exhibits volume changes
even in isotonic NaCl media. This non-adiabatic
behaviour can be explained only if the bacterial
membranes exhibit permeability to the external
solute NaCl. In the case of mitochondria, respira-
tion was shown to induce voids in the inner
membrane and thereby enhance permeability to

w xexternal solutes 24 . This spontaneous swelling of
Žmitochondria is considerably different from and

should not be confused with other modes of
.swelling calcium-induced swelling due to the

mitochondrial permeability transition pore in the
w xinner membrane 25 . This spontaneous swelling

represents an induced porosity inherent to mito-
Žchondrial respiration seen with oxidative phos-

.phorylation as low amplitude swelling. In case of
other eukaryotic cells, another class of pheno-
mena due to specific channels come under the

category of regulatory volume increase, RVI, and
w xregulatory volume decrease, RVD 26 , and the

latter was not observed during mitochondrial
w xswelling 24 . Fig. 2a shows that E. coli exhibits a

swelling response, the rate of which was inhibited
by increasing the NaCl concentration in the me-
dia. The osmotic susceptibility of this swelling was
seen to reflect an activation volume of 2767
cm3rmol. One would need to determine if this
swelling required respiration.

( )3.3. ii Osmotic sensitï ity of bacterial respiration

Endogenous as well as exogenous respiration in
mitochondria was shown to be sensitive to exter-
nal osmotic pressure. Bacterial electron transport

w xis also quinone dependent 27 similar to mito-
w xchondria and chloroplasts 2 and an osmotic in-

hibition was seen with an activation volume of
1363 cm3rmol for endogenous respiration as
shown in Fig. 2b. Endogenous respiration was
used to assess the osmotic sensitivity to avoid the
requirement for substrate transport, which may
have a confounding effect. Respiration being the
source of energy, showed two times less osmotic
sensitivity compared to the swelling phenomenon.
The break-points showed an inverse relation with
the activation volume as can be discerned from
Fig. 2a,b. This indicates that parameters other
than respiration, significantly contribute to the
swelling phenomenon.

( )3.4. iii Osmotic sensitï ity of growth rate

The effect of external solute concentration on
growth rate of E. coli is shown in Fig. 2c which
shows the activation volume of growth to be 3164
cm3rmol, indicating higher sensitivity than the

Ž .endogenous respiration 2.3-fold , but similar to
Ž .swelling phenomenon 1.1-fold . The critical pres-

sure at which growth was inhibited was consider-
ably less compared to respiration. This is consis-
tent since growth also involves, in addition to
endogenous respiration, uptake of external subs-
trates, so there could be several intervening steps
including transport which would be osmotically
sensitive.
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( )3.5. ï Osmotic sensitï ity of transport

Transport of b-galactosides could be readily
assessed in E. coli in which the lac operon is
induced by using the chromogenic substrate assay
with ONPG. Transport shown in Fig. 2d indicates:
Ž .i the activation volume of the b-galactoside
transport was 1275 cm3rmol, which was indistin-

Ž .guishable from that of respiration; ii transport
was inhibited on addition of uncouplers under

w x w xaerobic 28 as well as anaerobic conditions 29 ;
Ž .iii V alone was affected and not the K ; andmax m

Ž .lastly, iv the stoichiometry of b-galactoside
transported to oxygen consumed remained invari-
ant in the osmotically sensitive domain of

Žtransport under identical assay conditions data
.not given . Thus, the active transport of b-

galactoside was related to bacterial respiration
with respect to external osmolality as judged by
the activation volumes as well. It is irrelevant
whether respiration is coupled to lactose transport
directly or via protonmotive force, since the com-
ponents of the coupled system are equally sensi-
tive to osmotic pressure as evidenced by a con-
stant stoichiometry. The enhanced sensitivity of
growth and swelling require additional variables
sensitive to external solute concentration that
need to be identified.

In order to understand osmotic sensitivity in
the relevant range above isotonicity, it is essential
to measure compaction by a variety of membrane
probes.

3.6. Hydrogen peroxide permeation as a probe for
¨oids in the membrane

Hydrogen peroxide permeation across mem-
branes exhibited marked osmotic sensitivity in

Ž .several cells including E. coli inner membrane
and organelles, and this was traced to the lipid
composition per se. The only exception was ery-
throcytes; the cells as well as the liposomes made
from the lipids of these cell membranes exhibited
a lack of osmotic sensitivity and this was traced to
the void annealing effect of cholesterol esters

w xrichly present in these membranes 7 . Peroxide
permeation itself was readily measurable with ad-
equate care taken to ensure absence of peroxida-

Fig. 3. Critical osmolarities for hydrogen peroxide permeation
Ž .in E. coli K-12 cells A and liposomes made of lipids ex-

Ž .tracted from the bacterial cells B . The activation volume for
the bacterial cell was 340 cm3rmol and for liposomes 1364
cm3rmol.

w xtive damage to membranes 7 . Under initial
velocity conditions, the rate of peroxide permea-
tion would be equal to the rate of degradation of
the permeated peroxide by the occluded catalase.
Kinetics would be more complex for the activity
since the occluded enzyme would require correc-
tion for the efficiency parameter for the unstirred
layers within the vesicle. Fig. 3 shows the osmotic
sensitivity of the peroxide permeation in E. coli

Ž .cells Fig. 3a and liposomes made from the lipids
Ž .of these bacterial membranes Fig. 3b , with acti-

vation volumes corresponding to 340 and 1364
cm3rmol, respectively. The annealing effect of
protein appears to be similar to that of sterols in
decreasing the osmotic susceptibility of lipid bi-
layers and the peroxide permeation. In all these
studies, the total catalase activity was monitored
in cells disrupted by sonication and any significant
inactivation of the internal catalase was ruled out

Ž .experimentally data not shown .

3.7. Is stimulation of respiratory rate coupled to the
rate of peroxide permeation?

Respiration in E. coli increases in the presence
of exogenous glucose. The effect of respiration on
peroxide permeation can be assessed by following
the rate of respiration and peroxide permeation
in the absence and presence of glucose. Fig. 4a,b
shows the plots of endogenous and glucose-
induced respiration, respectively, measured as a
function of NaCl concentration. Most notable was
the observation that the activation volume of
respiration enhanced from 1676 to 2424 cm3rmol
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Fig. 4. Effect of external NaCl concentration on respiration
and hydrogen peroxide permeation in E. coli C90. Respiration
is shown as nanograms of atoms oxygen consumed per minute
per milligram of bacterial protein and with break-points of

Ž .1.13 M in the absence of glucose A and 0.88 M in the
Ž .presence of 10 mM glucose B . Peroxide permeation is de-

picted as micromoles H O consumed per minute per mil-2 2
ligram of bacterial protein and with break-points of 1.15 M in

Ž .the absence of glucose C and 0.25 M in the presence of 10
Ž .mM glucose D . The activation volumes obtained were 1676

and 2424 cm3rmol for respiration in the absence and pres-
ence of glucose, respectively; similarly, 293 and 536 cm3rmol
for peroxide permeation.

in the presence of glucose, showing ;1.5-fold
enhanced osmotic sensitivity. Peroxide permeation
under identical experimental conditions was mon-
itored as shown in Fig. 4c,d, and this closely
reflected the changes similar to respiration. The
activation volume increased from 293 to 5536
cm3rmol in the presence of glucose. An inverse
correlation could be readily observed between the
activation volume and the break-point in each of
these experiments. These provided the following

Ž .information: i peroxide permeation and respira-
Ž .tion were directly related; ii while respiration

could be inhibited nearly completely, peroxide
Ž .permeation was finite; iii this threshold in-

Ž .creased in the presence of glucose; and iv on
addition of glucose, peroxide permeation was en-
hanced. The osmotic pressure required to inhibit
respiration was less than that required to inhibit
hydrogen peroxide permeation. It stands to rea-

Ž .son that a larger void required for quinone
collapses much more readily than a smaller one
Ž .required for H O under a given osmotic com-2 2

Žpression similar to energy of polar contacts in
cavities in proteins, which reduces with the in-
creasing number of contacts, i.e. size of cavity;
w x.30 . The stimulation of peroxide permeation by
glucose could not be explained by its stimulation
of respiration alone.

In bacterial cells kept under anaerobic condi-
Ž .tions by bubbling nitrogen , the changes in per-

oxide permeation were not observed on addition
Ž .of glucose data not given . Thus, active respira-

tion was a necessary component for enhanced
peroxide permeation. The subsequent utilisation
of the sugar was not required for stimulation of
respiration and thus it was fruitfully compared to
respiratory control. Non-hydrolysable sugars were

w xalso shown to stimulate respiration 31 . En-
hanced non-ohmic conductance due to respira-
tion even in mitochondria remains an oddity,
since leakiness of the membrane to a variety of

w xsolutes has not been assessed 32 . The induction
of voids by glucose due to its transport would
critically account for stimulation of respiration,
since the presence of large enough voids would
enhance the quinone mobility. Such pores would
readily admit hydrogen peroxide, which is much
smaller. However, as a consequence of their size
differences, the larger pores that admit the
quinone would be far more readily compressed
than the fine pores that admit the peroxide alone,
as seen above. Thus, the differential osmotic
threshold for inhibition would be an expected
consequence of different molecular sizes of the
relevant diffusive species for respiration and per-
oxide permeation.

3.8. Calibration of fluorescent probes in membranes

Induction of respiration in bacteria by exo-
genous glucose is nearly instantaneous. Thus, any
changes in the membrane that are causal to this
induction would also be instantaneous. We,
therefore, used a series of surface and depth
fluorescence probes to assess the changes in fluor-
escence intensity and fluorescence anisotropy, ini-
tially in liposomes as a model membrane system,
for further comparison with the bacterial mem-
branes. It was convenient to use DMPC which
exhibits an excellent phase transition at ;248C
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w x33,34 which is associated with drastic change in
the ordered bilayer. This would provide unam-
biguous changes in fluorescence intensity and
anisotropy of the probes as a consequence of
changes in voids of the bilayer.

The first derivatives of the polynomial best-fits
Ž .at the transition temperature T gave informa-c

tion as to which probe had the maximal change in
tumbling, i.e. anisotropy, and which had experi-
enced maximal change in hydration in the micro-
environment, i.e. fluorescence intensity, shown in
Fig. 5a,b. We have examined the fluorescence
lifetime of DPH in DMPC vesicles under frozen
Ž . Ž .gel and liquid]crystalline sol conditions of
DMPC. Under these conditions the fluorescence
intensity as well as fluorescence anisotropy
showed a marked decrease on melting, as did the

Žmean lifetime of DPH 9.07 ns in gel]7.38 ns in

.sol condition . This large change in DPH lifetime
Žwas consistent with induction of voids changes in

.molecular restriction parameter . The faster de-
cay in DPH fluorescence intensity is characteris-

Ž .tic of enhanced hydration data not given . The
n-AS probes exhibited parallel changes to that of
DPH, both in anisotropy and fluorescence inten-
sity, offered a similar interpretation. ANS on the
other hand, showed an increase in fluorescence
intensity, while the anisotropy decreased at phase
transition.

Fig. 5a,b shows the extent of change for each of
the probes in fluorescence anisotropy as well as
fluorescence intensity during phase transition. The
liposomal membranes were best evaluated by
DPH, a routinely used probe for membrane stud-
ies. These measurements were extended to bacte-
ria and were assessed independently for the

Fig. 5. Transition-induced changes in the lipid bilayer as reported by various fluorescent probes in DMPC vesicles. First derivative
Ž . Ž . Ž . Ž .values of anisotropy A and fluorescence intensity B at transition temperature T for the n- 9-AS series of probes, ANS andc

DPH. These values were obtained from the first derivative of the temperature vs. anisotropy and temperature vs. fluorescence
intensity plots, respectively, after fitting the curve to a polynomial of adequately high order such that rG0.99. Glucose induced

Ž . Ž .changes in the fluorescence anisotropy C and intensity D of various probes incorporated in cells of E. coli C90 during growth.
w x w x w xPercentage change is expressed as: I y I r I =100, where, I is the fluorescence intensity orŽqglucose. Žyglucose. Žyglucose. Žqglucose.

anisotropy value after addition of glucose and I is the value before addition of glucose. The fluorescence intensity andŽyglucose.
anisotropy values are mean values of 30 readings. Means were compared using Student’s t-test. All probes showed significant
changes in both fluorescence intensity and anisotropy but for DPH, for fluorescence intensity. Typically, the coefficient of variation

Ž .in these data was F1% ns30 .
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changes on addition of glucose. The depth probes
did not show the same rank order of signal in

Ž .bacteria as in liposomes Fig. 5c,d . 12-AS showed
large fluorescence intensity in bacterial mem-
branes though not in fluorescence anisotropy,
while 2-AS showed the least fluorescence inten-
sity. DPH did not serve as a useful probe in
bacterial membranes, in these studies. The results
suggested that the orientation and penetration by
these probes could be influenced by the presence
of protein so as to differ to some extent in the
responses from the liposomal membranes. On
addition of glucose, the fluorescence intensity de-
creased in bacteria for each of the probes except

Ž .for ANS which showed an increase: i the change
in fluorescence intensity was rapid in time though
small, but significant in magnitude for the n-AS

Ž .probes; ii the magnitude of changes observed
was much larger than that due to dilution alone

Ž .and was highly reproducible; and iii there was
no spectral shifts in the uncorrected emission
scans. No changes in fluorescence intensity and
fluorescence anisotropy were seen under anaer-

w xobic conditions 35 .
These studies helped to ascertain the induction

of voids in the bacterial plasma membrane by
comparing the effects with a known phenomenon
in a known system as in phase transition in pure
lipid bilayer. Fig. 6a shows the effect of phase
transition in DMPC vesicles, while Fig. 6b shows
the effect of glucose on the E. coli membrane
with various probes in a plot of fluorescence
intensity vs. anisotropy. While fluorescence inten-
sity would be in arbitrary units and not necessar-
ily comparable, particularly from probe to probe,
anisotropy in the observed units match with the
expectations depending on the locus of the probe
Ž .see Fig. 1a . For instance, the peripheral 2-AS
would exhibit a greater anisotropy than the more
interiorly located 12-AS. It is particularly notice-
able that phase transition has led to a decrease in
the anisotropy as well as fluorescence intensity. A
decrease in anisotropy would be best interpreted
as a decrease in the molecular restriction

w xparameter 36 due to induction of voidsrdefects
in the bilayer during phase transition and after
melting into the sol state, and is well documented

w xin the literature 37,38 . The decrease in fluores-

Fig. 6. Fluorescence intensity vs. anisotropy plots of various
Ž .probes incorporated into DMPC SUV A and E. coli C90

Ž . Ž .cells B . Fluorescence intensity and anisotropy values in A
Žrepresent mean values of 10 readings at gel condition o}o,

.218C of DMPC normalised to 100 on the fluorescence scale
Ž .and at sol condition v}v, 288C of DMPC not normalised,

specifically to show the direction of change when voids are
induced in the bilayer, after lipid phase transition. Similarly,

Ž .values in B represent mean values of 30 readings before
Ž .addition of glucose o}o normalised to 100 on the fluores-

Ž .cence scale and after addition of glucose v}v not nor-
malised, to show the direction of change which was similar to
that of the gel]sol transition in DMPC bilayer.

cence intensity was seen uniformly with all the
probes, and for DPH, it is well documented to be

w xdue to an increase in hydration 20,39,40 .
ANS and the n-AS probes yielded similar re-

sults in bacterial membranes due to perturbations
and the induction of respiration due to glucose
that were comparable with the phase transition

Ž .response in DMPC SUV see Figs. 5 and 6 .
In order to ascertain where the probes get

incorporated, and, the extent of incorporation in
each of the two membranes of the bacterial cell,

w xwe prepared spheroplasts 41 from the fluoro-
phore-incorporated cells. As a control, sphero-
plasts were prepared from the cells without the
probe. Fig. 7 shows the uncorrected emission
spectra of 9-AS in the bacterial cells and the
respective spheroplasts prepared from those cells.
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Ž .Fig. 7. Fluorescence emission spectra of 9- 9-AS . The uncor-
Ž . Ž .rected emission spectra of 9-AS A in: ethanol 1 ; E. coli

Ž . Ž .C90 2 ; DMPC SUV 3 ; supernatant of the bacterial culture
Ž . Ž .4 ; phosphate buffered saline 5 ; and DMPC SUV without

Ž .the probe 6 . The first derivative of 9-AS uncorrected emis-
Ž . Ž . Ž .sion spectra B in ethanol } , in E. coli C90 . . . and in
Ž .DMPC SUV } . Values represent moving average over 9 nm

Ž .ns4 . Note a small but consistent blue shift in the peak
fluorescence of 9-AS in the bilayer as compared to the one in
ethanol. Uncorrected fluorescence emission spectra of 9-AS in

Ž . Ž . Ž .E. coli C90 C in: cells 1 ; spheroplasts 2 ; spheroplasts
Ž .incubated with 9-AS for 1 h 3 ; and spheroplasts without

Ž .9-AS 4 .

More than 80% of the fluorescence signal was
found in the spheroplast itself indicating that
there was a maximal incorporation of the probe
in the plasma membrane. The extent of incor-
poration of the n-AS probes was: 2-AS, 12.7%

Ž . Ž . Ž .wrv ; 6-AS, 7.2% wrv ; 9-AS, 8.9% wrv ; and
Ž .12-AS, 10.2% wrv of the initial amount of 190

mg probercm3 used. Since it would be difficult to
assess the exact probe:lipid ratios in growing bac-
teria, the bacteria were grown in varying amounts

Ž 3 .of the probe 1]4 mgrcm in the medium and
ascertained that the fluorescence intensity re-
sponse was linear in this range as judged by the
signal obtained. The probe concentration was
chosen well within this linear range of fluores-
cence intensity response at a given bacterial den-
sity, which would be consistent with low, if any,
interference due to inner filter effects.

ŽWhen the control spheroplasts those without
.probe were incubated with 9-AS for 1 h, very

little fluorescence intensity was observed, indicat-
ing very poor incorporation of the probe. This
further confirmed that the fluorescent probes can
be incorporated efficiently only during the growth
phase of the bacteria.

These observed changes in fluorescence inten-
Ž .sity and anisotropy Figs. 5 and 6 would be

consistent with an increase in permeation of wa-
ter and other non-electrolytes. If glucose-induced
osmotically compressible voids in the membrane
forms the basis of the observed fluorescence in-
tensity and anisotropy changes, it would be logical
to conclude that there could be a general mecha-
nism for ligand-mediated enhanced leak conduc-
tance in bacteria. The molecule of interest for
this class of effects was glycine betaine, a well
known osmoprotectant in Enterobacteriaceae
w x42]44 .

3.9. Effect of glycine betaine on growth, respiration
and peroxide permeation

Fig. 8a,b shows the effect of glycine betaine on
the growth of E. coli C90. The activation volume
increased from 4324"162 to 5428"360 cm3rmol
Ž .ns4 and the increase was shown to be signifi-

Ž .cant PF 0.01 by the Student’s t-test. The
Žbreak-points were also significantly different PF

.0.01 as tested by Student’s t-test in multiplicates
Ž .ns4 as well as by the automated procedure

w xbased on Hudson’s algorithm 22 . Since external
solutes like glycine betaine, choline, proline, and
glucosylglycerol can accumulate inside het-
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erotrophic eubacteria and cyanobacteria
w x29,42,44]47 , we evaluated the effect of glycine

Ž .betaine on respiration shown in Fig. 8c,d in cells
grown in 0.3 M NaCl. Glycine betaine stimulated
respiration further, changing the activation

Ž 3 .volume by ; threefold 1656]4905 cm rmol .
The break-points and activation volumes were

Ž .found to be significantly different PF0.01 by
both Student’s t-test as well as by the boot-strap
methodology. Thus, the mechanism of action of
glycine betaine should be comparable to that of
glucose which was consistent with induction of
voids in the bilayer. This could be tested directly.
If glycine betaine stimulates respiration and in-
duces voids, the mechanism of osmoprotection
offered by glycine betaine could also be due to
enhanced leak conductance to the substrate. If
so, there should be some relationship between
the molecular mass of the substrate for growth
and osmotolerance. While the strains of E. coli,
K-12 and C90 exhibited a larger tolerance for
NaCl, MC4100 exhibited marked sensitivity such

Žthat the salt inhibited growth at -0.4 M data
.not shown . Under these conditions, various poly-

ols were used as substrates for growth, and the
results are summarised in Table 1. The data show
that there was a marked difference in the osmo-
tolerance conferred by glycine betaine in the
presence of polyols. In the case of organic acids
there was hardly any difference in the conferred

Žosmotolerance by glycine betaine data not
.shown . The limiting osmolarity was directly re-

lated to the molecular size of the substrate
molecules, e.g. the bacteria grew in up to 0.9 M

Ž .NaCl medium in glycerol 92 Da as compared to
Ž . w x0.4 M NaCl in trehalose 342 Da , 29,48 .

Fig. 8. Effect of glycine betaine on growth and respiration in
E. coli C90. Growth as cell number and respiration as the

Žspecific activity nanograms of atoms oxygen consumed per
.minute per milligram of bacterial protein were plotted as a

function of the external NaCl media. Growth was measured as
wŽ . x wŽ . xO.D. in the absence A , o}o and presence B , v}v of520

0.5 mM glycine betaine, showing activation volumes of 4324
and 5428 cm3rmol, respectively. Respiration was measured in

wŽ . x wŽ . xthe absence C , o}o and presence D , v}v of 0.5 mM
glycine betaine in bacterial cells grown in the presence of 0.3
M NaCl showing activation volumes of 709 and 852 cm3rmol,
respectively.

3.10. The question of leaks ¨s. growth

Induction of voids in the plasma membrane
implies that leak conductance of the membrane is
potentially a major variable in the bacterial physi-
ology. Depending on whether one measures a
direct permeability related variable such as
swelling or a macro event like growth, the mea-

Table 1
aEffect of various substrates on the osmoprotective role of glycine betaine on the growth of E. coli MC 4100

Ž .Substrate Molecular mass Critical NaCl, M break-point

Ž . Ž .y Glycine betaine q Glycine betaine

Glycerol 92 0.39 0.91
Glucose 180 0.35 0.60
Mannitol 182 0.42 0.73
Trehalose 342 0.37 0.40

a Ž .No relationship was observed with the molecular mass in the presence of glycine betaine unlike with polyols , when organic
Ž w x.acids were used as substrates data omitted, 28 .
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surements reflect variable dependence on the
molecular mass of the external osmolytersub-
strate. The traditional view is that the bilayer
offers a barrier to facilitate the protonmotive
force across the bilayer as the energy intermedi-

w xate for bacterial cells 49 . Thus, bacterial growth
and enhanced leak conductance would be inimi-
cal to each other. Yet molecular mass depen-

Ž .dence of the substrate for bacterial growth has
been documented and explained in the published

w xliterature 50 . The passive permeability of cells to
sugars is known to be very low. However, if the
passive component of permeability during active

Žtransport is considerable a distinction thus far
.never been made experimentally , this should di-

rectly reflect in growth curves.
Fig. 9 shows a re-examination of the published

w xwork on the kinetics of the bacterial growth 8 . It
is well known that bacterial growth does not
rigorously follow the Michaelis]Menten kinetics
w x9 . The major methodological problem is the
difficulty in measuring the free substrate at low
levels during a growth curve reliably. Instances
wherein such data were obtained by careful HPLC
analyses, it was shown to fit well to a logarithmic
model of the kind:

Ž . Ž .msK? ln s qa 9

where, m is the specific growth rate per hour, s

the growth-limiting substrate concentration, and
K and a are appropriate constants. The log-
arithmic dependence was interpreted to mean a
thermodynamic control of growth, J , sinceg

J smsL ?DGg

� o Žw x w x.4sL ? DG qRT ? ln substrate r product
Ž .10

where, DG is the Gibbs free-energy difference of
the reactions, DGo the standard free-energy dif-
ference, L a phenomenological constant of the
ensemble of relevant activities, R the gas con-
stant, and T absolute temperature. Table 2 shows
an alternative model of leak conductance, i.e.

w Ž .x Ž .ms m ?sr K qs qk9 ?s 11max s

where, m is the maximal growth constant andmax
k9 the rate constant of the non-saturable leak.
The leak would be defined as a non-saturable
sink and could be evaluated experimentally by a
fit as seen in Fig. 9. The distinction between both
models resides not merely on the goodness of fit
in terms of the coefficient of correlation obtained
by linear least square regression, but a far more
rigorous non-parametric criterion that their resid-
uals must be truly random, i.e. without a pattern
w x8 . The leak model has excellent antecedents, say

w xfor anion transport, in erythrocytes 51 and serves

Table 2
aThe theoretical fits of different models to the bacterial growth in E. coli ML30

Models K V Constant NRSSs max

Ž .A Michaelis]Menten model
1. Hanes]Woolf 0.439 0.869 0.1631
2. Lineweaver]Burk 0.162 0.726 0.1247
3. Eadie]Hofstee 0.157 0.739 0.1175
4. Cornish Bowden 0.290 0.799 0.1070

Ž . Ž .B Logarithmic model 0.290 K 0.0472

Ž . Ž .C Leak model 0.134 0.649 0.028 k9 0.0427

a w Ž .x w Ž .xNotes. Michaelis]Menten model, msm sr k qs ; logarithmic model, msK? logs; and leak model, ms m ?s k qs qmax s max s
k9 ?s, where m is the growth rate, m maximal growth rate, s the substrate concentration, k the Michaelis]Menten constant inmax s

w xmicromoles, K the rate constant for the logarithmic model, and k9 the rate constant of the non-saturable leak 51 . NRSS, the
n 2 n 2ˆŽ . Ž .Normalised residual sum of squares is given as: NRSSsÝ Y yY rÝ Y yY , where, n is the number of observations, Y isi i i i i

ˆthe observed value, Y, is the theoretical value, and Y is the mean of the observed values.
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Fig. 9. Growth kinetics data of E. coli ML30 fitted to a leak
Ž .model. Line 1, . . . represents the non-saturable leak compo-
Ž . Ž .nent and line 2, } the saturable component. Line 3, o}o

Žis the leak model as a sum of 2 and 1 details are given in
.Section 3.10 . Published data was digitised at a precision

better than 1% and has been analysed as described in the text.

to bring forth a valuable lesson that there is a
need to use rigorous statistical criteria, other than
the usual parametric goodness of fit tests in test-
ing models. Variable conductance of bacterial
membranes is further supported by the presence
of stretch-sensitive channels in the plasma mem-

w xbrane 52,53 . Leak conductance differs in one
fundamental way from other conductances in that
it reflects a variable that is induced under condi-
tions of active transport and would be absent in
the absence of active transport conditions. Since
different substrates with independent transporters
offer different osmotic sensitivity, it follows that

Ž .the free energy dissipator the transporter has an
intimate role in the induction of voids in the
lipidic phase.

These results should not be considered irrecon-
cilable with known mechanisms of transport, etc.,
and offer additional detail on membrane pertur-
bations that osmotic pressure alone cannot re-
veal. For instance, any uncoupler being also a
lipophilic anion, one must distinguish between
this aspect of an uncoupler and its presumptive
uncoupling action. By definition, an uncoupler
should stimulate respiration while it inhibits ATP
synthesis or transport. Indeed lactose transport is
inhibited by uncouplers as well as respiration

w xunder aerobic conditions 31 . Even in the case of
cytochrome oxidase vesicles, wherein proton pump

activity was measured, the effect of an uncoupler
w xcould be seen with the soluble enzyme 54 . This

indicates direct effect rather than its uncoupling
activity.

In summing up, one should review the special
advantage offered by the current osmotic metho-
dology in understanding routine bacterial physi-
ology and energetics, for the directness and in-
sights it offers. For example, maintenance energy
could be considered as insensitive or even en-

w xhancing with osmotic pressure 55 . This system of
coupled equations each one with its own osmotic
sensitivity, can also be rewritten for other
processes, e.g.

˜ ˜ ˜J yK PsJ yK PqJ yK PA Žmax . a BŽmax . b C Žmax . c

Ž .12

where, J J and J are the maximalAŽmax., BŽmax. CŽmax.
activity or flux of the processes A, B and C

˜ Ž .respectively, and K is the constant slope coup-
ling activity with osmotic pressure, with the lower-
case subscript corresponding to respective
processes.

Therefore,

Ž .J sJ qJ 13A Žmax . BŽmax . C Žmax .

and,

˜ ˜ ˜ Ž .K PsK PqK P 14a b c

Thus, in coupled respiration, determining the
compressibility coefficients for the induced and
endogenous respiration would yield the hidden

˜variable, K P, or the specifically measured os-b
motic compressibility of the induced respiration.
The present study argues in favour of the inter-
molecular spaces or voids as causal for this os-
motic compressibility.

Though it was argued that water activity itself
has less of a role to play than the osmotic pres-
sure on the inhibitory nature of high external

w xsolute concentration 48,56,57 , and the site of
Ž .action inhibition is the plasma membrane, it was

only speculative on the nature of inhibition }
conformational change in lipids andror proteins
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of membranes. We conclude, based on the above
experimental data, that the change in size dis-

Ž .tribution of voids spaces or cavities in the mem-
brane is responsible for inhibition of membrane-
dependent processes and growth. Secondly, we

Žconclude that voids and hence the leak conduc-
.tance have a positive role in the growth and

energetics of bacteria.

4. Nomenclature

ANS: 1-Anilinonaphthalene-8-sulfonate
Ž .n-AS: n- 9-Anthroyloxy stearic acid

b-Galactosidase: b-D-Galactoside galactohydro-
lase, EC 3.2.1.23
Catalase hydrogen peroxide: Hydrogen peroxide
oxidoreductase, EC 1.11.1.6
DMF: Dimethyl formamide
DMPC: Dimyristoyl phosphatidylcholine
DPH: 1,6-Diphenyl-1,3,5-hexatriene
IPTG: Isopropyl-b-D-thiogalactopyranoside
LUVs: Large unilamellar vesicles
MLVs: Multilamellar vesicles
NRSS: Normalised residual sum of squares
ONPG: o-Nitrophenyl-b-D-galactopyranoside
SUV: Small unilamellar vesicles
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