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Biophysical Characterization of Changes in Amounts and Activity of
Escherichia coli Cell and Compartment Water and Turgor Pressure in
Response to Osmotic Stress

D. Scott Cayley,* Harry J. Guttman,* and M. Thomas Record, Jr.**
Departments of *Chemistry and #Biochemistry, University of Wisconsin-Madison, Madison, Wisconsin 53706, USA

ABSTRACT To obtain turgor pressure, intracellular osmolalities, and cytoplasmic water activity of Escherichia coli as a
function of osmolality of growth, we have quantified and analyzed amounts of cell, cytoplasmic, and periplasmic water as
functions of osmolality of growth and osmolality of plasmolysis of nongrowing cells with NaCl. The effects are large; NaCl
(plasmolysis) titrations of cells grown in minimal medium at 0.03 Osm reduce cytoplasmic and cell water to ~20% and ~50%
of their original values, and increase periplasmic water by ~300%. Independent analysis of amounts of cytoplasmic and cell
water demonstrate that turgor pressure decreases with increasing osmolality of growth, from ~3.1 atm at 0.03 Osm to ~1.5
at 0.1 Osm and to less than 0.5 atm above 0.5 Osm. Analysis of periplasmic membrane-derived oligosaccharide (MDO)
concentrations as a function of osmolality, calculated from literature analytical data and measured periplasmic volumes,
provides independent evidence that turgor pressure decreases with increasing osmolality, and verifies that cytoplasmic and
periplasmic osmolalities are equal. We propose that MDO play a key role in periplasmic volume regulation at low-to-moderate
osmolality. At high growth osmolalities, where only a small amount of cytoplasmic water is observed, the small turgor pressure
of E. coli demonstrates that cytoplasmic water activity is only slightly less than extracellular water activity. From these
findings, we deduce that the activity of cytoplasmic water exceeds its mole fraction at high osmolality, and, therefore,
conclude that the activity coefficient of cytoplasmic water increases with increasing growth osmolality and exceeds unity at
high osmolality, presumably as a consequence of macromolecular crowding. These novel findings are significant for
thermodynamic analyses of effects of changes in growth osmolality on biopolymer processes in general and osmoregulatory
processes in particular in the E. coli cytoplasm.

INTRODUCTION

Escherichia colgrows over more than a hundred-fold range ternal osmolality (Record et al., 1998&). coli makes large

of external osmolality (Osm), extending from as low asand systematic changes in the amounts of cell and cytoplas-
0.015 Osm (Baldwin et al., 1995) up t01.9 Osm (McLag- mic water and in the amounts of periplasmic and cytoplas-
gan et al., 1990; Cayley et al., 1991) in minimal mediummic solutes in response to changes in osmolality of growth
and up to~3.0 Osm in rich medium (Record et al., 1998a). (reviewed by Record et al., 1998a; Csonka and Epstein,
To grow over this range of external water activity (0 1996). How do these changes affect the activity of cytoplas-
a0 = 0.95, wherea, , = e 9°™°%§ requires a high mic water? Of particular relevance for the present study are
degree of thermodynamic sophistication. In general, growgbservations that the amount of periplasmic membrane-
ing cells may adapt to changes in osmolality of the growthderived oligosaccharide (MDO, heterogeneous anionic glu-
medium i) by making compensating changes in the intratose oligomers that are too large to pass through pores in the
cellular osmolality by changing the amounts of water and/olpyter membrane:; Kennedy, 1996) increases as the osmola-
solutes in the cytoplasm and periplasm, so that the osmolajty of growth decreases for all wildtypE. coli K-12 strains

lity difference AOsm and turgor pressutkll = RTAOSM  ayamined (Kennedy, 1982; Kennedy and Rumley, 1988;
across the cell wall are maintained, and/or ii) by aIonving Sen et al., 1988; Lacroix et al., 1989). Do these changes in
AOsm to change so that turgor pressure changes with 4mount of periplasmic MDO demonstrate that turgor pres-

sure changes with osmolality of growth? Knowledge of

Received for publication 13 September 1999 and in final form 4 Januar)):urgor pressure as a function Of_ Osm_OIa“ty of growth is the
2000. only way to determine the physiological range of cytoplas-
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reviations USecAl, turgor pressure, WSl external osmolaily: - changes is not well understood (Wood, 1999). Changes in
MDO, membrane-derived oligosaccharides; VLOM, very low osmolality . .
medium; MBM, MOPS-buffered medium; DW, cell dry weighi3,  LUrgor pressure have been considered as a possible osmo-
water-accessible cellular volumegs,, water-accessible cytoplasmic vol- regulatory signal (Wood, 1999; Csonka and Epstein, 1996).
ume; V42, water-accessible periplasmic volume; BDD, 1-bromododecaneFew estimates of turgor pressure Bf coli are available
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outer membrane or across the inner (cytoplasmic) memsponse, initiated by increased uptake of extracellular K
brane and whether turgor pressure changes with osmolalitwith the end result (in minimal growth medium without
of growth have been controversial and unresolved. Studieadded osmoprotectants) that cytoplasmic amounts Gf K
of osmotic and Donnan properties of nongrowing suspenglutamate (and other organic anions), trehalose, and water
Slon'S of the Closely-related bacteriuBalmonella typhl- increase, and the amount of Cytop|asmic putrescin-e) (2
muriumled Stock et al. (1977) to conclude that the cyto- decreases (cf., Csonka and Epstein, 1996; Record et al.,
plasm and periplasm are isoosmotic, and that turgorggga for reviews). We propose that the fundamental reason
pressure is maintained across the cell wall. However, stutk,, the increases in amounts of cytoplasmic ,Kgluta-
ies of the osmoregulation of the expression of KUPABC 01 and trehalose is to allow the cell to increase the
operon |n_E. coli have been interpreted as indicating thatamount of cytoplasmic water (by almost twofold over that
:;h;:]%?asng]_ggzgncg ?(fs[s)urseeﬁgirsi?ﬁ:geb3(/Lt:i§]i%togiazq]é‘ﬁaracteristic of the nongrowing plasmolyzed state at 1.0

P ; - - 'Osm) and thereby achieve the highest growth rate possible
1981). Phase and electron microscopy studies of growing. - . . .

a minimal medium without osmoprotectants at this os-

cells have led to the proposal that turgor pressure is main- . )
tained across the cytoplasmic membrane (Koch, 1995, 1998')].10""lllty (Cayley et al.,, 1991, 1992, ReF:ord et ?'-' 1.9 98a).
In the present study, we use suspensiorts.ablilacking

To address these issues, we have indirectly quantified the ) X
variation of turgor pressure with external osmolality by external K" to prevent cells from adapting to osmotic stress,

measuring the effects of osmolality of growth and of plas-and analyze measurements of the passive changes in cell
molysis with NaCl on the volumes (i.e., amounts) of cell and compartment volumes in plasmolysis titrations of cells

periplasmic, and cytoplasmic water, and by analyzing thé/vith NgCI to guantify their osmotic properties. This novel
dependence on growth osmolality of the concentration ofN2lysis provides the basis for our use of cell and cytoplas-

periplasmic MDO, calculated from published amounts of M€ Volume measurements to determine the osmotic prop-
MDO and from our measurements of periplasmic volume Erties and !ntracellular water activity &f colias a function
We interpret the observed changes in amounts or volume® 0smolality of growth.

of water and in concentration of periplasmic MDO in terms

of simple physical models. We conclude that the periplasnThe balloon model for turgor pressure of E. coli:
and cytoplasm are isoosmotic and tkatoli systematically ~why measurements of cell volume provide

varies turgor pressure with external osmolality. information about turgor

The bacterial cell wall has been considered balloon-like
(Doyle and Marquis, 1994) because it can stretch under
pressure. Outwardly directed turgor pressure (the osmotic
pressure difference between the cell interior and the external
The cytoplasm oE. coli exhibits both passive and active medium) is the analog of the difference in air pressure,
responses to changes in external osmolality with NaCl okvhich inflates a balloon. Turgor pressure stretches the pep-
other cytoplasmic membrane-impermeable solutes (Recoriddoglycan of theE. coli cell wall (Woldringh, 1994 and
etal., 1998a). As an example of a passive response, considéferences therein) elastically (Koch and Woeste, 1992)
a so-called plasmolysis titration (Cayley et al., 1991, 1992)elative to the unstressed state existing in the absence of an
in which a fresh, nongrowing cell suspension harvestedsmotic pressure differenck. coli has two compartments
from exponential growth in minimal medium at low osmo- (periplasm and cytoplasm) with different permeabilities to
lality (e.g., 0.1 Osm) is titrated with NaCl. Naand CI~  solutes, so osmotic responses of both compartments must be
equilibrate across the outer cell membrane, subject to theonsidered to interpret effects of osmotic stress on cell
Donnan distribution for ionic species, which results fromVvolume. In this work, we provide additional evidence that
the presence of outer-membrane-impermeable anions in tHBe periplasm and cytoplasm are isoosmotic, in agreement
periplasm (Stock et al., 1977; Sen et al., 1988; and sewith the conclusion of Stock et al. (1977) and Sen et al.
below). Because the cytoplasmic membrane is impermeabld 988), which simplifies the physical situation. Thus, the
to NaCl and incapable of supporting an osmotic pressur®alloon analogy is instructive, and serves as the qualitative
difference, the cytoplasm loses water to increase its osmdasis for our model that changes in cell volume reflect
lality to that of the periplasm; this passive response reduceghanges in turgor pressure.

the amount of cytoplasmic water at 1.0 Osm+480% of its

original value without changing the amounts of any cyto-mATERIALS AND METHODS

plasmic solutes (Cayley et al., 1991; Record et al., 1998a).

(Plasmolysis beyond 1.0 Osm results eventually in removaPacterial strain, growth media,

of all unbound [osmotically active] water from the cyto- buffers, and chemicals

plasm.) To recover from the plasmolyzed state at 1.0 OSMj experiments were performed wit. coli K-12 strain MG1655. Cells
and resume growth requires an active osmoregulated revere grown aerobically at 37°C in a very low osmolality MOPS I8-(

Background on passive and active responses of
E. coli to changes in external osmolality
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morpholino)-propanesulfonate)-buffered  glucose minimal mediumlated with a K, of ~30 mM at high osmolality by strains of growirtg.
(VLOM; 0.03 Osm; Capp et al., 1996), in the MOPS-buffered glucosecoli defective in the osmotically regulated accumulation of cytoplasmic
minimal medium (MBM; 0.1 Osm; Cayley et al., 1989), or in MBM with trehalose. However, in addition to controls that previously demonstrated
NaCl used to adjust osmolality of the growth media. Wash buffer is growththat neither purified“C taurine (typically used at a concentration of 0.28
medium in which all K" (present as KsP0Q,) and glucose were replaced mM) nor C sucrose is accumulated by nongrowing suspensions of our
by an isoosmotic amount of NaCl. Plasmolysis buffer is wash buffer withwild-type strain under the conditions of our volume assays (Cayley et al.,

additional NaCl to increase the osmolality. 1991, 1992), we observe that 17)‘2’;0 of suspensions measured with
3H,0 (1 mG/g) and PH] polyethylene glycol (1.51 m@) were ob-  purified *“C sucrose oC taurine for cells grown in MBM-0.5 M NaCl
tained from DuPont (Boston, MA)}C] sucrose (621 m@nmol), [**C] are the same within error, 2) dilution #iC taurine to 1 mM with unlabeled

inulin (9.4 mG/mmol), [*“C] urea (54.0 m@mmol), and H] sucrose (12.0  taurine does not alter measured value‘iz'ﬁO of cells grown in MBM+0.2
C/mmol) were obtained from Amersham (Arlington Heights, IL). Al M NaCl, and 3) variation of the concentration’d€ taurine from 0.1 mM
radiochemicals excepH,O and [C] urea were purified of radiolabeled to 1 mM does not significantly affect measured value&?@ﬁ;O of cells
contaminants that interfere with volume measurements by preincubatioplasmolyzed wit 1 M NaCl. Use of taurine therefore introduced no
with cell slurries as previously described (Cayley et al., 1991, 1992).systematic errors in determinations‘in’y"’;o.
NH,OH (5.08 N in water), 1-bromododecane, and silicone oil were ob- We also tested whether the centrifugal harvest method used to prepare
tained from Aldrich (Milwaukee, WI). suspensions caused physiological changes relative to growing cells. Upon
completion of a volume assay with suspensions of cells grown at 0.1 Osm,
samples examined in a phase microscope exhibited motility, indicating that
these suspensions retained and were capable of utilizing endogenous en-

Measurement of amounts of cellular and ergy reserves. Cell viability (the number of colony forming units deter-
cytoplasmic water in nongrowing mined by plating on LB agar) and’a, also remained constant over the
cell suspensions course of an assay, as determined by comparison of these values before and
after a series of volume measurements. Moreover, cell suspensions had not
Volumes of cell water\{"’3) and cytoplasmic water\_/@’yio) in units of uL entered stationary phase by completion of a typical volume assay, because

per mg cell dry weightgL/mg DW) of fresh nongrowing cell suspensions suspended cells resumed a normal growth rate immediately, with no
were obtained from comparisons of the volume of cell pellets accessible tobservable lag, upon dilution into fresh growth medium, and the thermo-
3H,0 to that of**C inulin (a polymer that is outer-membrane impermeable) tolerance of centrifugally-harvested suspensions grown at 0.1 Osm (deter-
or *C sucrose (which freely diffuses into the periplasm but is not trans-mined by the reduction in viability with time after heating at 48°C; see
ported into the cytoplasm) using the method of Stock et al. (1977) adHengge-Aronis et al., 1991) was identical to that of growing cells and not
described previously (Cayley et al., 1991, 1992). (These volumes arenhanced as it was in cells grown into stationary phase at 0.1 Osm (data not
equivalent to amounts of water in mg water/mg DW assuming a density oEhown).
intracellular water of 1.0 g/mL). Briefly, cells were harvested from expo-
nential growth (at-3 X 10° cells/mL,<0.2 mg DW/mL) by centrifugation
at 7,000x g for 8 min. Cell pellets were suspended in isoosmotic wash
buffer, recentrifuged, resuspended to a final cell density ®img DW/mL Measurements of amounts of cellular and
with wash buffer and swirled periodically for the30 min typically needed cytoplasmic water and of protein in growing cells
to complete a series of measurements. The€&mL of *H,O and 0.2
wC/mL of either **C sucrose of“C inulin were then added per mL of Volumes of water in growing cells were determined by measuring the
suspension, after which the samples were immediately centrifuged adistribution of radiolabeled probes in pellets of cultures harvested by brief
12,000 g for 30 s (a sufficient time to pellet cells completely). The cpm centrifugation through oil. Briefly, 2C/mL of *4C inulin, **C sucrose, or
in samples of the supernatant and cell pellets were then assayed by dui#,O was added to midlog phase cultures growing in MBM (0.1 Osm, an
isotope scintillation counting and used to determi&, and \7‘3’;{0 (in osmolality at which the density of cells is1.08-1.09 g/mL; Baldwin et
uL/mg DW) as described previously (Cayley et al., 1991). Measurementsl., 1995) immediately before centrifuging 1.4 mL aliquots in microfuge
of \72’;;0 immediately after harvest and 40 min after harvest were the sametubes containing 20Q.L of 1-bromododecane (BDDj = 1.038 g/mL) at
demonstrating that the amount of cytoplasmic water did not vary during thel2,000X g for at least 90 s. (Centrifugation for less tha®0 s incom-
time needed to perform a series of measurements. In adaft@;h,was pletely pelleted cells, whereas results were independent of centrifugation
independent of time of incubation 3fC sucrose in suspensions before times longer than 90 s). After removing 1. of supernatant from each
volume assay for at least 10 min, the longest time tested. Control experitube, the remaining supernatant and BDD was carefully removed by
ments showed no significant differences in volumes determined 3th  aspiration, the pellets suspended in 340 of water, and the cpm in the
PEG instead of“C inulin or with *C taurine instead of’C sucrose ofH supernatant and pellet samples determined by scintillation counting. (The
sucrose, indicating the absence of any specific interactions of these probepm in the suspended pellets ranged froni,000 cpm for samples
with cell components. Bubbling suspensions withd incubation with 5 containing*“C inulin up to~2,000 cpm for samples containifig,O, and
mM fructose, 11 mM glucose or 1.3 mM KRO, for five min prior to no cpm was detected in the discarded BDD). The amount of protein in each
assay did not affect_/‘g’yio, showing that any deprivation of oxygen or sample was determined by comparing thg £of the culture at the time of
nutrients that occurred during preparation of suspensions did not loweassay to a standard curve of mg protein/mL of culture versyug deter-
V;"yato. All steps after cell growth were performed at room temperature. mined separately on multiple cultures grown in MBM, using the assay of
In NaCl plasmolysis titrations to determine the passive responses ofowry et al. (1951) with BSA as standard as previously described (Cayley
V¥a and ngw to increases in external osmolality, suspensions of cellset al., 1991). Values were normalized to the dry weight of samples using
grown at 0.03 Osm (in VLOM) or at 0.83 Osm (in MBWD.4 NaCl) were measurements of the protein/dry weight ratio determined separately. Vol-
assayed as described above except that, immediately before addition ames of cytoplasmic and cellular water @@h./mg dry weight) were then
radiochemicals, samples were diluted fivefold with plasmolysis buffer tocalculated as for suspensions by subtracting the sucrose- or inulin-acces-
achieve the desired range of final NaCl concentrations and a final celkible volumes, respectively, from the water-accessible volume. In experi-
density of~5 mg DW/mL. ments to control for the effects of centrifugation of suspensions through
Most previously published values me (Cayley et al., 1991, 1992) BDD, the procedure used for assaying volumes of suspensions was used
referred to in this paper were determined usifQ taurine in place ot‘C except that, after radiochemical addition, samples were centrifuged in tubes
sucrose. McLaggan and Epstein (1991) found that taurine can be accumaentaining 200uL of BDD for 120 s.
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Preliminary experiments showed that the error in the measurements df is valid over the entire range of concentration ra€igs,o/Cy, and gives
volumes of growing cells assayed as above was much lower in cellshe correct limiting resultAll,po = RTG,po for Cx = Cypo and
centrifuged through BDD than in cells centrifuged in the absence of BDD.Allyp0 = RT(Z25| + 1)Cupo for Cypo => Cy.

Preliminary experiments also showed that the firmness of pellets and

reproducibility of results obtained with cells spun through BB+1.038

g/mL) was greater than for silicon oip(= 1.050 g/mL). Evaporation of Other methods

3H,0 was an insignificant source of error because the membrane-perme- - ) )
able solute!“C urea (which readily equilibrates into cytoplasmic water; 'he osmolalities of the growth media, wash buffer, and low-osmolality
Mitchell and Moyle, 1956) gave results that were identical to those ob-Plasmolysis solutions<(0.1 Osm) were measured using a Wescor model
tained with®H,0 as long as sufficient time~(90 s) was allowed for urea 5520 vapor pressure osmometer. Osmolalities of other plasmolysis buffers

to diffuse into the cytoplasm of cells before centrifugation of samplesWere calculated assuming additivity of osmotic contributions from the
through BDD. wash buffer and added NaCl. The latter contribution was calculated using

osmotic coefficients of NaCl from Robinson and Stokes (1959). This
procedure was verified to be accurate to within 1% for representative

Calculations of periplasmic MDO concentration samples measured by osmometry. All fittings were performed using the
and of the contribution of MDO to program NONLIN (Johnson and Frasier, 1985; Straume et al., 1991), a
turgor pressure nonlinear functional-form, least-squares fitting program. All errors re-

ported for fittings were obtained from NONLIN using a 67% confidence
To calculate concentrations of periplasmic MDO at different osmolalities probability.
of growth, molar amounts of MDO irE. coli K-12 from the data of
Kennedy (1982) and Lacroix et al. (1989) were divided by the correspond-
ing amounts of free water in the periplasm obtained from our volumeRESULTS
measurements. Kennedy (1982) and Lacroix et al. (1989) measured the
relative amounts of MDO (in cpm/mg DW, usirfti-glycerol to label ~ Variation of the volume of cell water of E. coli in
MDO) as a function of growth osmolality varied with NaCl. Values of the NaCl titrations of cells grown at very low (0.03)
radioactivity of the extracted MDO taken from Fig. 1 of Kennedy (1982) and moderately high (0.83) osmolality
were corrected for non-MDO material by subtracting the reported osmot- _
ically-invariant amount of non-MDO radioactivity in MDO extracts. La- Figure 1 plots the volume of cell wateV{3) per unit DW

croix et al. (1989) reported relative amounts of MDO determined aftergf E. coli grown at 0.03 Osm (in VLOM) and during the

purification from non-MDO-labeled material. The relative amounts of P : :
MDO from Kennedy (1982) were normalized to nmol MDO/mg DW using S#bsequer?t Courslel_Of pflagrggl)gls EIt;atE)nZS g\gl\gti lz)lalcg At
the value of 136 nmol MDO glucose/mg DW determined by Kennedy andt e growth osmolality of O. SMige = £.96 = 0.

coworkers in cells grown at 0.07 Osm and their assumption of 9 glucosetL/mg DW. Numerically, values o _ceah correspond to
MDO (Rumley et al., 1992). The relative amounts of MDO from LaCroix amounts of cell water in mg water/mg DW, assuming a
et al. (1989) were converted to nmol MDO/mg DW using their value of density of 1 mgiL. Figure 1 shows that addition of NaCl

125 = 20 nmol MDO glucose/mg DW determined in cells grown at 0.07 reduce —Ceeh of these cells monotonically to a high o0smo-

Osm and by assuming 9 glucose/MDO. (The principal MDO species have . L . —wa
8-9 glucose monomers; Kennedy, 1996). ?allty minimum value (designate¥(g » of 1.9 = 0.05

To calculate periplasmic concentrations of MDQ$,, expressed as  mL/mg DW, attained within error at plasmolyzing osmola-
moles of MDO per L of free periplasmic water), the amount of periplasmic
waterVjg, (in uL/mg cell DW) as a function of osmolality were obtained
by interpolation of the linear fit (cf., Fig. B below) of measurements of
W2, determined in this study and in Cayley et al. (1991). ValueS#; 3.5 T 7 T T
were converted to volumes of free periplasmic waf( ) by subtracting
an osmolality-independent estimate of the volume of bound water of
hydration of periplasmic biopolymer$/{2; , = 0.09 pL/mg cell DW) 3.0 4 .
obtained by assuming that periplasmic biopolymers are hydrated to thes
same extent as cytoplasmic biopolymers (0.5,0HK biopolymer; Cayley 0
et al., 1991, 1992) and that the protein/DW ratio of the periplasm and 2 25
cytoplasm are the same. Periplasmic protein was taken as 20% of celty
protein (Ames et al., 1984; Cronan et al., 1987). = 1
The contribution of periplasmic MDO (concentratiog, S, and appar- gES 20 .
ent valenceZyi,) to turgor pressure across the cell wall as a function of |=>" <~ 7] .
salt concentration was calculated from a Donnan equilibrium analysis, in ) ..
which the osmotic pressure difference across the cell wall is ascribed to
anionic MDO in the periplasm and to the unequal distribution of salt ions 1.5 T e T T
between the periplasm and the external solution required for periplasmic 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
electroneutrality. For this calculation, the ionic composition of the minimal Osmolality of Plasmolysis (Osm)
growth medium with added NaCl was approximated as that of a univalent
salt with an anion concentratid®y equal to the sum of the anion concen-
trations in the growth medium (primarily Cland the MOPS anion).
Then the MDO contribution to turgor pressuel{,,no) is given by

FIGURE 1 Reduction in water-accessible cellular volui{§, of sus-
pensions of cells grown at 0.03 Osm (in VLOKD) and at 0.83 Osm (in
MBM +0.4 M NaCl; @) with increasing plasmolyzing osmolality adjusted
AHMDO = RT[CMDO + (Z?/lproZCﬁDo + 4C§<)0'5 _ ZCX], (1) with Na}CI._EaCh point shows the_average:l( SD) of 2—-7 independent

determinations, each performed in triplicate on separate cultures. The
whereR = 0.0821 liter atm mol* deg * andT is Kelvin temperature. In  curves are empirical hyperbolic best fits to the data, and were used to
Eq. 1, nonideality effects are neglected. Subject to this approximation, qustimate\_/‘é”e"}hmin.
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lities in excess of-1 Osm. Figure 1 also plots the behavior therefore also constant over the range of osmolalities and
of V¥4, in plasmolysis titrations of cells grown at 0.83 Osm growth rates examined.

(in MBM +0.4 M NaCl), at which osmolality the amount of ~ Table 1 also lists volumes of water per viable cell, cal-
periplasmic MDO is very low (Kennedy, 1982; Lacroix et culated from determinations of the amount of protein per
al., 1989). The initial value 0%%3, is much smaller for cells viable cell, the protein/DW ratio, and the volume of cell
grown at 0.83 Osm than at 0.03 Osm (cf., Fig. 1 and Tablevater per mg DW. The calculated amount oftHper cell

1), in agreement with previous observations (summarized inlecreases from1.8 fL for cells grown at 0.03 Osmte1.1
Table 1) thatV¥4, decreases with increasing osmolality of fL for cells grown at 1.0 Osm (Table 1). For cells grown at
growth (Richey et al., 1987; Larsen et al., 1987; Cayley e0.1 Osm (in MBM), the volume of water per cell4sl1.5 fL.

al., 1991). Notably (cf., Fig. 1), after plasmolysis to any Because the water-inaccessible volume of these cells is
osmolality greater than 0.83 Osm, the amount of watef.63+ 0.09 uL/mg DW (or ~0.4 fL per cell), independent
remaining in cells grown at 0.83 Osm is always significantlyof osmolality (Cayley et al., 1991), therefore, the total
less than the amount of water in cells grown at 0.03 Osmvolume of the average cell grown at 0.1 Osm-i%.9 fL. per
Figure 1 shows that, for cells grown at 0.83 Osm and titrateatell. The corresponding dimensions of a cell with this vol-
with NaCl, increasing external osmolality reduces the vol-ume, assuming a cylindrical shape with hemispherical ends
ume of cell water to a high osmolality minimum value and an overall 2:1 length:width ratio, is approximately 2.2
Vedi min Of 1.56 = 0.05 ulL/mg DW. This plateau value is pm X 1.1 um, consistent with accepted dimensionsgof
significantly less than the value a3, ., obtained from  coli (Neidhardt et al., 1990).

plasmolysis titrations of cells grown at 0.03 Osm (190

0.05 uL/mg DW).

. . = wa . .
To vgrn‘y that the variation o cell,min with osmolality of Changes in water-accessible cytoplasmic and
growth is only the result of changes in the volume of water__ . . .
periplasmic volume during NaCl plasmolysis

per cell, and not in the amount of dry weight per cell, We it rations of E. coli arown at verv low osmolality
examined whether the dry weight per cell varies with os- : g b

molality of growth. Table 1 lists the growth rate and mass of(0'°3 Osm)

protein per viable cell for cultures grown from 0.1 to 1.0 Figure 2 plots the volumes of cytoplasmic and periplasmic
Osm. Whereas the growth rate exhibits a maximum neawater of E. coli grown at 0.03 Osm and subsequently
0.28 Osm, the amount of protein per viable cell shows nglasmolyzed with NaCl. The initial volumes of water in
systematic variation with osmolality and has an averagéhese compartments aﬁ@’ﬁo = 2.53 + 0.08 uL/mg DW
value of 0.41*+ 0.03 pg per cell, which is within the range andVpg, = Ved — Vi, = 0.43= 0.13ul/mg DW. As the

of published values foE. coli B/r (Bremer and Dennis, concentration of NaCl is increaseds,, decreases mono-
1996). Because the protein/DW ratio of cells grown overtonically to an apparent plateau volume 0.4 uL/mg

this range of conditions is 0.6& 0.07, independent of DW, approached at plasmolyzing osmolalities in excess of
osmolality (Cayley et al., 1991), the dry weight per cell is 3 Osm. (For reference, the curve for the reductioVifj,

TABLE 1 Dependence on growth osmolality of volume accessible to water, growth rate, and amounts of protein and water per
E. coli cell

Growth Osmolality Growth rate* Vg Protein/cell H,O/cell*
(Osm) (generations/hr) (ul/mg DW) (pg/cell) (fL/cell)
0.03 0.84+ 0.07 2.96+ 0.10 ND 1.77+ 0.14
0.1 0.91+ 0.04 2.52+ 0.06 0.39+ 0.02 1.52+ 0.12
0.28 1.00+ 0.10 2.45+ 0.11 0.43* 0.04 1.48+ 0.13
0.56 0.79+ 0.06 ND 0.41+ 0.01 ND
0.65 0.73*= 0.03 2.06* 0.05 0.41+ 0.01 1.24+ 0.10
0.83 0.63*+ 0.11 1.99+ 0.05 0.40* 0.04 1.20+ 0.09
1.0 0.49+ 0.04 1.87+0.12 0.42+ 0.05 1.13+ 0.11
1.0 + 1 mM proliné® 0.56+ 0.05 ND 0.41+ 0.03 ND

*Growth rates and amounts of cell watét?3, for cells grown at 0.03 Osm, 0.1 Osm and 0.83 Osm were determined in this study; the other values of growth
rate andv’3, are from Cayley et al. (1991).

TAmounts of protein per viable cell in picograms are the average $D) of approximately five measurements, each performed in triplicate. Viable cell
counts were determined by dilution plating samples on LB agar. The average of all measurements at all osmolalities & @B4dg/cell.

*The volume of water per cell in femtoliters was calculated using the average amount of protein per cetl (0081pg), the ratio of protein to dry weight

of cells grown under these conditions (0.68) and tabulated valu&¥f

SProline is an osmoprotectant, accumulated from the medium, that increases the growth rate of osmotically stressed cells (Cayley et al., 1888; Csonka
Epstein, 1996).

ND, not determined.
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304 T T T T T T T ] verified by our observation (data not shown) that the
amount of cytoplasmic water in cells after plasmolysis with
7 1 M NaCl remained unchanged for at least 15 min, the
vva ) longest time tested.
— ] To test directly whether the amounts of cell and cytoplas-
V&?ri mic water in cell suspensions and in growing cells are the
: same, we used a radiochemical method to measure volumes
1.0 ; 8 of growing cells harvested by brief centrifugation through
§‘ ~o- ywa T BDD oil as described in Methods. Table 2 shows that the
water-accessible cell and cytoplasmic volumes of mid-log
' . ' ' . ' . phase cells growing at 0.1 Osm are the same, within error,
0 1 2 3 4 5 6 7 as in fresh suspensions, indicating that fresh suspensions
Osmolality of Plasmolysis (Osm) have the same osmotic properties as growing cells (and see
Discussion). Table 2 also shows that centrifugation of cells
FIGURE 2 Reduction in water-accessible cytoplasmic volumeand  through BDD per se does not perturb the amount of intra-
increa_se ofwater-a_ccgssible periplasmic vo_Ium)ec(f cells_grow_n at0.03_ cellular water, because cell and compartment volumes of
Osm (in VLOM) with increasing plasmolyzing osmolality adjusted with suspensions assayed by centrifugation through BDD are the

NaCl. Each point shows the averagel( SD) of 6—12 measurements . d with BDD. A bathi
performed on 2—4 cultures. The curve throughW¥{g, data is an empirical same as suspensions assayed without : athing at-

best-fit hyperbolic function. The corresponding fit to ##€, data for cells ~ Mosphere of medium must therefore accompany cells as
grown at 0.03 Osm from Fig. 1 is shown for comparison. Periplasmic datthey sediment through BDD, a conclusion verified by our
points were obta?ned b_y subtraction of cytoplasmif: volumes from_ cellgpbservation that the extracellular (i.e., inulin-accessible)
volumes. The periplasmic volume curve was determined by subtraction 0{/O|Ume in pellets of samples spun through BDD contained
the fitted curves for cell and cytoplasmic volumes. .

~1.8 uL extracellular water/mg total cell protein. Although

significantly less than the-2.5 uL extracellular water/mg

protein of samples of pellets spun in the absence of BDD,
with plasmolyzing osmolality from Fig. 1 is also shown in the 1.8uL/mg protein greatly exceeds that estimated for a
Fig. 2.) Plasmolysis of cells grown at 0.03 Osm affe_@;é‘to monolayer coverage~0.02 uL/mg protein) of a smooth
much more thaw’s, reducing_cﬁo to less than 20% of its  surface with the dimensions of tite coli cell.
initial value, wherea®?%5, is reduced to 60% of its original The equivalence of the amounts of cell and cytoplasmic
value. Consequentl)_f,g’(ifri (the difference betweeX!’3, and  water in fresh suspensions and growing cells validates our
Vo) increases during these plasmolysis titrations by moreise of suspensions in this study. Measurements on suspen-
than 300%, to a plateau value of approximately 1:48.07  sions are preferable to measurements of growing cells be-

pul/mg DW. This increase inVyg; indicates that outer- cause they are of higher accuracy (see Table 2), in large part
membrane impermeable periplasmic solutes (includindbecause the cell density of log phase cultures-&5-fold
MDO) are diluted to about 30% of their initial concentration lower than that of suspensions. Moreover, to measure only
upon plasmolysis with high concentrations of NaCl. Thethe passive response of cells to osmotic stress, plasmolysis
observed variations in cell and compartment volumes in

NaCl plasmolysis titrations are larger but otherwise quite

analogous to those reported by Stock et al. (1977) folfABLE 2 Water-accessible volumes (uL H,0/mg DW) of the

sucrose plasmolysis titrations of cells grown at 0.14 Osm ¢!l and compartments of growing cells and of centrifugally
) ‘harvested suspensions

vWa (ul/mg DW)

Volume _measurements_ on fresh cell suspensions Growing cells spun through oil* 2.54 0.10 2.11+ 0.20 0.43+ 0.23
are applicable to growing cells Suspensioris 2.54+0.06 2.19+ 0.11 0.35* 0.13

K*—deprived suspensions of cells were used in the plasn,|0|§uspen5|ons spun through®oil 2.60+ 0.05 2.26*+ 0.12 0.34+ 0.13

sis titrations to study the passive response of cells tgValues of Vig and Vi3, are the mean¥1 SD) of measurements per-
y y p p
osmotic stress, because increased uptake “offiém the formed on four and five separate cultures, respectively, each grown at 0.1

medium is the initial response required for adaptatiok of Osm in MBM and assayed in triplicate.
um i init p qui ptat TSuspensions of centrifugally harvested cells were prepared and assayed as

coli to hypertonic shock (Csonka and Epstein, 1996). ThQiescribed in Methods. The reported values are the mearsp) of results

suspensions also lacked glucose to prevent new synthesis @ftained in this study combined with those of Cayley et al. (1991) per-

organic osmolytes, further ensuring that plasmolyzed celléormed under identical conditions. _

are unable to respond to increases in external osmolality bé){olumes of suspensions spun through oil were assayed as for samples
(1)

active osmoregulated mechanisms. and. instead. exhib ithout oil except that samples were assayed by centrifugation through 200
v gu I ! o | » EXNIDIY of bromododecane oil. The value bS5 is the average1 SD) of a

only the passive response of loss of cell water. The absencggie triplicate measurement. The valuesf,, is the average£1 SD) of
of an active response in plasmolyzed cell suspensions waseasurements performed on four separate cultures, each assayed in triplicate.
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titrations must be performed on nongrowing samples lackand Lacroix et al. (1989) foE. coli K-12 strains grown at

ing extracellular K, because the initial active response to

various osmolalities. Amounts of MDO decrease monoton-

the increase in external osmolality of increased uptake oically from ~15 nmol MDO/mg DW at 0.07 Osm to very
K* from the medium (Csonka and Epstein, 1996) begindow levels at high osmolality. Figure B shows our deter-
immediately after external osmolality increases (Epsteirminations of the volume of free periplasmic watétS, .

and Schultz, 1965).

Variation of periplasmic MDO concentration with
osmolality of growth: implications for
turgor pressure

obtained from the difference between measured volumes of
cell and cytoplasmic water as a function of osmolality of
growth as described in Methods. At least above 0.3 Osm,
_pg‘,i‘f increases slightly as osmolality of growth increases,
in agreement with previous measurement8/gff; (Richey

et al., 1987; Larsen et al., 1987). The experimental uncer-

Figure 3A summarizes amounts of MDO calculated by ustainty is too large to allow us to conclude whether a differ-
as described in Methods from the data of Kennedy (1982%nt behavior occurs at lower osmolality, and, consequently,
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Osmolality of Growth (Osm)

we have fit all these data to a line for purposes of interpo-
lation. Interpolated values d_V‘,’)V;i,f (Fig. 3B) were used
with determinations ofy,5o (Fig. 3A) to estimate concen-
trations of MDO €,,p0; See Methods) in the free water of
the periplasm as a function of the osmolality of growth.
Figure 3C shows thaty,po decreases from-0.05 mol/L at

a growth osmolality of 0.07 Osm te-0.003 mol/L at a
growth osmolality of 0.8 Osm. Uncertainties in absolute
MDO concentrations are approximatety35%; this uncer-
tainty, although large, has no effect on the semiquantitative
conclusions obtained from analyses of these results below.
(The trend in relative amounts of MDO is known to higher
accuracy; Lacroix et al., 1989). In particular, the contribu-
tion of MDO (which Kennedy [1996] concluded are free
and not bound to other periplasmic components) to turgor
pressure across the cell wall may be estimated from these
Cumpo and from the concentration of anions of the medium,
as described in Methods and analyzed below.

ANALYSIS

Analysis of V‘c“’ﬁo in plasmolysis titrations of cells
grown at low osmolalities (0.03 Osm to 0.28 Osm)
demonstrates that turgor pressure decreases
with increasing osmolality of growth

For cells grown at 0.1 and 0.28 Osm, Cayley et al. (1991)
quantitatively analyzed the behavior of the volume occupied
by cytoplasmic Watels_/c“’);‘;0 in plasmolysis titrations to ob-

tain both the volume occupied by bound water of hydration
V and the amount of osmotically-significant solutes

Vw)ﬁo,b
beyto(Z M)eyto (S€€ below) in the cytoplasm. Here, we ex-

FIGURE 3 Reduction of the amount and concentration of periplasmictend this analysis to determine turgor pressure of these cells

MDO with increasing osmolality of growtiP?anel Aplots the amounts of
MDO (nypo) in nmol/mg cell DW calculated as described in Methods
from the analytical data of Kennedy (1982) and Lacroix et al. (198%))

and of cells grown at 0.03 Osm. Turgor pressure is funda-
mentally related to the difference between the osmolality of

versus growth osmolality. The curve is the empirical best hyperbolic fit tothe cytoplasm (Osg),,) and the external medium (Ogm

all the data.Panel Bplots the volumes of free periplasmic Waté‘g:,i,f
(determined as described in Methodsuiymg cell DW versus osmolality

of growth. The line is the best linear fit to the data and is shown for
purposes of interpolatioiPanel Cshows the decrease in concentration of
periplasmic MDO €,,00) (in mol/L free periplasmic water) calculated
from values ofnypo (A) and interpolated values o¥pg; ¢ (B) with
increasing osmolality of growth.
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occupied by free (unbound) cytoplasmic wat\_z’)ﬁﬁoyf) by

3.0 B -
Osrn:yto = d)cytc)(Z nj) D/\_/\cn;ato,fi (3) 2.5 ----- §D """""""""""" é 7]
cyt ’;\ J ’,".‘.:".‘"": """" c ]
. . . [ TR T e i
where ¢, is the osmotic coefficient of the cytoplasm o 2. 35 . . l
(Cayley et al., 1991). In Eq. 3, % ] o] l
_ _ _ 2 ;E; 20]
vév;:o,f = V\gyto - cﬁo,bv (4) |‘§>‘?>>. 1. 5 :g: E
where V{3,  is defined as the volume occupied by bound ¢ 059 T |
cytoplasmic water (expected to be primarily water of mac- ' 00 5 1. : _
romolecular hydration; Cayley et al., 1991; Record et al., g/ , : _ (Gomoially of Plasmolysts) (Osm)
1998a). Combining Eqgs. 2—4 gives 0 10 20 30 40

(Osmolality of Plasmolysis)™! (Osm)™!

\_/CA;/E:O = \_/c,\ﬁo,b + ¢cylo(z nj) /(AH/RT+ OSmax) (5) _
eyt FIGURE 4 Effects of periplasmic MDO o¥iy, in a NaCl plasmolysis

_ ] ] titration of cells grown at 0.03 Osm (VLOM). Contributions to turgor
Plots of Vg, versus 1/0siy for data obtained in NaCl  pressureAll from the Donnan osmotic pressure of periplasmic MDO as a

plasmolysis titrations of cells grown at 0.1 Osm and 0.28function of Osm, were calculated with Eq. 1 using a lower bound estimate
Osm (Cayley et al., 1991) and at 1.02 Osm (Cayley et al.?f Nuoo = 15 nmol/mg DW (estimated by extrapolation of FigA3as

. . . described in the text), interpolated values \fg, ; from Fig. 3B, and
1992) are linear for all plasmolyzing NaCl Concer]trmlonsseveral choices of MDO valenc&jf,. These contributions tall were

investigated, a|th0Ug_h the initial (unplasmquzed) value Ofysed in Eq. 6 to predict the behavior@f?, versus 1/Osrg, where Osrp,
Vo at 0.1 Osm deviates from the best fit line. Interpretedwas varied with NaCl in a plasmolysis titration (cf. Method€lrve A

using Eq. 5, this linear behavior indicates most simply thasshows the linear fit to the data of cells plasmolyzed-tb Osm and above

ATI/RT is negligible relative to Ospgy in the range of (see text).Curve Bshows the fit assumingifib, = 0 to calculateAll;
. . - . urve Cshows the fit assumingiif, = —3 to calculateAll; curve Dis
plasmolyzing NaCl concentrations investigated, and thaﬁne best fit of Eq. 6 to the data and corresponds to the situation in which

bOt_h d)cyto(E nj)cyto and \__/\(’:V);ato,b are independent of pla:_sm_o- |z2ebo| is initially 2 in unplasmolyzed cells and increases to 3 as the
lyzing NaCl concentration (Cayley et al., 1991). A similar concentration of NaCl increases (see texfset Reduction in turgor
plot of the \_/‘é"yato data from Fig. 2 versus O%Tﬁ for cells pressure of cells grown at 0.03 Osm (VLOM) with increasing osmolality of
grown at 0.03 Osm is highly nonlinear (Fig. 4) indicating plasmolysis. Turgor pressure was predicted from the concentration of
most simply that residual turgor pressure is significant rel—ggr;gfjrr\?écy DO by Eq. 1 with a value @ijgo that varied with [NaCl]
ative to RTOsn, at low NaCl concentrations. To simplify
determination ofdeyo(Z N)eyio @Nd Vg, , We therefore
linearly fit V5, versus 1/Osi for cells plasmolyzed to an . . . . :
osmolarity fa);t((z:eeding 1 Osm to Eq. 5 assuming turgor The linearity of the high-osmolality region of the plas-
: v ..~ molysis plot in Fig. 4 indicates thatVi5,, and
pressure is zero. (Above 1 OsW,3, ceases to vary signif- S ; I yto.
icantly with Osmy,, from which we deduce that residual Peyio 2 Meyro fOT cells grown at 0.03 Osm are independent

turgor pressure is insignificant relative to RTQgnThese Of. plasmolyzmg osmolality. Because we use nutrient-de-
data are well fit by a linerf = 0.99) with best-fit slope prived suspensions to ensure that the sum of the amount of

beyioZ Neyio = 0.31 = 0.04 umol/mg DW and intercept c?/toplalsm.lc tsto IutFesX Meyto 'S constarjt tr;roughoutt tr;este
wa .= 0.45 + 0.03 uL/mg DW, labeledA in Fig. 4. plasmolysis titrations (see above),,, is also constant a

(Fitting these data assuming cells grown at 0.03 Osm exhibﬁ]Igh plasmolyzing osmolahtlgS. we assume “’"@‘w c'Ioes
a small residual turgor pressure@.4 atm) at high plasmo- not vary at lower plasmolyzing osmolality, which is con-

lyzing osmolalities (see below) yields insignificantly differ- §|stent with the K-nucleic acid polyion model auseq to
ent values o™, anddo (S Ne) The value o2 interpret ¢, (Cayley et al., 1991). Becaus€y, , is
cyto,b cytor= TiJeyto ovo.b - independent of growth osmolality (see Table 3), we assume

for cells grown at 0.03 Osm is within error of previous ., . . : ; .
it is also independent of low plasmolyzing osmolality. With

determinations O_Cﬁo,bOf cells grown at higher osmolality h lausibl " the t £ 1h
(see Table 3). The value @ (2 N))cyto IS approximately e€se prausible assumplons, the turgor pressure of these
cells before or in the initial stages of plasmolysis may be

equal to that for cells grown at 0.1 Osm (Cayley et al., . . A,

1991), consistent with our previous conclusion (Capp et al_?stlmated from experimental values ¥y, using

1996; see also Record et al., 1998a) that the primary differ- _

ence in the pool of cytoplasmic osmolytes in these cells is AlT = RT((i)cyto(E Meyto/ Veyto,r — Osmex)- (6)
that cells grown at 0.03 Osm have0.04 = 0.02 umol/mg

DW more putrescine(2) and, thus, ~0.08 = 0.04 From the value of/‘é”ﬁo of unplasmolyzed cells (2.58 0.08

wmol/mg DW less K than cells grown at 0.1 Osm. pul/mg DW) and the values 0ty o(Z N)eyio @and Vg
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TABLE 3 Amounts of cytoplasmic water and osmotic properties of E. coli grown at different osmolalities*

Osmolality of ) ) AIl" et
Growth Medium Visto VB yto: (b 2 Neyto (atm) (atm)
0.03 Osm (VLOM) 2.53+ 0.08 0.45+ 0.03 0.31+ 0.04 3.1+ 0.4 4.9+ 0.9
0.10 Osm (MBM¥ 219+ 0.11 0.40=+ 0.02 0.29+ 0.01 1.5+ 0.3 3.4*x0.7
0.28 Osni (MBM +0.1 M NacCl) 2.08+ 0.06 0.38+ 0.08 0.52+ 0.07 0.7+ 1.1 1.7x27

*The average and standard deviation of the values shown plus the vau_ﬁgﬁﬁgdetermined for cells grown at 1.02 Osm in MBND.5 M NaCH1 mM
betaine (0.40= 0.05 uL/mg DW; Cayley et al., 1992) is 0.4% 0.03 uL/mg DW.
"Turgor pressure was calculated as the differefide= I, — Ie, = RT(¢ 2 N)eyid VWao) — OSM,], whereR = 0.0821 L atm mol* K™%, T = 310K,

andeyto = V\clzvﬁo - vl/av,?:ytcr _ _

*Values of the volumetric elastic moduluasvere calculated from Eq. 7 using? o = 2.19+ 0.03uL/mg DW, values of/i, from Fig. 1, and the tabulated

ATL.

SValues of\_/gﬁo andvg{iyto (uL/mg DW) and ¢ = )y, (wmol/mg DW) for cells grown at 0.10 Osm and 0.28 Osm are from Cayley et al. (1991) except for
the value ofV{y;, for cells grown at 0.1 Osm, which was obtained by combining data obtained in the present study with data reported in Cayley et al. (1991).

obtained above and tabulated in Table 3, the calculate@ designated\. The large systematic deviations of the data
turgor pressure of cells grown at 0.03 OsmAH = 3.1 = of Fig. 4 from lineA at low Osm, (i.e., high Osmg,}) are in
0.4 atm. This value significantly exceeds the turgor presthe direction expected if cells grown at 0.03 Osm have a
sures calculated from Eq. 6 from the published values ofarge residual turgor pressure at low plasmolyzing osmolality.
PeyioZ Meyto ANAVeyi, pfor cells grown at 0.1 Osm (MBM;  To assess whether the residual turgor pressure calculated
AIl = 1.5+ 0.3 atm) and at 0.28 Osm (MB#0.1 M from the amount of periplasmic MDO can predit;, over
NaCl; AIl = 0.7 = 1.1 atm, i.e. All = 1.8 atm; see Table the entire range of plasmolyzing osmolalities in Fig. 4 (and
3 and Cayley et al., 1991). thus to test whether the cytoplasm and periplasm are isoos-
A limitation of our plasmolysis titration method seen in motic), we estimated the amount of MDO in cells grown at
these results is that the propagated error becomes compagginz Osm by extrapolation of the empirical fit to the data of
ble to the turgor pressure itself for growt_h osmolalities Fig. 3Ato be~18 = 3 nmol MDO/mg DW. A conservative
above 0.1 Osm, because the absolute ermggi(= Neyid  Jower-bound estimate ofiype (15 nmol MDO/mg DW)
Veyto,r Increases and the turgor pressure decreases Withaq then used to estimate residual turgor from the Donnan

increasing osmolality. Hence, other approaches (developeg ;e (Eq. 1) for two choices of MDO apparent valence.
below) are needed to establish whether turgor pressur&urveBrepresents the cag@Py,
D

) it lality of h ab 010 o = 0, corresponding to the
varies with osmolality of growth above 0.1 Osm. situation in which MDO bear no net charge (for example, as

L . . . a result of M@* binding). Although clearly Curv@ is an
Contribution of MDO to periplasmic osmolality improvement over ling\, it does not fit theV"’2

. eyto Plasmol-
and turgor pressure as functions of the ysis data below 0.2 Osm. Cur@was calculated assuming
osmolality of growth and of plasmolysis Zif8o = —3, corresponding to the situation in which there
We evaluated periplasmic MDO concentration as functionds no cation binding to MDO and therefore MDO have their
of osmolality of plasmolysis and growth from the amountsfull structural charge (the primary species of MDO have an
of MDO and volumes of unbound periplasmic water in Fig. approximate structural charge of3; Kennedy, 1996).

3. These values were then used in Eq. 1 to quantify th€urveC provides a better fit than cuni to the\_fg’j}o data
effect of periplasmic MDO concentratiddy,po, MDO ap- at 0.1 and 0.2 Osm, but deviates at lower osmolality, pre-
parent valenc&yio, and external salt (anion) concentra- dicting values ofV{i;, that are significantly smaller than
tion Cy on All. These calculations, described below, makethose measured at 0.03 and 0.05 Osm. (The discrepancy
a strong case for our conclusions that 1) the periplasm anghcreases if higher values of,5o or Zihh, are assumed.)
cytoplasm are isoosmotic under all conditions, 2) the turgoDespite this, Curvé& demonstrates unambiguously that the
pressure exerted across the cell wall at any condition obonnan osmotic pressure contribution of negatively
plasmolysis is primarily determined Bypo, ZVibo, @and  charged MDO is more than sufficient to account for the
Cx, and 3) periplasmic MDO concentration and turgor effects of turgor pressure ov 2 We then letzZF8, vary

pressure decrease together with increasing osmolality Qfith Osm,,, and calculated the values %, that yield the

growth or of plasmolysis with NaCl. observed values 044, (Curve D). We find thatZgis in

Eq. 1 must be smaller in magnitude at the low osmolality of
Donnan analysis of effects of residual turgor from growth than after plasmolysis with high concentrations of
periplasmic MDO on the initial stages of a plasmolysis NaCl. To fit the\_/‘é"ﬁo data of Fig. 4 requires thﬂﬁﬂpé)o =

titration of cells grown at 0.03 Osm 2 at the growth osmolality of 0.03 Osm, but tha§h5| =

In Fig. 4, the linear fit of the high osmolality data, where the 3 upon plasmolysis of these cells with0.05 M NaCl, an
effects of residual turgor are minimized as discussed aboveéncrease inZih5s| which could result from dissociation of
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bound Mg (or other oligovalent cations) from MDO with 4.0 . . . . .

increasing NaCl concentration.
Taken together, the semiquantitative calculations in Fig. N

4 show that a reasonable estimate of the amount and appar- 3.0 ‘+i .

ent valence of periplasmic MDO is sulfficient to satisfy the

condition Osr,, = Osn),e. We therefore propose that the g

Donnan osmotic pressure of charged MDO is the primary® 294 x -

A
determinant of turgor pressure for cells grown at 0.03 Osm=
X : < 1 a
and conclude that the periplasm and cytoplasm are isoos- A
motic, in agreement with the findings of Stock et al. (1977) 1.0 4
and Sen et al. (1988) (see Discussion). AA & A
I A A A
Role of MDO as a determinant of the extent of cell wall 0.0 7 T T ;
stretch and cell volume in plasmolysis titrations 0.0 0.2 0.4 0.6 0.8 1.0

Osmolality of Growth (Osm)
For cells grown at 0.03 Osm, the turgor pressure calculated

from cypo by EQ. 1 over the course of a plasmolysis FIGURE 5 Reduction in turgor pressural() with increasing osmolal-
titration does not reach zero, even at high osmolalities ofty of growth. (») Turgor pressure calculated with Eq. 6 from the cyto-
plasmolysis_ Plasmolyzed cells retain residual turgor presplasmic water-accessible volunvg;, determined for ceII§ grown at 0.03,
sure because the large amount of MDO in the periplasm of-10. and 0.28 Osm, using the valuesifo(2 n)e,i andVi 5o in Table
cells grown at 0.03 Osm is diluted no more than fourfold by: Uncertainties in these values ar¢0.3-1) atm (Table 3).&) Turgor

. . . . Ipressures calculated with Eq. 1 from the valuesgfo from Fig. 3C and
Plasm()lySIS' (The volume occupied by _perlplasmlc wate from the variation ofZif5, with [NaCl] inferred from the best-fit curve D
increases from 0.43L/mg DW to a maximum of~1.45 o Fig. 4; uncertainties in these values are approximateB6%. (+)
uL/mg DW; see Fig. 2.) The inset to Fig. 4 plots the turgor Turgor pressures determined by measuring collapse pressures of gas vacu-
pressureAll predicted fromCy,po andZaib, as a function  oles in Microcystis sp. grown at 15 mOsm and 45 mOsm (Reed and
of plasmolyzing osmolality, on the basis of the variation of Walsby, 1985). X) Turgor pressure determined by measuring collapse

app ; ; : ; pressures of gas vacuoles Ancylobacter aquaticugrown at 0.1 Osm
Zyipo With NaCl concentration, Wh_lcg yields Cun of (Koch and Pinette, 1987), which has an error-c5%. The osmolalities

Fig. 4. F“?m the maxmwum value peri obtained at hlgh of the media used by Reed and Walsby (1985) and Koch and Pinette (1987)
p|asm0|y2|ng Osm0|a|lty and the |OW€I’ bound Va|Ue Ofwere estimated from their Composition.

Nypo estimated for cells grown at 0.03 Osm15 nmol/mg
DW), we calculate that cells grown at 0.03 Osm retain at
least 0.3 atm of residual turgor pressure at the highesthonotonic decrease isll from ~3 atm for cells grown at
plasmolyzing osmolality (6 Osm) employed. (This calcula-0.03 Osm to less than 0.5 atm for cells grown at 0.8 Osm.
tion is independent of the choice @&f5, because the Included in this figure are values ofIT at low growth
Donnan contribution of salt ions to turgor pressure is negligibleosmolality (0.03—-0.28 Osm) determined from measure-
in cells suspended in plasmolyzing media of high [NaCll.) ments of\V5, in plasmolysis titrations (cf., Table 3) and

If the large amount of MDO in cells grown at 0.03 Osm values ofAIl predicted from contributions of outer mem-
at high plasmolyzing osmolality results in retention of sig- prane-impermeable periplasmic solutes, including: the Don-
nificant residual turgor at high plasmolyzing osmolalities, nan contribution of the concentration of periplasmic MDO
then cells grown at high osmolality (a growth condition (calculated assuming that the MDO apparent valef{ig,
where cells cont_al_n very IQW amo_unts of MDO; see F|g.(Eq. 1) changes the same way with [NaCl] for growth and
3A) should exhibit negligible residual turgor and com- fo plasmolysis of cells grown at 0.03 Osm); and an estimate
pletely unstretched cell walls after extensive plasmolysisy the contribution of periplasmic proteins (and any other
"‘i'tr; NaCl, and thus have a lower minimum cell volume ;1o membrane-impermeable periplasmic solutes) to turgor
(Veeil min) than cells grown at 0.03 Osm. This prediction was j essyre, obtained from the analysis of the cell volume data
confirmed by our observation the) m, of cells grown at (e pelow). The latter effect is approximately 0.3 atm, and

ggg (C))sm Is sigr;[ficalntly Iow_ert th?n .ttr;]at of cellslgrc_)wntﬁt is therefore predicted to become the dominant contribution
. sm (see Fig. 1), consistent with our conclusion 0 ATT in cells growing above 0.8 Osm.

the amount of MDO is a primary determinant of periplasmic

osmolality and therefore of turgor pressure and cell wall

stretch inE. coli K-12. Relationship between cell volume and
turgor pressure

Contribution of MDO to turgor pressure as a function of

growth osmolality As an independent method of quantifying turgor pressure to

compare with our estimates based on analysis of periplas-
Figure 5 plots predicted turgor pressures of growiingoli ~ mic MDO concentration, we applied an empirical relation-
as a function of osmolality of growth. Figure 5 predicts aship between changes in cell volume and changes in turgor
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pressure previously used to characterize turgor—volume re-
lationships in plant (Zimmermann, 1978; Cosgrove, 1988)
and microbial (Walsby, 1980; Reed and Walsby, 1985)
cells.

Changes in turgor pressural) and the corresponding
changes in total cell volume\{/2'2) have been related by
the empirical equation (Broyer, 1952; Phillip, 1958; Zim-
mermann, 1978)

AV Vi) - Arve

Cayley et al.

AIL = eAVEIVER, () I R
_ _ , 0.0 . . ; . e S

wheree is the volumetric elastic modulus (Cosgrove, 1988), 00 05 1.0 15 20 25 30 35

AVEZR = Vi — Vi and Vil is the total cell volume Osmolality of Plasmoysis (Osm)

in the zero-turgor reference state. Total cell volumes are

defined as the sum of the water-accessible cell volume 0-7_ ' ' ' ' '

(V&4) and the water-inaccessible cell voluméy,) CEQ 0.6 B
_c%tﬁll = _ceall + _c;.ll- (8) ? 0.5

For the conditions of the present stud§, = 0.63+ 0.09 52 047

pL/mg DW, independent of external osmolality (Cayley et |‘9>° 0.3

al., 1991). The empirical elastic modulasis apparently = 1

independent of both/' and of turgor pressure over a !958 0.2

range of volumes and pressures for some plant cells (Cos- & ¢ 1 i

grove, 1988) and for the gram negative cyanobacterium 00-

Microcystis(where turgor pressure can be measured directly 00 0:2 014 06 01.8 1o

from the pressure that must be applied to collapse cytoplas-
mic gas vacuoles; Reed and Walshy, 1985). Howevean
vary up to 20-fold with cell volumfa andll in some plant [~ oe 6 @) Reduction inAVE/eal — ATI/s (Eq. 7) with increas-
cells (Zimmermann, 1978) and, given the absence of quansg osmolality of plasmolysis for cells grown at 0.03 Os@j br 0.83 Osm
titative studies of the elasticity of the cell wall of intadét  (@). The difference in total cell volume between stressed and unstressed
coli cells, & cannot be assumed to be constant. state iISAVEZ = V' — Vid, o whereVRii! = Vig + Vi, and VR =

2.19 pwl/mg DW (see text). The curves through the data are empirical
best-fit hyperbolic functions.B) Reduction inAVIZ2IV2!) = All/e with
increasing osmolality of growth. The curve is an empirical best fit hyper-
bolic function to the points calculated from the values\f, for cells

The decrease in cell volume with increasing osmolality ofgrown in minimal medium shown in Table ). The value ofAVEY
plasmolysis of cells grown at 0.03 Osm (VLOM) and 0.83 \/‘c‘,’sﬁ?l'_0 for cells grown at 1.0_2 Osm with 1 amM of the osmoprotectant
Osm (MBM+0.4 M NaCl) from Fig. 1 is replotted in Fig. ?f;glzn)e [0) was calculated using the value\8f3, reported by Cayley et al.

6 A according to Eq. 7. To calculateV'%e/ V% for both '
data sets, we used the same valueViif?, (2.19 = 0.10
ul/mg DW), calculated by addiny/Ze, to the minimum  osmolality of plasmolysis, we compared the variatiohbF
value of cell water V¢, min) reached at high osmolalities in  (from Fig. 4, inse) and All/e (from Fig. 6A) for cells
the plasmolysis titration of cells grown at 0.83 Osm (156 grown at 0.03 Osm as a function of plasmolyzing osmola-
0.05 uL/mg DW), because these cells have very low levelslity. From this comparison, we calculate thatinitially

of MDO and should therefore have negligible residual tur-decreases with increasing osmolality of plasmolysis from
gor when plasmolyzed with high concentrations of NaCl.~4.9 atm at 0.03 Osm te-2.5 atm at 0.4 Osm and plateaus
From Fig. 6A and Eq. 7, we conclude thall/e decreases at ~2 atm at higher plasmolyzing osmolalities. (This vari-
from approximately 0.6 to 0.18 with increasing osmolality ation ofs generates Curv® in Fig. 4 when Eq. 7 is used to
of plasmolysis of cells grown at 0.03 Osm, and thdt/e  calculate turgor pressure).

decreases from approximately 0.2 to zero for cells grown at

0.83 Osm. Inasmuch as we and others have demonstrated ) ) )

that turgor pressure decreases during a plasmolysis titratigh{'2Ss of behavior of cell volume as a function of

of bacterial cells (cf., Fig. 4nset Reed and Walsby, 1985; growth osmolality

Koch and Pinette, 1987), this reductionAml/e in plasmol-
ysis, at least in part, reflects a reductionNHl with increas-
ing osmolality of plasmolysis. To assessg ilso varies with

Osmolality of Growth (Osm})

Analysis of behavior of cell volume in plasmolysis titrations

It is well known thatV¥3, decreases with increasing growth
osmolality (Richey et al., 1987; Larsen et al., 1987; Cayley
etal., 1991; and see Table 1). Figur8 flots both our new

Biophysical Journal 78(4) 1748-1764



Biophysical Responses of E. coli to Osmotic Stress 1759

and published (Cayley et al., 1991) cell volume data acthe course of the plasmolysis titration of cells grown at 0.03
cording to Eq. 7. Figure B shows thatAVi2g/Viadls de-  Osm, confirming that the periplasm and cytoplasm are
creases monotonically from a value-0.6 for cells grown isoosmotic. Because turgor pressure stretches the cell wall,
at 0.03 Osm to~0.15 for cells grown at 1.0 Osm. The our observation that the cell wall is more stretched in
reduction inAVI2RVISR ) = All/e in Fig. 6B with increas-  plasmolyzed cells containing large amounts of MDO (i.e.,
ing growth osmolality is similar to the behavior &Il  growing at 0.03 Osm) than in cells with small amounts of
calculated from cytoplasmic and periplasmic data in Fig. 5MDO (i.e., growing at 0.83 Osm) confirms our hypothesis
indicating that the reduction %2 with increasing osmo-  that the periplasm and cytoplasm are isoosmotic and that the
lality of growth is principally the result of the reduction in amount of MDO determines turgor pressure.
AII. Values ofe calculated fromV% by Eq. 7, using values Our findings are in agreement with those of Stock et al.
of AII obtained from analysis c\?‘é”yio (cf., Table 3) or from (1977), who found that the osmolality of the periplasm,
analysis of periplasmic MDO (Fig. 5) differ only marginally estimated from the Donnan distribution of periplasmic ions
given the large uncertainties, but are consistent both iin S. typhimuriumis the same within error as the osmolality
magnitude and in direction of change with osmolality with of the cytoplasm estimated from analysis of plasmolysis
the values ot calculated from the plasmolysis data in Fig. titrations of cell suspensions. Sen et al. (1988) extended
6 A. As a working hypothesis, we therefore propose that these findings by showing that the amount of periplasmic
decreases with increasing growth osmolality from approxi-MDO was sufficient to predict the observed Donnan poten-
mately 5 atm at 0.03 Osm to a plateau value of approxitial maintained across the outer membran&ircoli grown
mately 2 atm above 0.4 Osm. Whether this decreaseisn at low osmolality. Our conclusion that the Donnan ion
most fundamentally the result of the increase in NaCl condistribution contributes to turgor pressure and cell-wall
centration, or of the decrease in cell volume and turgostretch is also consistent with the finding of Alemohammad
pressure, remains to be determined. and Knowles (1974) that use of NaCl to increase the osmo-
Assuming that the variation efwith osmolality obtained lality of suspensions dE. colireduced the water-accessible
from analysis of plasmolysis titrations (Fig.4) also ap- cell volume to a greater extent than an equiosmolal concen-
plies to growing cells, then for cells growing at 0.83 Osm tration of the nonelectrolyte sucrose. Taken together, these
is ~2 atm. From this value of and values oRAVI2R/VIZE)  results indicate that negatively charged MDO and the re-
(and hence&\ll/e) from Fig. 6B, we estimate that the initial sultant Donnan ion distribution are significant determinants
turgor of cells grown at 0.83 Osm is0.4 atm. The corre- of periplasmic osmolality, that the periplasm and cytoplasm
sponding turgor estimated from the concentration ofare isoosmotic, and thd&. coli maintains turgor pressure
periplasmic MDO at this osmolality (see FigC}is ~0.15  across the cell wall and not across the cytoplasmic membrane.
atm. This difference indicates that periplasmic proteins or An alternative view is that turgor pressure is maintained
outer-membrane impermeable solutes in addition to MDCacross the cytoplasmic membrane in growing cells (i.e., that
contribute to periplasmic osmolality and therefore contrib-Osm,, > Osm,; Koch, 1995, 1998). Because a signifi-
ute an additionat~0.3 atm to turgor pressure in cells grown cant periplasmic space separates the cytoplasmic membrane
at high osmolality. This value was added to the turgorfrom the peptidoglycan, a necessary consequence of this
calculated from the concentrations of MDO to obtain thealternative view is that periplasmic biopolymers must form
predictions shown in Fig. 5. an incompressible matrix or gel which presses against the
peptidoglycan, thereby stretching the cell wall. Supporting
this proposal is the observation that the periplasmic space
DISCUSSION has a uniformly smooth and narrow width (see Schwarz and
Koch, 1995 and references therein) in electron micrographs
of cryofixed and freeze substitutdel coli. However, this
method has been criticized because it causes cell shrinkage
From our analyses of the contributions of anionic MDO to (Woldringh, 1994). Furthermore, our observation that, in
periplasmic osmolality in growth and in plasmolysis, we the initial stages of a NaCl plasmolysis titratidh,coli cells
conclude that the periplasm and cytoplasm are always isoogrown at 0.03 Osm still have residual turgor and stretched
motic, and that the osmolality of both compartments alwaysell walls but have significantly larger periplasmic water
exceeds that of the external environment, especially for cellsolumes than unplasmolyzed cells (see Figs. 1 and 2) is
grown at low osmolality, where the amount of MDO is inconsistent with cell-wall stretch originating from the cy-
largest. The Donnan osmotic contribution of periplasmictoplasmic membrane pressing an incompressible periplas-
MDO, together with a small contribution from periplasmic mic matrix pressing into the cell wall. That periplasmic
biopolymers, determines the osmotic pressure differencproteins have measurable translational diffusion coefficients
(turgor pressure) across the cell wall. We show that thgBrass et al., 1986), whereas cytoplasmic proteins are trans-
turgor calculated from our estimate of the amount oflationally immobilized when most free water is removed
periplasmic MDO is indeed capable of predictk_zlﬁfto over from cytoplasm by hyperosmotic shock (Jacobson and

Osmolalities of the periplasm and
cytoplasm are equal
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Wojcieszyn, 1984), also suggests that periplasm must havend Walsby, 1985). The decrease in turgor pressurg. of
significant amounts of free water, a conclusion supported byoli with increasing osmolality of growth also has precedent
the finding of Stock et al. (1977) that the amount of in plants, where turgor pressure can decrease significantly
periplasmic water is reduced in cells osmotically stressedvith increasing growth osmolality (Cosgrove, 1993). A
with high concentrations of the outer-membrane impermenonosmotic variability of turgor pressure also has been
able solute sodium polyglutamate. (Indeed, the accumulapreviously reported in growing bacteria: measurements of
tion of MDO at low osmolality provides a mechanism for collapse pressures of cytoplasmic gas vacuoles in the pho-
retention of free water in the periplasm; see below). Wetotrophic gram-negative bacteriumMAnabaena flos-aqua
therefore conclude that periplasm and cytoplasm must bhave shown that turgor pressure varies by at least 2 atm as
isoosmotic, and that turgor is exerted across the cell walla function of light intensity (Kinsman et al., 1991).
Presumably, the outer membrane can withstand an out- Our estimates of turgor pressure fiér coli are compa-
wardly directed turgor pressure because it is tethered to theable to those measured directly in gram-negative bacteria
cell wall peptidoglycan by lipoproteins and porins. containing gas vacuoles (Reed and Walsby, 1985; Koch and
The use of cell suspensions (for example by Stock et al Pinette, 1987; see Fig. 5), and to a previous estimate of
1977; Cayley et al., 1991, 1992; and the present study) teurgor pressure from volume measurementsSoftyphi-
measure osmotic properties Bf coli has been criticized as murium (Stock et al., 1977), all of which indicat&IT is
being irrelevant to growing cells (Koch, 1995, 1998). This ~2—4 atm in cells grown att0.15 Osm. Koch and Pinette
criticism would be valid if the cytoplasmic pools of os- reported that the turgor pressure of the gram negative het-
molytes and/or metabolites of these cells could leak orrotrophMicrocystisgrown at low osmolality 0.1 Osm),
become depleted relative to growing cells during harvest oéstimated from measurements of the pressures needed to
suspensions. Neither of these potentially serious scenaria®llapse cytoplasmic gas vesicles,~2 atm. From their
apparently occurs, however. Cells centrifugally harvestedeported vesicle-collapse pressures for cells growing at
from growth at both low and high osmolalities by the higher osmolality 0.4 Osm), we estimate that the turgor
conditions used in this study have the same amounts of thgressure of cells growing at0.4 Osm (0.9 atm) is lower
primary osmolytes (K, glutamate, betaine, and proline) as than in cells grown 0.1 Osm, a trend consistent with Fig. 5.
rapidly filter-harvested growing cells (Cayley et al., 1991, Given the recent functional expression of gas vacuoles
1992) and do not detectably leak cytoplasmit#ér at least  cloned fromBacillus megateriuninto E. coli (Li and Can-
an hour after harvest (Richey et al., 1987). The osmotiton, 1998), gas vacuole collapse-pressure measurements
contribution from cytoplasmic metabolites is also presum-could provide a way to directly test our conclusion that
ably not significantly altered by our harvest procedure beturgor pressure oE. coli decreases as growth osmolality
cause the most abundant metabolitegircoli are anionic, increases.
and anions must be retained in some form in the cytoplasm Because turgor pressure is very low at high osmolality of
to neutralize the charge of cytoplasmic KFresh suspen- growth, the activity of cytoplasmic watef™® is only very
sions do retain the osmotic properties of growing cells, aslightly less than the external water activia* at high
demonstrated by our observation that the cell and cytoplasssmolality. (For example, at 1.0 Osm wheYH = 0.3 atm,
mic volumes of growing cells and of fresh suspensions arghe osmolality difference\Osm = 0.013 anda®*9/aS* =
the same (see Table 2). Thus, we conclude that our resul&99977.) This result is surprising because the amount of
are relevant for growing cells and in agreement with thecytoplasmic water (and, in particular, the amount of free
conclusion of Stock et al. (1977) that the periplasm anctytoplasmic water) decreases strongly with increasing os-
cytoplasm are isoosmotic. molality of growth (cf. Table 3 and Cayley et al., 1991,
Record et al., 1998a). Comparison of activities and mole
fractions of cytoplasmic water indicates that the activity
coefficient of cytoplasmic wateryfy® = aZY'sX%*) in-
creases with increasing osmolality of growth, and exceeds
unity at high osmolality. For example, for cells grown at 1.0
Osm, we determined the molar amount of cytoplasmic water
Independent analyses of measurements of cytoplasmic voh$y"™ = 65.6 + 3.3 umol/mg DW and a lower bound for
ume, cellular volume and the concentration of periplasmidhe amount of osmotically significant cytoplasmic solutes
MDO all indicate that turgor pressure decreases with in{Z )y, = 1.79 = 0.10 umol/mg DW (Cayley et al.,
creasing osmolality of plasmolysis and of growth (Table 31991). Therefore, at 1.0 Osm, an upper bound on the mole
and Fig. 5). Our conclusion that turgor pressure decreasdgaction of cytoplasmic water X5 =< 0.97. (If only free
with increasing osmolality of plasmolysis is in agreementcytoplasmic water is used in this calculation, then the cor-
with direct measurements showing that turgor pressure afesponding bound X (.. = 0.964.) FromAIl = 0.3 atm
cytoplasmic gas vacuole-containing bacteria decreases duat 1.0 Osm, we calculat&Y™® = 0.959. Hence, the activity
ing plasmolysis titrations (Koch and Pinette, 1987; Reeccoefficienty&'® = 1.01; if only free water is used in the

Turgor pressure decreases with increasing
osmolality of plasmolysis or growth; implications
for the activity and activity coefficient of
cytoplasmic water
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calculation,yﬁv’f}?ee = 1.02. Extrapolation of the trends in in All/e with increasing osmolality must be interpreted as a
n™° and € M)eyto 10 higher osmolality of growth predicts decrease im\Il.
much larger positive derivations from ideality; we predict The values of we report forE. coli (~2-5 atm) are at
that y3y'° ~ 1.04 at 1.5 Osm (angfee ~ 1.2), and are the low end of the range of determined in plants (5-500
currently testing these predictions. These unusual effects oatm; Zimmermann, 1978), consistent with the expectation
the activity coefficient of cytoplasmic water must be athat the mostly monolayered (Labischinski and Maidhof,
thermodynamic consequence of macromolecular crowdingl994) cell wall of E. coli should be less rigid than the
which causes thermodynamic activities of cytoplasmicmultilayered cell walls of plants. Previous estimateg arf
biopolymers to exceed their concentrations by largecyanobacteria with Eq. 7 (11-13 atm; Reed and Walsby,
amounts; biopolymer activity coefficients are predicted t01985; Walsby, 1980), based on direct measurement of the
increase greatly, which increase with increasing osmolalitypressure required to collapse cytoplasmic gas vesicles but
of growth (Cayley et al., 1991; Guttman et al., 1995). indirect estimates of volumes, are higher than Eorcoli.
Whether the differences ia measured in these cyanobac-
teria andE. coli reflect differences in the elasticity of their
cell walls or differences in the methods used to estinsate

Cell wall elasticity and the volumetric elastic remains to be established.

modulus of E. coli

The peptidoglycan sacculus Bf coli determines cell shape o ]
and expands as a result of turgor pressure. Koch and Woedf@plications of the variation of turgor pressure with
(1992) have shown that isolated peptidoglycan sacculi cafSm/ality of growth
stretch elastically with little if any hysteresis to about four It is widely believed that cells with walls require turgor
times (~400%) their unstretched volume, consistent withpressure for cell expansion, although Money (1997) re-
molecular modeling studies of the extent to which theported an exception. Studies with plant cells have shown
peptide bridges of peptidoglycan can extend under stresiat both turgor pressure and growth rate can decrease as the
(Labischinski and Maidhof, 1994). We find (cf. Fig. 1) that osmolality of the growth medium increases (Cosgrove,
the increase iV at 0.03 Osm from its high osmolality 1993). However, this correlation is not evidence for a direct
plateau value is approximately 40%, which corresponds tdunctional dependence of growth rate afl. To test for
only 10% of the range over which Koch and Woeste (1992)%uch a dependence directly, Zhu and Boyer (1992) changed
observed reversible stretching. The changeVifi' with  the turgor pressure in the al@hara corallinaby injecting
osmolality, therefore, constitutes a relatively small defor-or removing cell solution at constant Ogmand observed
mation, which is likely to be elastic (and see Doyle andthat growth rate is independent of turgor pressure unless
Marquis, 1994). In the elastic regime, a reduction in turgornturgor pressure is lowered below a thresholeD(@ atm in
pressure should result in a corresponding reversible redugheir study) at which point growth ceases. WhetBelcoli
tion in the extent of cell-wall stretch, which we measurealso has a threshold turgor is unclear, but our conclusion
directly as a reduction in cell volume. that turgor is<<0.5 atm in cells grown at high osmolality
The volumetric elastic modulus (Eq. 7) is an empirical suggests thak. coli needs only a small turgor pressure for
parameter previously used to quantify pressure—volume regrowth. However, even low turgor pressure can stretch the
lations of bacterial (Reed and Walsby, 1985; Walsby, 1980xell wall significantly. For example, plasmolysis of cells
and many plant (Zimmermann, 1978; Cosgrove, 1988grown at 0.83 Osm significantly reduces cell volume (Fig.
cells. Analysis of the variation o¥'%' with osmolality of 1), even though the initial turgor pressure we estimate for
growth and of plasmolysis using Eq. 7 indicates that, in boththese cells is less than0.5 atm (see Analysis). The ability
cases (Fig. 6A andB, respectively) All/e decreases with of low levels of turgor to stretch the cell wall is consistent
increasing osmolality. Our proposal f&:. coli thate de-  with our inference that the elastic modulus of the cell wall
creases as NaCl concentration increases\fjddecreases of E. coli decreases with increasing osmolality of plasmol-
is consistent with the behavior of deduced for plant ysis or growth (and hence with decreasing cell volume and
(Zimmermann, 1978; Cosgrove, 1988) and bacterial (Reeturgor pressure). If a stretched cell wall is required for
and Walsby, 1985; Walsby, 1980) cells. Given recentcell-wall synthesis in growing bacteria (see Wood, 1999 and
progress in applying atomic force microscopy to examineHoltje, 1998), then the parallel reduction i with the
the elasticity of biological materials (Vinckier and Se- reduction inAIT as osmolality of growth increases may have
menza, 1998), it may be possible to directly test this prephysiological relevance as a mechanism to ensure that cells
diction regardinge. Although the reduction ire with in-  growing with low turgor will have sufficiently stretched cell
creasing NaCl or decreasings, is only marginally outside  walls to permit new cell-wall synthesis.
of experimental uncertainty, clearly our analysis provides At low osmolality, turgor pressure is an unavoidable
no basis for proposing thatcould increase with increasing consequence of the fact that the osmolality of the cytoplasm
osmolality of plasmolysis or growth. Hence, the reductionexceeds that of the external growth medium, primarily be-
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cause of the osmotic contributions of the Kequired for  (Meury, 1994; Cayley et al., 1992) and cellular (Cayley et
electroneutrality of cytoplasmic nucleic acids (Record et al.al., 1992) water. From the value &f%3, (2.32 + 0.17
1998a) and metabolites. At low osmolality, MDO are re- uL/mg DW) of E. coli K-12 grown at 1 Osntbetaine (in
quired to elevate the osmolality of the periplasm to that ofMBM + 0.5 M NaCl+ 1 mM betaine; Cayley et al., 1992),
the cytoplasm. If the osmolality of the periplasm were lessthe value ofAll/e calculated from Eq. 7 is 0.35, signifi-
than that of the cytoplasm, the cytoplasmic membraneantly higher than the corresponding value of cells grown at
would expand and compress periplasmic components inté Osm in the absence of betaine (see Fidd).6Hence,
the cell wall, thereby eliminating the free periplasmic waterassuming that accumulation of betaine does not decegase
presumably required for diffusion. We propose that the highEq. 7 predicts that the turgor pressure of cells grown at 1
concentration of periplasmic MDO and the relatively high Osnm+1 mM betaine is higher than that of cells grown
turgor pressures of cells grown at low osmolality is funda-without betaine. In light of our proposal that the amount of
mentally a consequence of the need to maintain a functiondDO and turgor pressure are linked to growth rate, it will
periplasmic volume. be of interest to test the effect of accumulation of betaine on

At high external osmolality, the challenge to the cyto- the amount of MDO or other turgor-generating periplasmic
plasm from its osmotic environment has reversed, from thesolutes.
need to reduce the amounts of cytoplasmic osmolytes to the Our study has implications for the mechanism of osmo-
need to increase them to increase the amount of cytoplasmiegulation of gene expression. Studies of expression of the
water. As the osmolality of minimal growth media is in- lacZ gene fused to thedpABC operon (encoding the high-
creased, the amount of cytoplasmic Kncreases, and the affinity K™ transport system k. coli) led to the proposal
growth rate and amount of cytoplasmic water decreasethat turgor pressure regulates expression of KHpABC
(Cayley et al., 1991). From these observations, we coneperon (Laimins et al., 1981). For cells growing in media
cluded that osmolality-dependent changes in the amounts efith high concentrations of K, an increase in osmolality
cytoplasmic K, water, and growth rate are linked for all caused a transient increasekdpABC expression, which
growth conditions examined (Cayley et al., 1992; Record eteturned to the prestress level as growth resumed at the new
al., 1998b). The linkage provides a resolution of the paradoxsmolality. Because the KdpD sensor kinase (which is pro-
that, although increasing Kconcentration dramatically re- posed to regulatkdpABC gene expression by responding to
duces the extent of protein~-DNA interactions in vitro, in- changes in turgor pressure; Malli and Epstein, 1998) is in
creases in K concentration have no effect on gene expresthe cytoplasmic membrane and we conclude that turgor
sion in vivo (Cayley et al., 1991). In this explanation, the pressure is exerted across the cell wall, presumably KdpD
reduction in Vg, with increasing osmolality of growth does not sense turgor pressure directly but may respond to
greatly increases the extent of macromolecular crowdingthe consequences of water efflux and loss of turgor (e.g.,
which we propose must compensate for the effect of inchanges in solute concentration, crowding or other biophys-
creasing concentration of cytoplasmic n the equilibria  ical properties of the cytoplasm or cytoplasmic membrane;
and rates of protein—nucleic acid interactions (Record et al\Wood, 1999).
1998b). In support of this proposal, we observe that accu-
mulation of the osmoprotectant betaine by osmotically
stressed C_e”S Increases g_rowth rate Mﬁ@o and reduces We thank Dr. Janet Wood, Theo Odijk, and the referees for their comments
cytoplasmic K concentration (Cayley et al., 1992). The onthe manuscript, Drs. Laszlo Csonka, Wolf Epstein, and Arthur Koch for
observations that the amount of MDO and turgor pressuréeir input during the course of this research and on earlier drafts, and
(and possibly the elastic modulus of the cell wall) decrea5§h(_eila Aiellp and Laura Vanderploeg for their assistance with the manu-
with increasing osmolality of growth in minimal media SCPtand figures.
suggest that these periplasmic and cell-wall parameters méy]G acknpwledges support of a National Research Service Award—Na-
also be linked to growth rate in cells above 0.28 Osm. Iftlonal Institutes c_)f Health‘ postdoctoral fellowship. This research was

. L. . . _..supported by National Institutes of Health grant GM 47022.
correct, this proposal indicates a thermodynamic sophisti-
cation and coordinated regulation of the volumes of the
cytoplasm and periplasm @. coli.
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