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OSMOTIC CHALLENGES

Microorganisms lack systems for active water transport;
therefore, their cellular water content and turgor is gov-
emed by osmosis and is strongly affected by the osmolarity
of the environment (14). For Bacillus subtilis, turgor has been
estimated at 1.9 MPa (89). In its natural habitats, the upper
layers of the soil (69, 91), B. subtlis experiences drastic
changes in osmolality as a result of drought or rain, thereby
threatening the cell with dehydration or rupture as water
permeates across the cytoplasmic membrane along the os-
motic gradient (59). The effective management of these os-
motically instigated water fluxes is therefore of central im-
portance for the survival and growth of microorganisms in
habitats with changing osmolarities. In some microorgan-
isms, dedicated water channels, the aquaporins, mediate ac-
celerated water fluxes in both directions when the external
osmolarity changes (22, 28). The Escherichia coli AqpZ pro-
tein is the prototype of bacterial aquaporins (20, 21, 71), but
like many other gram-positive microorganisms, B. subtilis
possesses no AqpZ-telated protein (22). Thus, either B. sub-
tilis contains no aquaporins or it possesses water channels of
a yet unidentified type.

In many bacteria, mechanosensitive channels located in
the cytoplasmic membrane act as safety valves against a
detrimental buildup of turgor pressure, rapidly releasing
compatible solutes and ions when turgor rises beyond a
threshold value (6, 9, 14, 83). In their natural ecosystems,
bacteria are likely to experience osmotic down-shocks
caused by rain, flooding, and washout into freshwater
sources. Two such mechanosensitive channels, MscL (1, 8,
82) and MscS (YggB) (52), have been characterized in some
detail in E. coli, and their simultaneous disruption results in
cell death following an osmotic down-shock (52). The
molecular, biochemical, and physiological characteristics of
the mechanosensitive channels in B. subtilis are just begin-
ning to be explored. Heterologous expression of the evolu-
tionarily well-conserved B. subtilis mscL (ywpC) gene in E.
coli led to the formation of mechanosensitive channels with
a conducting capacity of 3.6 nS (60). When a mscl. mutant
of B. subtilis was subjected to a severe osmotic down-shock,
a substantial number of the cells did not survive this osmotic

challenge (13). Three YggB (MscS) homologues (YhdY,
YkuT, YfkC) are also encoded by the B. subtilis genome
(52), and the functioning of these proteins as ion-conduct-
ing pores (Fig. 1) might account for some of the stretch-
activated composite channels detected through electro-
physiological approaches (2, 84).

The survival and growth of B. subtilis in osmotically
changing habitats depends on highly integrated cellular
adaptation reactions that are either part of the SigB-con-
trolled general stress regulon (34, 87) (see chapter 26) or
specific to osmotic stress (17, 44). The specific stress reac-
tions of many Bacillus spp. comprise the synthesis and uptake
of certain organic osmolytes, in particular proline, glycine
betaine, and ectoine (Fig. 2), under hyperosmotic condi-
tions and their expulsion under hypoosmotic circumstances
(17).

When B. subtilis experiences a sudden osmotic up-shift
and the resulting loss of cell water, it first responds by rapidly
accumulating K™ from environmental sources (89, 90). Glu-
tamate is likely to function as the predominant counterion
to K*. Uptake of K* is mediated by the high-affinity KtrAB
(YuaA, YubG) and the low-affinity KerCD (YkgB, YkrM)
transport systems (Fig. 1) (36). Despite the importance of
K* in the initial osmostress reaction, high intracellular con-
centrations of this ion interfere with many important cellu-
lar functions. B. subtilis therefore accumulates large quanti-
ties of organic osmolytes, the so-called compatible solutes
(90), which are more congruous with its physiology. The
amassing of these compatible solutes through synthesis and
uptake permits the reduction of the K™ pool as the cell ex-
pands and proliferates under high osmolality conditions (89,
90).

SYNTHESIS OF PROLINE AS AN OSMOSTRESS
PROTECTANT

When a B. subtilis culture growing in a chemically defined
medium is subjected to a sudden but relatively mild osmotic
upshift by the addition of 0.4 M NaCl, the cellular proline
pool increases from a basal level of 16 mM to approximately
700 mM within 7 h (90). Proline levels substantially higher
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FIGURE 1 Systems for the uptake and expulsion of K* and compatible solutes in B. subtilis.

than 700 mM are thetefore expected for truly osmotically
challenged cells. The molecular details of this osmoregula-
tory proline synthesis have only recently become clear (18).
The proHJ operon, encoding orthologs of the proline
biosynthetic proB and prol (ygjO) genes (see chapter 16}, is
specifically needed for high-level proline synthesis under os-
motic stress conditions. In contrast, the ProA protein is used
for both anabolism and osmoprotection (Fig. 3). The proHJ
operon is transcribed from a o*-type promoter; its level of
expression increases upon osmotic up-shock and is linked in
a linear fashion to the degree of osmotic stress (18). At the
same time, transcription of the proBA operon is very moder-
ately elevated, thereby ensuring that osmotically challenged
B. subtilis cells possess increased levels of all enzymes re-
quired for osmoregulatory proline synthesis (18). The very
high accumulation of proline raises two important regula-
tory issues. In E. coli, the initial, ATP-requiring step in the
anabolic synthesis of proline is feedback inhibited by proline
(51). The enormous quantities of proline produced under
osmotic stress (90) strongly suggest that the Pro] enzyme
(Fig. 3) is either regulated inefficiently by feedback control
ot not regulated at all.

Degradation of proline to glutamate in B. subtilis is in-
duced when millimolar concentrations of proline are pre-
sent in the growth medium (5) (see chapter 14). Therefore,

the cell needs to tightly coordinate proline degradation and
its osmoregulatory production to avoid the wasting of energy
and precious resources through a futile cycle. Disruption of
the putBCP (ycgMNO) operon abolishes the ability of B.
subtilis to use an exogenous supply of proline as sole nitrogen
or carbon source. The PutP protein serves as a high-affinity
proline uptake system, and the PutBC proteins function in
the sequential enzymatic degradation of proline (Fig. 1)
(61). The putBCP operon is induced by the presence of low
(10 to 500 pM) concentrations of proline in the growth
medium. In contrast, the very large amounts of proline that
are accumulated intracellularly via de novo synthesis under
osmotic stress conditions do not result in strong induction of
the putBCP operon (61). The genetic mechanism by which
B. subtilis distinguishes between exogenously provided and
endogenously synthesized proline is currently unknown.

COMPATIBLE SOLUTES: CHARACTERISTICS
AND FUNCTION

Proline belongs to a restricted group of organic osmolytes,
the so-called compatible solutes, that can be accumulated to
exceedingly high intracellular levels (up to several moles per
liter) without disturbing protein function and cellular phys-
iology (4, 26, 33, 88, 93). Accumulation of compatible so-



lutes under high osmolarity conditions is not only common
in the microbial world (Archaea and Bacteria) (17, 25, 26,
33, 58, 72) but is also characteristic of fungal, plant, animal,
and even human cells (19, 35, 78). Twelve compounds are
currently known to function as osmoprotectants and com-
patible solutes for B. subtilis (Fig. 1), and with the exception
of ectoine, each of these compounds is structurally related to
either proline or glycine betaine (Fig. 2). The exact bio-
physical mechanism(s) through which compatible solutes
act is not completely understood, but their functioning is
generally explained in terms of the preferential exclusion
model (4). This model suggests that compatible solutes are
excluded from the immediate hydration shell of proteins be-
cause of unfavorable interactions with the peptide backbone
(70). This results in a nonhomogeneous distribution of these
solutes within the cell water and a preferential hydration of
protein surfaces. As a consequence of this thermodynamic
disequilibrium, there is a driving force for the protein to oc-
cupy a smaller volume to reduce the amount of excluded wa-
ter, thereby promoting the stabilization of the protein’s na-
tive structure. In addition to their role in maintaining
cellular water content and turgor, compatible solutes also
protect proteins in vitro from denaturation caused by freez-
ing, heating, desiccation, and high ionic conditions and
have beneficial effects on membrane integrity, protein sta-
bility, and folding (26, 33, 54, 88). Recent data strongly sug-
gest that compatible solutes also serve a protein stabilizing
function in vivo (15, 23)
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SYNTHESIS OF ECTOINE AND GLYCINE
BETAINE FOR OSMOREGULATORY
PURPOSES

In the genus Bacillus, the second most frequently synthesized
compatible solute in response to high osmolality is ectoine
(1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecarboxylic acid)
(Fig. 2) (48). As in the moderate halophile Halomonas elon-
gata (24, 57), aspartate B-semialdehyde, an intermediate in
the biosynthesis of lysine, threonine, methionine, and di-
aminopimelic acid (see chapter 16), serves as the precursor,
and three enzymatic steps are required for its conversion to
ectoine (67) (Fig. 3). The structural genes (ectABC) encod-
ing the ectoine biosynthetic enzymes are clustered in the
genome of B. pasteurii, and their transcription is induced by
increases in medium osmolality (48). B. subtilis cannot pro-
duce this tetrahydropyrimidine, but, like many other bacte-
rial species, it can take up ectoine for osmoprotective pur-
poses, albeit with low affinity (38).

Glycine betaine (N,N,N-trimethyl glycine) (Fig. 2) is
one of the most potent compatible solutes found in nature
(25, 26, 33). A number of microorganisms, in particular
halophilic phototrophic eubacteria (33) and some extreme
halophiles (65), can synthesize it de novo by stepwise
methylation of glycine. But many bacterial species (50), in-
cluding B. subdlis (10, 11), produce glycine betaine from
an exogenous supply of choline through two sequential ox-
idation reactions. B. subtilis uses a soluble, metal-contain-

/0
l > :C
n\o.

Proline betaine
/7 \
CH; CH
(Ifﬂa
HyC—Nt—CHzy—CH;0H Choline
Hy
HyC o
\sf_cn _Cf Dimethylsulfonio-
/7 . o acetate (DMSA)
HyC
l]’C\ 0 . foni
. 7 Dimethylsulfonio-
, CTCRTE,. propionate (DMSP)
HyC
m\: 20 Ectoine
ir cZ
HyC” ™, H O
H

FIGURE 2 Chemical structures of osmoprotectants used by B. subtilis.
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ing, type III alcohol dehydrogenase (GbsB) to convert
choline to glycine betaine aldehyde and a highly salt-toler-
ant glycine betaine aldehyde dehydrogenase (GbsA) (12)
to oxidize this toxic intermediate to the well-tolerated and
metabolically inert glycine betaine (Fig. 1) (10, 11). The
structural genes (ghsAB) encoding these enzymes form an
operon. B. subtilis possesses two multicomponent, high-
affinity transport systems {OpuB and OpuC) (Fig. 1) for
the acquisition of choline from exogenous sources (41);
both are members of the ABC superfamily of binding pro-
tein-dependent transport systems. OpuC functions as a
broad-spectrum osmoprotectant uptake system (12 sub-
strates) (38, 40, 45, 63), whereas OpuB transports only
choline (Fig. 1). The high degree of sequence identity of
the OpuB and OpuC systems and the close proximity of
their structural genes in the B. subtilis genome argue that
these two loci evolved through a gene duplication event
(41).

GhbsR, a repressor encoded by a gene upstream of ghsAB,
coordinates the activities of the opuB (but not opuC) and
gbsAB operons by sensing the intracellular concentration of
choline (64). High osmolality increases the expression of
the opuB and opuC operons but does not significantly stim-
ulate the expression of the gbsAB genes. However, the in-
creased intracellular levels of choline achieved via the os-
motic control of opuB and opuC do indirectly stimulate
transcription of the ghsAB operon in a GbsR-dependent
manner (64). GbsR is a novel type of choline-sensing regu-
latory protein and is not related to the choline-sensing Betl
repressor from E. coli (50, 73). GbsR-type proteins for the
control of the choline to glycine betaine synthesis pathway
may be widespread in gram-positive bacteria, since gbsR-
related genes are present in Staphylococcus carnosus (74) and
Staphylococcus aureus (29) in the vicinity of genes that are
likely involved in glycine betaine synthesis.

ACQUISITION OF PREFORMED COMPATIBLE
SOLUTES FROM ENVIRONMENTAL SOURCES

Within its varied habitats (69, 91), B. subtilis has access to a
wide variety of compatible solutes that are released into
ecosystems by primary producers (e.g., osmotically down-
shocked microbial cells, root exudates, and decaying bacte-
rial and plant cells) (33, 88). B. subtilis imports these solutes
viafive transport systems (OpuA to OpuE) with overlapping
substrate specificities (39, 41-43, 53, 87) (Fig. 1). Their
high-level intracellular accumulation allows the growth of
B. subtilis under conditions that are otherwise inhibitory for
its proliferation {10, 38-41, 62, 63). Transcription of the
structural genes for each of the B. subtilis Opu transporters is
induced by an unknown mechanism when the cells are ex-
posed to increased medium osmolality (41, 42, 80, 87). Os-
moregulated compatible transporters related to the B. sub-
alis OpuA and OpuC systems have also been detected in the
gram-positive bacteria Listeria monocytogenes (32, 46) and
Lactococcus lactis (16, 66, 85).

HIGH SALINITY EXERTS PLEIOTROPIC
EFFECTS ON THE PHYSIOLOGY OF
B. SUBTILIS

The cellular responses to high salinity are not limited to the
high-level accumulation of K* and compatible solutes. Mu-
tants lacking the extracytoplasmatic function (ECF) sigma
factor SigM are highly sensitive to high salt (37); however,
this might be an indirect phenotype related to the major cell
wall defects exhibited by such mutants. Increases in salinity
affect the phospholipid composition of the cytoplasmic
membrane (56), the propetties of the cell wall (55), and the
synthesis of the cell wall-associated protein WapA (27). In
addition, the synthesis of several extracellular degradative
enzymes is repressed in a DegS/DegU-dependent manner by



high salinity (49), and the structural genes of these regula-
tory proteins are upregulated in hypertonic media {75). Un-
der such growth conditions, the structural gene for the mem-
brane-associated protease FtsH is transiently induced, and
ftsH mutants can only grow efficiently in media with NaCl
concentrations greater than 0.2 M if the compatible solutes
proline or glycine betaine are added (30, 31). One also ob-
serves increases in negative supercoiling of reporter plasmids
when B. subiilis is subjected to salt stress (3, 47). Further-
more, sudden osmotic changes trigger a behavioral response
{osmotaxis) such that the B. subtilis cells are repelled by
both high and low osmolality (92).

OVERLAP BETWEEN THE SPECIFIC
OSMOSTRESS REACTIONS AND THE
SigB-CONTROLLED GENERAL STRESS
RESPONSE NETWORK

B. subtilis possesses a very large general stress regulon
whose expression depends on the alternative sigma factor
SigB (a®) (see chapter 26), and a sudden increase in salin-
ity triggers the transient expression of the entire o® regu-
lon (34, 68). Proteome analysis has demonstrated that the
proteins induced under these circumstances can be divided
into two groups: the salt-specific stress proteins and the
general stress proteins, which can be further subgrouped
into SigB-dependent and SigB-independent classes (7). B.
subtilis mutants lacking o® are highly sensitive to sudden
and growth-restricting up-shocks with NaCl (86), perhaps
because of the failure to synthesize the GsiB and YtxH pro-
teins, both of which resemble plant desiccation proteins.
The sensitivity of sigB mutants to severe increases in salin-
ity can be counteracted by the uptake of glycine betaine,
indicating that the onset of the B. subtilis general stress re-
sponse and the accumulation of compatible solutes consti-
tute two alternative routes to manage growth-restricting
increases of NaCl (86).

The structural genes for both the glycine betaine trans-
porter OpuD (81) and the proline uptake system OpuE (80,
87) (Fig. 1) are membets of the o® regulon. Both genes are
transcribed from two closely spaced and independently con-
trolled promoters that respond to osmotic stress. One of
these promoters is recognized by the housekeeping sigma
factor ¢, and the second promoter is recognized by . The
oP-controlled promoters respond only transiently to a rapid
osmotic up-shift. In contrast, the level of transcription initi-
ating from the o**-controlled promoters remains elevated as
long as the osmotic stimulus persists (80), suggesting that at
least two different signal transduction pathways must oper-
ate in B. subtilis to communicate environmental osmotic
changes to the transcription apparatus of the cell. The prime
defensive strategy of B. subtilis, the formation of a highly
desiccation-resistant endospore (79), is severely impaired by
high salinity (49, 76, 77). Therefore, both the specific os-
mostress reactions (uptake of potassium and accumulation
of compatible solutes) and the induction of the SigB-depen-
dent general stress response are likely to play important
physiological roles for the effective adaptation of B. subtilis
to changing osmolarity in its natural habitats.

Financial support for studies on osmoregulation in our laboratory was
provided by the German Research Council (DFG) through SFB-395,
the Gradwiertenkollegs “Enzymchemie” and “Proteinfunktion auf atom-
arer Ebene,” the Fonds der Chemischen Industrie, and the European
Union (contract ICA4-2000-30041). I thank V. Koogle for her help in
editing the manuscript.

27. Adaptation to Changing Osmolarity M 389

REFERENCES

1. Ajouz, B., C. Berrier, A. Garrigues, M. Besnard, and A.
Ghazi. 1999. Release of thioredoxin via the mechanosensi-
tive channel MscL during osmotic downshock of Es-
cherichia coli cells. J. Biol. Chem. 273:26670-26674.

2. Alcayaga, C., R. Venegas, A. Carrasco, and D. Wolf.
1992. Ion channels from Bacillus subtilis plasma membrane
incorporated into planar lipid bilayers. FEBS Lett. 311:
246-250.

3. Alice, A. F., and C. Sanchez-Rivas. 1997. DNA super-
coiling and osmoresistance in Bacillus subtilis 168. Curr. Mi-
crobiol. 35:309-315.

4. Arakawa, T., and S. N. Timasheff. 1985 The stabilization
of proteins by osmolytes. Biophys. J. 47:411—-414.

5. Atkinson, M. R., L. V. Wray, and S. H. Fischer. 1990.
Regulation of the histidine and proline degradative en-
zymes by amino acid availability in Bacillus subtilis. J. Bac-
teriol. 172:4758-4765.

6. Batiza, A. F., . Rayment, and C. Kung. 1999. Channel
gate! Tension, leak and disclosure. Structure 7:R99-R103.

7. Bernhardt, J., U. Vélker, A. Volker, H. Antelmann, R.
Schmid, H. Mach, and M. Hecker. 1997. Specific and
general stress proteins in B. subtilis—a two-dimensional
protein electrophoresis study. Microbiology 143:999-1017.

8. Blount, P., M. J. Schroeder, and C. Kung. 1997. Muta-
tions in a bacterial mechanosensitive channel change the
cellular response to osmotic stress. J. Biol. Chem. 272:
32150-32157.

9. Blount, P., and P. C. Moe. 1999. Bacterial mechanosensi-
tive channels: integrating physiology, structure and func-
tion. Trends Microbiol. 7:420-424.

10. Boch, J., B. Kempf, and E. Bremer. 1994. Osmoregulation
in Bacillus subtilis: synthesis of the osmoprotectant glycine
betaine from exogenously provided choline. J. Bacteriol.
176:5364-5371.

11. Boch, J., B. Kempf, R. Schmid, and E. Bremer. 1996.
Synthesis of the osmoprotectant glycine betaine in Bacillus
subtilis: characterization of the ghsAB genes. J. Bacteriol.
178:5121-5129.

12. Boch, J., G. Nau-Wagner, S. Kneip, and E. Bremer.
1997. Glycine betaine aldehyde dehydrogenase from Bacil-
lus subtilis: characterization of an enzyme required for the
synthesis of the osmoprotectant glycine betaine. Arch. Mi-
crobiol. 168:282-289.

13. Boiangiou, C., and E. Bremer. Unpublished data.

14. Booth, 1. R., and P. Louis. 1999. Managing hypoosmotic
stress: aquaporins and mechanosensitive channels in Es-
cherichia coli. Curr. Opin. Microbiol. 2:166-169.

15. Bourot, S., O. Sire, A. Trautwetter, T. Touze, L. F. Wu,
C. Blanco, and T. Bernard. 2000. Glycine betaine-assisted
protein folding in a lysA mutant of Escherichia coli. J. Biol.
Chem. 275:1050-1056.

16. Bouvier, J., P. Bordes, Y. Romeo, A. Fourcans, 1. Bou-
vier, and C. Gutierrez. 2000. Characterization of OpuA, a
glycine betaine uptake system of Lactococcus lactis. J. Mol.
Microbiol. Biotechnol. 2:199-205.

17. Bremer, E., and R. Krimer. 2000. Coping with osmotic
challenges: osmoregulation through accumulation and re-
lease of compatible solutes in bacteria, p. 79-97. In G. Storz
and R. Hengge-Aronis (ed.), Bacterial Stress Responses.
American Society for Microbiology, Washington, D.C.

18. Brill, J., and E. Bremer. Unpublished data.

19. Burg, M., E. Kwon, and D. Kiiltz. 1997. Regulation of
gene expression by hypertonicity. Annu. Rev. Physiol. 59:
437-455.

20. Calamita, G., W. R. Bishai, G. M. Preston, W. B. Gug-
gino, and P. Agre. 1995. Molecular cloning and character-
ization of AqpZ, a water channel from Escherichia coli. J.
Biol. Chem. 270:29063-29066.



3960 W ADAPTATION AND DIFFERENTIATION

21.

22.
23.

24.

25.
26.

21.

28.

29.

30.

3L

32.

33.

34.

35.

36.
37.

38.

Calamita, G., B. Kempf, M. Bonhivers, W. R. Bishai, E.
Bremer, and P. Agre. 1998. Regulation. of the Escherichia
coli water channel gene agpZ. Proc. Natl. Acad. Sci. USA
95:3627-3631.

Calamita, G. 2000. The Escherichia coli aquaporin-Z water
channel. Mol. Microbiol. 37:254-262.

Caldas, T., N. Demont-Caulet, A. Ghazi, and G.
Richarme. 1999. Thermoprotection by glycine betaine and
choline. Microbiology 145:2543-2548.

Cianovas, D., C. Vargas, M. L. Calderon, A. Ventosa, and
J. J. Nieto. 1998. Characterisation of the genes for the
biosynthesis of the compatible solute ectoine in the mod-
erately halophilic bacterium Halomonas elongata DSM
3043. Syst. Appl. Microbiol. 21:487-497.

Csonka, L. N. 1989, Physiological and genetic responses of
bacteria to osmotic stress. Microbiol. Rev. 53:121-147.

da Costa, M. S., H. Santos, and E. A. Galinski. 1998. An
overview of the role and diversity of compatible solutes in
Bacteria and Archaea. Adv. Biochem. Eng. Biotechnol. 61:
117-153.

Dartoise, V., M. Debarbouille, F. Kunst, and G.
Rapoport. 1998. Characterization of a novel member of the
DegS-DegU regulon affected by salt stress in Bacillus sub-
dlis. J. Bacteriol. 180:1855-1861.

Delamarche, C., D. Thomas, ].-P. Rolland, A. Froger, J.
Gouranton, M. Svelto, P. Agre, and C. Calamita, 1999.
Visualization of AqpZ-mediated water permeability in Es-
cherichia coli by cryoelectron microscopy. J. Bacteriol. 181:
4193-4197.

de Lancaster, H., S. W. Wu, M. G. Pino, A. M. Lu-
dovice, S. Filipe, S. Gardete, R. Sorbal, S. Gill, M.
Chung, and A. Tomasz. 1999. Antibiotic resistance as a
stress response: complete sequencing of a large number of
chromosomal loci in Staphylococcus aureus strain COL that
impact on the expression of resistance to methicillin. Mi-
crob. Drug. Resist. 5:163-175.

Deuerling, E., B. Paeslack, and W. Schumann. 1995, The
ftsH gene of Bacillus subtilis is transiently induced after os-
motic and temperature upshift. J. Bacteriol. 177:4105—
4112.

Deuerling, E., A. Mogk, C. Richter, M. Purucker, and
W. Schumann. 1997. The ftsH gene of Bacillus subtilis is in-
volved in major cellular processes such as sporulation, stress
adaptation and secretion. Mol. Microbiol. 23:921-933.
Frazer, K. R., D. Harvie, P. ]. Coote, and C. P. O’Byrne.
2000. Identification and characterization of an ATP bind-
ing cassette L-carnitine transporter in Listeria monocyto-
genes. Appl. Environ. Microbiol. 66:5696—4704.

Galinski, E. A., and H. G. Triiper. 1994. Microbial be-
havior in salt-stressed ecosystems. FEMS Microbiol. Rev.
15:95-108.

Hecker, M., and U. Vélker. 1998. Non-specific, general
and multiple stress resistance of growth restricted Bacillus
subtilis cells by the expression of the a® regulon. Mol. Mi-
crobiol. 29:1129-1136.

Hohmann, 8. 1997. Shaping up: the response of yeast to
osmotic stress, p. 101-145. In S. Hohmann and W. H.
Mager (ed.), Yeast Stress Responses. Springer, Berlin, Ger-
many.

Holtman, G., E. P. Bakker, N. Uozumi, and E. Bremer.
Unpublished data.

Horsburgh, M. J., and A. Moir. 1999. ¢™, an ECF RNA
polymerase sigma factor of Bacillus subtilis 168, is essential
for growth and survival in high concentrations of salt. Mol.
Microbiol. 32:41-50.

Jebbar, M., C. von Blohn, and E. Bremer. 1997. Ectoine
functions as an osmoprotectant in Bacillus subtilis and is ac-
cumulated via the ABC-transport system OpuC. FEMS
Microbiol. Lett. 154:325-330.

39.

40.

41.

42.

43.

4.

45.

46.

41.

48.

49.

50.

51

52.

53.

54.

55.

56.

Kappes, R. M., B. Kempf, and E. Bremer. 1996. Three
transport systems for the osmoprotectant glycine betaine
operate in Bacillus subulis: characterization of OpuD. J.
Bacteriol. 178:5071-5079.

Kappes, R. M., and E. Bremer. 1998. Responses of Bacil-
lus subtilis to high osmolarity: uptake of carnitine, crotono-
betaine and y-butyrobetaine via the ABC transport system
OpuC. Microbiology 144:83-90.

Kappes, R. M., B. Kempf, S. Kneip, J. Boch, J. Gade, J.
Meier-Wagner, and E. Bremer. 1999. Two evolutionarily
closely related ABC transporters mediate the uptake of
choline for synthesis of the osmoprotectant glycine betaine
in Bacillus subtilis. Mol. Microbiol. 32:203-216.

Kempf, B., and E. Bremer. 1995. OpuA, an osmotically
regulated binding protein-dependent transport system for
the osmoprotectant glycine betaine in Bacillus subglis. J.
Biol. Chem. 270:16701-16713.

Kempf, B., J. Gade, and E. Bremer. 1997. Lipoprotein
from the osmoregulated ABC transport system OpuA of
Bacillus subtilis: purification of the glycine betaine binding
protein and characterization of a functional lipidless mu-
tant. J. Bacteriol. 179:6213-6220.

Kempf, B., and E. Bremer. 1998. Uptake and synthesis of
compatible solutes as microbial stress responses to high-os-
molality environments. Arch. Microbiol. 170:319-330.
Kempf, B., J. Gade, and E. Bremer. Unpublished results.
Ko, R., and L. T. Smith. 1999. Identification of an ATP-
driven, osmoregulated glycine betaine transport system in
Listeria monocytogenes. Appl. Environ. Microbiol. 65:4040-
4048.

Krispin, O., and R. Allmansberger. 1995. Changes in
DINA supertwist as a response of Bacillus subtilis towards dif-
ferent kinds of stresses. FEMS Microbiol. Lett. 134:129—
135.

Kuhlmann, A., and E. Bremer. Unpublished results.
Kunst, F., and G. Rapoport. 1995. Salt stress is an envi-
ronmental signal affecting degradative enzyme synthesis in
Bacillus subtilis. J. Bacteriol. 177:2403-2407.

Lamark, T., I. Kaasen, M. W. Eshoo, P. Falkenberg, J.
McDougall, and A. R. Strgm. 1991. DNA sequence and
analysis of the bet genes encoding the osmoregulatory
choline-glycine betaine pathway of Escherichia coli. Mol.
Microbiol. 5:1049-1064.

Leisinger, T. 1996. Biosynthesis of proline, p. 434—441. In
F. C. Neidhardt, R. Curtiss I1], ]. L. Ingraham, E. C. C. Lin,
K. B. Low, Jr., B. Magasanik, W. S. Reznikoff, M. Riley, M.
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and
Salmonella: Cellular and Molecular Biology, 2nd ed. Ameri-
can Society for Microbiology, Washington, D.C.

Levina, N., S. Tétemevyer, N. R. Stokes, P. Louis, M. A.
Jones, and 1. R. Booth. 1999. Protection of Escherichia coli
cells against extreme turgor by activation of MscS and
MscL mechanosensitive channels: identification of genes
required for MscS activity. EMBQOJ. 18:1730-1737.

Lin, U. and J. N. Hanson. 1995. Characterization of a
chimeric proU operon in a subtilin-producing mutant of
Bacillus subtilis 168. J. Bacteriol. 177:6874-6880.

Lippert, K., and E. A. Galinski. 1992. Enzyme stabiliza-
tion by ectoine-type compatible solutes: protection against
heating, freezing and drying. Appl. Microbiol. Biotechnol.
37:61-65.

Lopez, C. S., H. Heras, H. S. M. Ruzal, C. Sanches-Ri-
vas, and E. Rivas. 1998. Variations on the envelope com-
position of Bacillus subtilis during growth in hyperosmotic
medium. Curr. Microbiol. 36:55-61.

Lopez, C. S., H. Heras, H. Garda, S. Ruzal, C. Sanches-
Rivas, and E. Rivas. 2000. Biochemical and biophysical
studies of Bacillus subtilis envelope under hyperosmotic
stress. Int. J. Food. Microbiol. 55:137-142.



57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67

68.

69.

70.

71.

72.
73.

74.

Louis, P., and E. A. Galinski. 1997. Characterization of
genes for the biosynthesis of the compatible solute ectoine
from Marinococcus halophilus and osmoregulated expression
in Escherichia coli. Microbiology 143:1141-1149.

Martin, D. D., R. A. Ciulla, and M. F. Roberts. 1999. Os-
moadaptation in archaea. Appl. Environ. Microbiol. 65:
1815-1825.

Miller, K. J., and J. M. Wood. 1996. Osmoadaptation by
thizosphere bacteria. Annu. Rev. Microbiol. 50:101-136.
Moe, P. C., Blount, P., and C. Kung. 1998. Functional
and structural conservation in the mechanosensitive chan-
nel MscL implicates elements crucial for mechanosensa-
tion. Mol. Microbiol. 28:583-592.

Maoses, S., and E. Bremer. Unpublished results.
Nau-Wagner, G., J. Boch, A. Le Good, and E. Bremer.
1999. High-affinity transport of choline-O-sulfate and its
use as a compatible solute in Bacillus subtilis. Appl. Environ.
Microbiol. 65:560-568.

Nau-Wagner, G., M. Jebbar, C. Blanco, and E. Bremer.
Unpublished results.

Nau-Wagner, G. B. Kempf, J. Boch and E. Bremer. Un-
published results.

Nyysséld, A., ]J. Kerovuo, P. Kaukinen, N. von Wey-
marn, and T. Reinikainen. 2000. Extreme halophiles syn-
thesize betaine from glycine by methylation. J. Biol. Chem.
275:22196-22201.

Obis, D., A. Guillot, J.-C. Gripon, P. Renault, A.
Bolotin, and M.-Y. Mistou. 1999. Genetic and biochemi-
cal characterization of a high-affinity betaine uptake sys-
tem (BusA) in Lactococcus lactis reveals a new functional
organization within bacteriai ABC transporters. j. Bacte-
riol. 181:6238-6246.

Ono, H., K. Sawada, N. Khunajark, T. Tao, M. Ya-
mamoto, M. Hiramoto, A. Shinmyo, M. Takano, Y.
Murooka. 1999. Characterization of the biosynthetic en-
zymes for ectoine as a compatible solute in a moderately
halophilic eubacterium, Halomonas elongata. J. Bacteriol.
181:91-99.

Price, C. W. 2000. Protective function and regulation of
the general stress response in Bacillus subtilis and related
gram-positive bacteria, p. 179-197. In G. Storz and R.
Hengge-Aronis (ed.), Bacterial Stress Responses. American
Society for Microbiology, Washington, D.C.

Priest, F. G. 1993. Systematics and ecology of Bacillus, p.
3-16.In A. L. Sonenshein, J. A. Hoch, and R. Losick (ed.),
Bacillus subtilis and Other Gram-Positive Bacteria: Biochem-
istry, Physiology, and Molecular Genetics. American Society
for Microbiology, Washington, D.C.

Qu, Y., C. L. Bolen, and D. W. Bolen. 1998. Osmolyte
driven contraction of a random coil protein. Proc. Natl.
Acad. Sci. USA 95:9268-9273.

Ringler, P., M. J. Borgnia, H. Stahlberg, P. C. Maloney,
P. Agre, and A. Engel. 1999. Structure of the water chan-
nel AqpZ from Escherichia coli revealed by electron crystal-
lography. J. Mol. Biol. 291:1181-1190.

Roberts, M. F. 2000. Osmoadaptation and osmoregulation
in archaea. Front. Biosci. 5:796-812.

Rokenes, T. P., T. Lamark, and A. R. Strom. 1996.
DNA-binding properties of the Betl repressor protein of
Escherichia coli: the inducer choline stimulates Betl-DNA
complex formation. J. Bacteriol. 178:1663-1670.
Rosenstein, R., D. Futter-Bryniok, and F. Gétz. 1999.
The choline-converting pathway in Staphylococcus xylosus
C2A: genetic and physiological characterization. J. Bacte-
riol. 181:2273-2278.

75.

76.

7.

78.

79.

80.

81.

82.

83.

85.

86.

87.

88.

89.

90.

91

92.

93.

27. Adaptation to Changing Osmolarity B 391

Ruzal, 8. M., and C. Sanchez-Rivas. 1994. Physiological
and genetic characterization of the osmotic stress response
in Bacillus subtilis. Can. J. Microbiol. 40:140-144.

Ruzal, S. M., C. Lopez, E. Rivas, and C. Sanchez-Rivas.
1998. Osmotic strength blocks sporulation at stage II by
impeding activation of early sigma factors in Bacillus sub-
glis. Curr. Microbiol. 36:75-79.

Ruzal, S. M., and C. Sanchez-Rivas. 1998. In Bacillus sub-
tilis DegU-P is a positive regulator of the osmotic response.
Curr. Microbiol. 37:368-372.

Sakamoto, A., and N. Murata. 2000. Genetic engineering
of glycine betaine synthesis in plants: current status and
implications for enhancement of stress tolerance. J. Exp.
Bot. 51:34281-34288.

Sonenshein, A. L. 2000. Bacterial sporulation: a response
to environmental signals, p. 199-215. In G. Storz and R.
Hengge-Aronis (ed.), Bacterial Stress Responses. American
Society for Microbiology, Washington, D.C.
Spiegelhalter, F., and E. Bremer. 1998. Osmoregulation of
the opuFE proline transport gene from Bacillus subiilis: con-
tributions of the sigma A- and sigma B-dependent stress-re-
sponsive promoters. Mol. Microbiol. 29:285-296.
Spiegelhalter, F., and E. Bremer. Unpublished results.
Sukharev, 8., M. Betanzos, C.-S. Chlang, and H. R.
Guy. 2001. The gating mechanism of the large
mechanosensitive channel MscL. Nature 409:720-724.
Sukharev, S. L., P. Blount, B. Martinac, and C. Kung.
1997. Mechanosensitive channels of Escherichia coli: the
mscL gene, protein, and activities. Annu. Rev. Physiol. 59:

633-6517.

. Szabo, 1., V. Petronelli, and M. Zoratti. 1992. A patch-

clamp study of Bacillus subtilis. Biochim. Biophys. Acta
1112:29-38.

van der Heide, T., and B. Poolman. 2000. Osmoregulated
ABC-transport system of Lactococcus lactis senses water
stress via changes in the physical state of the membrane.
Proc. Natl. Acad. Sci. USA 97:7102-7106.

Volker, U., B. Maul, and M. Hecker. 1999. Expression of
the oB-dependent general stress regulon confers multiple
stress resistance in Bacillus subtilis. J. Bacteriol. 181:3942—
3948.

von Blohn, C., B. Kempf, R. M. Kappes, and E. Bremer.
1997. Osmostress response in Bacillus subtilis: characteriza-
tion of a proline uptake system (OpuE) regulated by high
osmolarity and the alternative transcription factor sigma B.
Mol. Microbiol. 25:175-187.

Welsh, D. T. 2000. Ecological significance of compatible
solute accumulation by micro-organisms: from single cells
to global climate. FEMS Microbiol. Rev. 24:236-290.
Whatmore, A. M., and R. H. Reed. 1990. Determination
of turgor pressure in Bacillus subtilis: possible role for K* in
turgor regulation. J. Gen. Microbiol. 136:2521-2526.
Whatmore, A. M., ]J. A. Chudek, and R. H. Reed. 1990.
The effects of osmotic upshock on the intracellular solute
pools of Bacillus subtilis. ]. Gen. Microbiol. 136:2527-2535.
Wipat, A., and C. R. Harwood. 1999. The Bacillus subtilis
genome sequence: the molecular blueprint of a soil bac-
terium. FEMS Microbiol. Ecol. 28:1-9.

Wong, L. S., M. S. Johnson, L. B. Sandberg, and B. L.
Taylor. 1995. Amino acid efflux in response to chemotac-
tic and osmotic signals in Bacillus subtilis. J. Bacteriol. 177:
4342-4349.

Yancy, P. H. 1994. Compatible and counteracting solutes,
p. 81-109. In K. Strange (ed.), Cellular and Molecular Physi-
ology of Cell Volume Regulation. CRC Press, Boca Raton, Fla.





