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Adaptation of Escherichia coli to high osmolarity
environments: Osmoregulation of the high-affinity
glycine betaine transport system ProU
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Abstract: A sudden increase in the osmolarity of the environment is highly detrimental to the growth and survival of Escherichia
coli and Salmonella typhimurium since it triggers a rapid efflux of water from the cell, resulting in a decreased turgor. Changes in
the external osmolarity must therefore be sensed by the microorganisms and this information must be converted into an adaptation
process that aims at the restoration of turgor. The physiological reaction of the cell to the changing environmental condition is a
highly coordinated process. Loss of turgor triggers a rapid influx of K* ions into the cell via specific transporters and the
concomitant synthesis of counterions, such as glutamate. The increased intracellular concentration of K*-glutamate allows the
adaptation of the cell to environments of moderately high osmolarities. At high osmolarity, K*-glutamate is insufficient to ensure
cell growth, and the bacteria therefore replace the accumulated K™ ions with compounds that are less deleterious for the cell’s
physiology. These compatible solutes include polyoles such as trehalose, amino acids such as proline, and methyl-amines such as
glycine betaine. One of the most important compatible solutes for bacteria is glycine betaine. This potent osmoprotectant is
widespread in nature, and its intracellular accumulation is achieved through uptake from the environment or synthesis from its
precursor choline. In this overview, we discuss the properties of the high-atfinity glycine betaine transport system ProU and the
osmotic regulation of its structural genes.
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Introduction

Bacteria have evolved a remarkable repertoire
of mechanisms to adapt to environmental changes.
The osmotic strength of the environment is an
important physical parameter that influences the
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ability of organisms to grow in and successfully
compete for a given habitat. In recent years, the
mechanisms of osmoadaptation have been stud-
ied intensively in Escherichia coli and Salmonella
typhimurium by biochemical and molecular ap-
proaches (for overviews see [19,20,31,55,56,60,68,
107,120,121D. Work performed in our laboratory
has focused on high-osmolarity growth conditions
and uses the E. coli proU operon as a model
system to study the mechanism by which a change



in the environmental osmolarity 18 sensed and
converted to a signal that finally results in altered
gene expression. The proU operon encodes an
osmotically inducible, binding-protein-dependent
transport system for the osmoprotectant glycine
betaine. The intracellular accumulation of glycine
betaine permits the growth of E. coli in high-
osmolarity media, which are otherwise inhibitory
for its proliferation.

E. coli maintains an osmotic pressure in the
cytoplasm that is higher than that of the sur-
rounding cnvironment, resulting in a outward di-
rected pressure, the turgor. which has been esti-
mated at 3-5 atm [106]. Maintenance of turgor is
essential for the division and growth of the cells
[79]. Since the cell envelope is permeable 1o wa-
ter, a sudden increasc in the osmolarity of the
growth medium results in the rapid efflux of
water from the cytoplasm. The resultant loss of
turgor, increase in the concentrations of ions and
macromolecules in the cytoplasm, and plasmoly-
sis severely inhibit DNA replication, protein syn-
thesis and, finally, cell growth. Consequently, E.
coli has evolved mechanisms to sense changes in
the environmental osmolarity and to adapt rapidly
and efficiently to such adverse growth conditions.
Osmoadaptation cntails a4 two-step process. First,
high intracellular concentrations of K ™-glutamate

arc accumulated by increased K™ uptake and
concomitant de novo synthesis of counterions such
as glutamate. Subscquently, osmoprotective com-
pounds such as trchalose, proline, glycine betaine
and proline betaine (Fig. 1) arc accumulated by
cither synthesis or uptake from the environment.
Accumulation of these osmoprotectants then trig-
gers an efflux of K from the cytoplasm. Through
this scrics of cvents, turgor is restored, and the
cell can resume growth in high osmolarity envi-
ronments [9,19.25.31,112].

The primary response to high-osmolarity stress:
uptake of K*

K* is the most abundant cation in the cyto-
plasm of E£. coli and 8. typhimurium. The central
role of K* for osmoadaptation and proper main-
tenance of cell turgor has been firmly established
[31,32]. The stcady-state intracellular concentra-
tion of K* increases from (.15 M to 0.55 M when
the osmolarity of the medium is increased from
100 mOsm to 1200 mOsm with solutes unable to
permeate across the cytoplasmic membranc
[32,56]). E. coli has scveral active transport sys-
tems for this ubiquitous 1on: Kdp, TrkA and
TrkD (for a recent summary, sce [26]). The trans-
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Fig. 1. Structures of osmoprotectants of L. coli and other enteric bacteria.



port activity of each of these systems is increased
in response to hyperosmotic shock. The structural
genes for the Trk K* uptake systems are consti-
tutively expressed, whereas the expression of the
Kdp structural genes responds to environmental
signals [3,63,101]. In addition, there are at least
three distinct K* efflux systems (Kef) in E. coli
[27].

The Trk systems have a low affinity for K™ but
a very high transport rate. Under normal growth
conditions, activity of the Trk systems is sufficient
to satisty the cell’s need for K* and to maintain
proper turgor. Under conditions of K* limitation
and after a severe osmotic upshock, which result
in loss of turgor, the high-affinity Kdp transport
system becomes active. Increased activity of Kdp
results primarily from increased gene expression.
An interesting mechanism for the regulation of
the kdp structural genes has been proposed, in
which a mechanical signal, turgor reduction, is
converted into a genetic response that results in
increased kdp transcription [31,63]. Expression of
the kdp operon is under the control of a two-
component regulatory system. A inner mem-
branc-embedded sensor protein, KdpD, rclates
the signal to a soluble response regulator protein,
KdpE, via a phosphorylation cascade. KdpE then
interacts with the regulatory region of the kdp-
ABC operon encoding the components of the
high-affinity Kdp K* transporter [83,101,111,118].

In concert, the cell’s K* uptake systems can
rapidly increase the intracellular K™ pool after
exposurc to a high-osmolarity cnvironment. In
order to maintain the membrane potential, in-
creased K* concentration must be balanced by
the accumulation of anions or the expulsion of
cations. The major accumulated counterion in E.
coli is glutamate, the concentration of which is
strongly increased by de novo synthesis during
growth at high osmolarity [12,78]. Thus, the cell’s
primary response to a high osmolarity environ-
ment is the re-establishment of the osmotic pres-
sure gradient across the cell membrane by strongly
increasing the intracellular K *-glutamate concen-
tration. Other compounds, such as glutamine and
the y-glutamyl peptides y-glutamylglutamine and
glutathione, also contribute to the balance of the
intracellular K™ pool [77].

N

Compatible solutes

Cytoplasmic K™ concentrations of up to 0.9 M
have been measured during the initial phase of
osmoadaptation [96], but high K* concentrations
have deleterious effects on cell physiology and
can inhibit the functioning of key enzymes [2,121].
Therefore, as a secondary responsc to high envi-
ronmental osmolarity, the cell replaces much of
the intracellular K™ by so-called compatible so-
lutes. This class of compounds is opcrationally
defined as osmotically active solutes that can be
accumulated to high intracellular concentrations
without disturbing essential mctabolic functions
of the cell [9,19,55,107]. In the osmotically stressed
cell, the intracellular accumulation of compatible
solutes counterbalances high extracellular con-
centrations of osmolytes and, consequently, helps
to maintain turgor. Some of these compounds arc
also known to stabilize the integrity of cell com-
ponents and the function of proteins in solutions
of high ionic strength [2.19,20,70,92,99.121].

The accumulation of compatible solutes in re-
sponse to high-osmolarity stress is a universal
phenomenon obscrved across the microbial, plant
and animal kingdoms [19,121]. A limited group of
low-molecular-mass compounds have been adop-
ted as compatible solutes: polyols (e.g. glycerol,
trehalose), amino acids and amino acid deriva-
tives (e.g. proline, taurine, B-alanine), urea and
methylamines (e.g. glycine betaine, proline be-
taine) [121]. Many of these compounds are found
widely in nature. For instance, the physiologically
important osmolyte glycine betaine., a trimeth-
ylated derivative of the amino acid glycine (Fig.
1), is synthesized in species as distantly related as
enterobacteria, vascular plants and humans, and
it i1s found in sources as diverse as human urine
[13] and veast extract [29]. Therefore, osmopro-
tective compatible solutes arc found in many
complex media used to grow bacteria in the labo-
ratory. The structural formulas of several osmo-
protectants important for E. coli are shown in
Fig. 1, and their synthesis, transport and function
are discussed below.

Trehalose is an osmoprotectant
The disaccharide trehalose (Fig. 1) is accumu-
lated in many organisms in response to various
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types of stress. When E. coli is grown at high
osmolarity, it synthesizes trehalose in large
amounts [25,67,108]. This process involves the
condensation of glucose-6-phosphate and UDP-
glucose to trehalose-6-phosphate via a trchalose-
6-phosphate  synthetase (OtsA). Trehalose-6-
phosphate i1s then enzymatically converted to free
trehalose by a trehalose-6-phosphate phosphatase
(OtsB) (Fig. 2). High osmolarity stimulates the
transcription of the otsA and otsB structural
genes, and the enzymatic activity of the trehalose-
6-phosphate  synthctase is activated by K-
glutamate [38]. Together, gene induction and en-
zyme activation result in the accumulation of
trehalosc under high-osmolarity growth condi-
tions. Mutants impaired in the synthesis of tre-
halose arc osmotically sensitive [38]. Uptake of
exogenous trehalose does not contribute to its
cellular accumulation under high-osmolarity
growth conditions. This is surprising since £. coli
possesses an efficient transport system for tre-
halose. It consists of a specific enzyme 11T
(TreB) which acts together with enzyme 119" of
the phosphotransferase carbohydrate uptake sys-
tem (PTS) [8,108]. The activity of this PTS tre-
halose uptake system is inhibited by high osmo-
larity. In addition, high-level synthesis of the
components of the trehalose transport system and
the trehalose catabolic enzymes at high osmolar-
ity is prevented by removal of the inducer (treha-
lose-6-phosphate) for their structural genes, by
the osmoregulated trehalose-6-phosphate phos-
phatase (OtsB) [61].

Under high-osmolarity growth conditions or
after a osmotic downshock, some of the internally
synthesized trehalose leaks into the periplasm. A
highly active trehalase (TreA) is present in this
cell compartment that can split this disaccharide
into two units of glucose [7,47,110]. The monosac-
charides can then be taken up by a high-affinity
glucose-specific PTS transport system, thus pre-
venting loss of trehalose into the medium (Fig. 2).
In addition, the presence of this trehalase permits
the growth of E. coli at high osmolarity with
trehalose as the sole carbon source. Expression of
the structural gene for the periplasmic trehalase,
treA, is stimulated by high osmolarity [7,47]. An-
other factor contributing to thc transcriptional
regulation of the tred, otsA and otsB genes is the
growth phase of the bacterial culture. Expression
of these genes is stimulated during the entry of
the cells into stationary phase, and an alternative
sigma factor, RpoS, is involved in the stationary
phase and osmotic induction of these genes
[4K.59].

The osmoregulatory choline-glycine betaine path-
way

The intracellular accumulation of glycine be-
taine is of central importance for the adaptation
of many microorganisms to high-osmolarity envi-
ronments [19,20,107.121]. E. coli cannot synthe-
size this osmoprotectant de novo but is able to
accumulate glycine betaine to high intracellular
levels when its precursor molecules, choline and
glycine betaine aldchyde, are present in the
growth medium [66]. E. coli can scavenge these
biosynthetic precursors from the environment
through an efficient transport system (Fig. 3), and
their enzymatic conversion to glycine betaine al-
lows the cells to grow in high-osmolarity environ-
ments that are otherwise inhibitory for their pro-
liferation [64]. Strains impaired in the uptake of
the biosynthetic building blocks or in the enzy-
matic synthesis of glycine betaine are sensitive
against high-osmolarity growth conditions [109].
Neither glycine betaine nor its precursors can be
utilized as substrate for the de novo synthesis of
high-molecular mass cell components [66]. Hence,
the accumulation of glycine betaine in E. coli
serves only an osmoprotective function and is
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Fig. 3. The osmoregulatory choline-glycine betaine pathway.

(A) Genetic organization of the bet gene cluster. (B) Uptake

of external choline via the BetT transporter and its enzymatic
conversion into glycine betaine.

observed only in osmotically stressed cells {68,90].
In other microorganisms, such as Rhizobium
meliloti, glycine betaine can function as a carbon,
nitrogen and energy source as well as an osmo-
protectant [114]. Whether glycine betaine is used
as a nutrient or as a osmoprotectant in R. meliloti
1s determined by the osmolarity of the growth
medium: the activities of the enzymes involved in
the degradation of glycine betaine are inhibited
at high osmolarity, whereas those involved in its
synthesis from choline arc either stimulated or
not affected [114].

The steps involved in the uptake of choline
and its enzymatic conversion into glycine betaine
in E. coli have been intensively studied. A low-af-
finity (K, 0.5 mM) and a high-affinity (K, 8
wM) uptake system for choline have been de-
tected [109]. The well-characterized high-affinity
choline transporter, BetT, is an integral inner
membrane protein and is energized by the proton
motive force. BetT is activated at the level of
transport by high osmolarity [64]. Its structural
gene, betT, maps at 7.5 min on the E. coli link-
age map and is tightly linked to the genes encod-
ing the enzymes for glycine betaine synthesis (Fig.
3A). Two enzymes are involved in the formation

of glycine betaine from choline: a choline dehy-
drogenase (BetA) and a glycine betaine aldehyde
dehydrogenase (BetB). BetA is a membrane-
bound, oxygen-dependent cnzyme that can cat-
alyze the oxidation both of choline to glycine
betaine aldehyde and of glycine betaine aldchyde
to glycine betaine. The BetB protein is a soluble
NAD-dependent glycine betaine aldehyde dehy-
drogenase with a marked substrate specificity.
The BetB protein exhibits a marked salt toler-
ance, an important feature of an enzyme involved
in the biosynthesis of an osmoprotecting com-
pound [37]. In concert, the choline transporter
and the BetAB enzymes can convert very low (1
mM) extracellular concentrations of choline into
high (several hundred millimolar) intraccllular
concentrations of the osmoprotectant glycine be-
taine [66]. Consequently, the choline—glycine be-
taine pathway serves an important function in the
adaptation process of E. coli to a high-osmolarity
environment. However, many E. coli laboratory
strains do not possess the ber genes. since they
are covered by the commonly used A(argf-
lac)U169 deletion [66]. The choline—glycine be-
taine pathway is not essential for osmoadapta-
tion, since S. typhimurium, which is evolutionarily
closely related to E. coli, lacks the ber genc
cluster entirely, due to a large chromosomal dcle-
tion [98]. The value of the bet genes for osmoad-
aptation is manifested by the fact that the trans-
fer of these genes from E. coli to S. tvphimurium
results in increased osmotolerance when external
choline is provided [1].

The level of bet gene expression is subjected
to regulation by several environmental stimuli.
Transcription of the ber gene cluster is induced
under high-osmolarity conditions and is further
stimulated by the presence of choline in the
growth medium. Full expression requires an acro-
bic environment and high growth temperature
[33]. Choline regulation of ber expression is prob-
ably mediated by the Betl protein. Its structural
gene, betl, is part of the ber gene cluster (Fig.
3A), and it encodes a polypeptide with homolo-
gies to several repressor proteins [64]. Presently,
it is unclear whether Betl also mediates the regu-
lation of bet expression by medium osmolarity
and other environmental stimuli.



ProU and ProP: uptake systems for osmoprotec-
tants

Early work by Christian in 1955 showed that,
in Salmonella oranienburg, cxogenously provided
prolinc could function as an osmoprotectant
[14.15]. A large increase in the intracellular con-
centration of proline was demonstrated by Mea-
sures [78] in the enteric bacteria E. coli and §.
typhimurium when these were subjected to os-
motic stress. This accumulation cannot be accom-
plished by de¢ novo synthesis, since the proline
biosynthetic cnzymes are subjected to feedback
inhibition by proline [19]. However, prolinc-over-
producing mutants with altered feedback inhibi-
tion show cnhanced osmotolerance [16,22]. In
wild-type cells, the accumulation of proline ob-
served under high-osmolarity growth conditions is
achicved by increased uptake from the cnviron-
ment. Both organisms possess three distinet pro-
line transport systems: PutP. ProP and ProU. The
major proline permease. PutP. functions when
proline is uscd as a nutrient, but plays no role in
uptake of this amino acid at high osmolarity.
Activity of PutP is inhibited by osmotic stress
[120]). In contrast, the ProP and ProU trans-
porters tunction under conditions of osmotic
stress and they constitute the proline uptake sys-
tems which allow the intracellular accumulation
of proline as an osmoprotectant [17.18.30,40.44,
104]. They were also shown to be responsible for
the uptake of other osmoprotectants. including
glvcine betaine [10,11,74], whose uptake in £, coli
is strongly stimulated by high-osmolarity growth
conditions [90]. Consequently, these transporters
play a central role in the cfficient scavenging of
osmoprotectants from the environment.

Characteristics of the ProP system

The ProP transporter is a component of the
cytoplasmic membrane and consists of a single
polypeptide [21]. The cnergy for substrate trans-
port through ProP is provided by the proton
motive force. High osmolarity strongly stimulates
the activity of the ProP system [80,81]. This mod-
ulation of transport activity might be induced by 4
conformational change in the ProP protein. Its
structural gene, proP. is expressed at a significant

level in media of low osmolarity. However, high-
osmolarity growth conditions can further increasc
proP expression [11.41]. The ProP system has a
very low affinity (K, = 0.3 mM) for proline, in
comparison to PutP (K, =2 uM) [120]. In addi-
tion to proline. the ProP transporter accepts tau-
rinc (an osmolyte in eukaryotes), ectoine (an os-
moprotective cyclic amino acid found in several
moderately halophilic and halotolerant bacteria),
glycine betaine and structural analogues of glycine
betaine as its substrate [11,17,41,44.57,74.76.90,
100]. Despite the rather low affinity of the ProP
system for thesc osmoprotectants, it scrves an
important physiological function for osmoadapta-
tion, since osmotically stimulated transport activ-
ity allows the cell to react rapidly to a sudden
increase in medium osmolarity [11].

ProU: an efficient uptake system for glvcine betaine

Studies using strains lacking the PutP and ProP
transporters revealed a third proline permease
(ProU). which functions preferentially at high os-
molarity growth conditions [17]. ProU contributes
little to total proline uptake. Subsequent work
showed that the ProU system from L. coli and S.
typhimuriton has a very high affinity for glycine
betaine (K, = 1.3 uM) [10,74]. ProU is a multi-
component, binding-protein-dependent transport
system [4,53.74]. Analysis of the proU locus at
57.5 min on the E. coli linkage map showed that
it is an operon in which three structural gences
(proV, proW and proX) are coordinately ex-
pressed under the control of one major osmoreg-
ulated promoter (Fig. 4) [42,73.87.89,105]. The
proV gene encodes a hydrophilic polypeptide (44.1
kDa), which is associated with the cytoplasmic
membrane. The ProV protein is the energy-cou-
pling component of the ProU system and has
been shown to hydrolyze ATP [82]. It shows ex-
tensive  homologies to the energy-transducing
components of other binding-protein-dependent
transport systems. The second gene in the operon,
proW., encodes a hydrophobic protein (37.6 kDa)
that is integrated into the inner membrane. In
analogy to other binding-protein-dependent
transporters, the ProV and ProW protcins are
likely to exist in the cell as homodimers [49]. The
proX gene encodes the periplasmic glycine-be-
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Fig. 4. The binding-protein-dependent ProU transport system.

taine-binding protein (Fig. 4). This substrate-
binding protein (33.8 kDa) binds glycine betaine
with high affinity (K, = | «M) [4,53,74] and de-
livers it to a complex consisting of the ProV and
ProW proteins. Together, these thrce proteins
are responsible for the cfficient translocation of
glycine betaine across the cytoplasmic membranc.

Proline betaine (Fig. 1), like glycine betaine, is
accumulated to high intracellular concentrations
under high-osmolarity growth conditions in .
coli [67]. Work in our laboratory has established
that this osmoprotectant is transported through
both the ProP and ProU systems. Strains with
defective ProU and ProP transporters are no
longer protected against the detrimental effects
of high osmolarity by externally provided proline
betaine. showing that no additional transporter
cxists for this osmoprotectant (unpublished re-
sults). Like ProP, the ProU system also permits
the uptake of osmoprotectants other than glycine
betaine. Proline, taurine, ectoinc and structural
analogues of glycine betaine are all transported
through the ProU system, albeit with rather low
affinity [11,17,44,57,74,76,90]. In addition, the
low-affinity uptake activity for choline detected
previously in E. coli [109] was recently shown to
be mediated by the ProU transport system [65].
Hence, the ProU system has a rather broad sub-
strate specificity, and it is apparent that it serves
an important physiological function for the effi-
cient scavenging of a wide variety of osmoprotec-

Y

tants from the environment when £. coli is con-
fronted with high-osmolarity growth conditions.

Access of glycine betaine to thc periplasmic
glycine bctaine-binding protein (ProX) is pro-
vided by the integral outer membrane proteins
OmpC and OmpF (Fig. 4) [34]. Thesc proteins
form water-filled pores within the outer mem-
brane and allow the passive diffusion of a great
varicty of compounds with a molecular mass of
less than 600 Da [85]. The relative amounts of the
OmpC and OmpF porins vary in a reciprocal
fashion in responsc to medium osmolarity [117].
At high osmolarity, OmpC predominates and
consequently the OmpC pores constitute the ma-
jor pathway for the permeation of glycine betaine
across the outer membrane [34].

Glycine betaine can be accumulated to very
high concentrations (excceding 800 mM) in the
cytoplasm of osmotically stressed cells [67]. 1f the
osmolarity of the growth medium is lowered, the
intracellular solute content of such cells has to be
reduced to preserve the normal osmotic pressure
gradient across the cell membranc. Recent data
suggest that both E. coli and S. typhimurium
possess cfflux systems for glycine betaine scpa-
rate from the ProU and ProP uptake systems that
permit a rapid reduction ot the intracellular con-
centration of the osmoprotectant [62,65]. How-
ever, the molecular details of these efflux systems
and their mode of control rcmain to be cluci-
dated. The intracellular concentration of glycine
betaine is therefore detcrmined by the relative
rates of uptake and excretion, permitting a rapid
and sensitive adjustment of the osmotic strength
of the cytoplasm in osmorecgulating cells. Thus,
the ProU and ProP uptake systems not only func-
tion in the cfficient scavenging of osmoprotec-
tants from the environment, but also play an
important role in preventing loss of these com-
pounds from the cell into the medium by their
re-uptake from the periplasm.

Regulation of the ProU system at the biochemical
and genetic level

Osmoregulation of ProlU transport activity
At low osmolarity, the components of the ProU
transport system arc prescnt only in very small
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amounts; uptake of glycine betaine through the
ProU system under these environmental condi-
tions is barcly detectable. Glycine betaine trans-
port is strongly stimulated when the cells arc
subjected to a sudden osmotic upshift or are
grown in high-osmolarity media [10,74,90]. In-
creased transport is largely due to increased syn-
thesis of the ProU components. In addition, the
osmolarity of the environment also influences the
activity of the ProU transport system (Fig. 5). A
stimulation in ProU activity is observed shortly
after a sudden exposure of cells grown at low
osmolarity to increased osmotic pressure [34]. This
stimulation of ProU transport activity is indepen-
dent of de novo protein synthesis. The mecha-
nism resulting in osmotic control of ProU activity
is not well understood [20]. High osmolarity does
not increase the affinity of the glycine betaine-
binding protein for its substrate [53,74]. It is
conceivable that the osmotic activation of the
ProU system is mediated by its inncr membrane
components. Plasmolysis caused by osmotic up-
shock could produce conformational changes that
would permit the optimal functioning of these
components or their productive interaction with
the substrate-loaded glycine betaine-binding pro-
temn.
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Fig. 5. Osmotically modulated ProU transport activity. The
strain used for the transport assays carries the cloned prolU
operon on a low copy number phasmid. The cells were grown
in minimal medium {MMA), preincubated for 5 min in MMA
containing the indicated NaCl concentrations, and were sub-
sequently assayed for glycine betaine uptake at the same NaCl
concentration used for preincubation [34].

ProU must function under extreme osmotic
stress in order to allow the intracellular accumu-
lation of osmoprotectants. These growth condi-
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Fig. 6. Osmotically stimulated proU expression. (A) Time course of proU induction after sudden osmotic upshift. A strain carrying
a chromosomal proU-lac fusion was grown in minimal medium. At the time indicated by an arrow, medium osmolarity was
increased by the addition of 0.3 M NaCl. The data shown are from reference [5]. (B) Expression of proU in response to high
osmolarity growth media. A proU-luc fusion strain was grown overnight in minimal medium whose osmolarity had been increased
by the indicated concentration of NaCl. The cultures were grown overnight in the absence (closed symbols) or in the presence
(open symbols) of 1 mM glycine betaine. (C) Influence of an Ans mutation on prol expression. A pair of isogenic strains carrying
cither the hns™ gene (closed symbols) or the Ans200 mutation (open symbols) were grown overnight in media with increasing
osmolarities. The data for (B) and (C) were taken from reference [50].



tions are known to strongly inhibit the activity of
many transport systems present in E. coli [97].
Consequently, the ability of the ProU system to
operate efficiently at high osmolarity serves an
important physiological function. In addition, ac-
tivation of ProU activity by high osmolarity allows
the cell to utilize pre-existing ProU components
to adjust rapidly to increases in external osmolar-
ity. The osmotically modulated profiles of ProU
activity and of prolU gene expression are distinct
(Figs. 5 and 6C). Very small increases in osmolar-
ity (addition of up to 0.1 M NaCl to a minimal
medium with approx. 330 mOsm) result in a
substantial increase in glycine betaine uptake, but
have little effcct on the transcription of proU.
The activity of the ProU transport system re-
mains at a constant high level in the range be-
tween (.1 M and 0.3 M added NaCl. A decline in
ProU activity is observed when the osmolarity is
increased further (Fig. 5) (34]. This osmorespon-
sive profile of ProU activity is very similar to that
found for the ProP transporter [80]. We note that

11

the inhibition of ProU activity by high osmolarity
begins before expression of its structural genes
has reached its maximum (Figs. 5 and 6C). Con-
sequently, at high osmolarity, total glycine be-
taine uptake through the ProU system reflects
both stimulation of proU expression and a trans-
port activity that is beginning to decline.

Osmotic control of ProU transcription

The genetic regulation of prol/ expression in
E. coli and S. typhimurium has been extensively
studied with the aid of lacZ and phoA genc
fusions [5,10,30,40,45]. Thesc studies have re-
vealed that the level of prolU expression is sensi-
tively determined by the osmolarity of the growth
medium. The basal transcription of prolU is very
low, and it is rapidly and strongly stimulated
upon a sudden osmotic upshock (Fig. 6A). Os-
motic induction of prolU expression can be trig-
gered by a great variety of osmolytes that cannot
permeate the cytoplasmic membrane, and the
increased level of proU expression is maintained

-35 -10

TTGACA 17 +/- 1 bp TATAAT consensus

A <€&—— 16 bp —>» A promoter-up
A
...GGG AGATTCTCAGTATGHTAGGGTAGAARAAAGT. . .
L» mRNA
G G C promoter-down
-230 -130 +1 +60
UAR proV

zr

Fig. 7. Structure of the proU regulatory region. The scheme indicates the relative positions of the prolU promoter (P), the 3

‘upstream activating region’ (UAR) and the beginning of the first structural gene, prol. Above, the DNA sequence of the proU

promoter is shown in comparison to the ‘consensus sequence’ for E. coli promoters. The positions of some promoter point
mutations that affect prolU expression is marked by arrows.
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as long as the osmotic stimulus persists. The level
of proU transcription during growth at clevated
osmolarity is proportionally correlated with the
osmolarity of the growth medium (Fig. 6B). This
pattern of prolU ¢expression suggests the presence
of a finely tuned sensing and regulatory mecha-
nism.

The proU promoter has been identified by
mapping the start site for the prolU mRNA. The
same promoter is used for the low-level basal
transcription detected in cells grown at low osmo-
farity and the efficient transcription occurring in
cells grown at high osmolarity [42.71.73.87.89,105].
The —35 and — 10 sequences of the prolU pro-
moter show homology to the consensus sequence
of o-dependent L. coli promoters (Fig. 7).
However, both the —35 and — 10 regions deviate
at ¢ number of positions from this conscnsus
sequence. The poor match of the prolU promoter
sequence to the consensus sequence and the sub-
optimal spacing of 16 bp between the — 10 and
— 35 regions probably contribute to the very low
basal proU transcription level detected at low

osmolarity. We have characterized a number of

cis-acting mutations that result in increased proU
expression both at low and high osmolarity [71].
These point mutations map in either the — 35 or
the — 10 region and increase the homology of the

proll promoter to the consensus scquence of

o Y-dependent . coli promoters (Fig. 7). In ad-
dition. a number of mutations affecting basc pairs
known to be mmportant for promoter function
were tound in both the — 10 and the — 35 regions
(Fig. 7). Taken together, these data suggest that
no alternative sigma factor is involved in the
regulation of prolU expression. Indeed, proU ex-
pression in vitro s inhibited by antibodics di-
rected against o™ [58]. Since alterations in the
proll —10 and =35 regions do not abolish os-
motic regulation, the particular DNA sequences
present at the proU promoter cannot be the
prime determinants for the osmotic regulation of
proli transcription. This view is supported by the
regulatory features of an IS7 insertion into the
spacer sequence between the —35 and — 10 re-
gion. This 1S/ insertion creates a hybrid pro-
moter consisting of @ — 35 region contributed by
the insertion clement and the authentic proU

— 10 sequence. This novel promoter functions
only inefficiently but still allows osmoregulated
expression of proU [71].

Subcloning experiments aimed at the defini-
tion of the minimal sequences required for os-
motically regulated proU cxpression have been
carried out by several groups [23.71,86,88.89]. The
results from these studies suggest that relatively
small DNA segments can mediate osmoregulated
transcription. We recently found that a 60-bp
fragment that carries just the proU promoter and
small scgments of upstream and downstream ma-
terial is capable of driving osmotically regulated
transcription (Lucht et al., in preparation). How-
ever, the induction factor of these minimal con-
structs is much lower than that of the wild-type
proU operon. It is thus clear that, while DNA
segments in close proximity to or overlapping the
proU promoter can mediate some degree of os-
moregulation, additional sequences surrounding
thc proU promoter are required to achieve the
strong induction of prolU after an osmotic up-
shock.

Deletion analysis of chromosomal scquences S
of proU revealed that its maximal expression
requires the presence of an ‘upstream activating
region” (UAR) extending approximately 200 bp §
to the — 35 region (Fig. 7). The successive short-
cning of these sequences results in g gradual
decline of proU expression but does not attect
osmoregulation of proU transcription [71]. The
position of the sequences required for the full
expression of prolU matches that of a DNA scg-
ment  displaying  features of “curved” DNA
[42.113]). Sequence distributions associated with
DNA  curvature upstrcam  of a number of
prokaryotic promoters with upstream activation
of transcription have been described [91]. How-
cver, it has not yet been clearly established
whcther there is a causal relationship between
DNA curvature and activation of prolU transcrip-
tion. Within the UAR segment, Dattananda ct al.
[23] found a wcak sccond osmoregulated pro-
moter. The importance of this minor promoter
for the expression of proU is not clear. It is
unlikely that this promoter plays a decisive role in
proU ¢xpression, since — in contrast to the main
prolU promoter — no mutations affecting prol



expression have been found in this sequence.
Furthermore, deletion of this minor promoter
does not affect the osmotic induction of proU
[71].

Deletion analysis of the region 3’ to the proU
promoter revealed the presence of DNA se-
quences early in proV/, the first gene in the proU
operon (Figs. 4 and 7), that are important for the
proper expression of proU. Removal of these
sequences results in a strong increase of the basal
proU transcription level at low medium osmolar-
ity, but the expression in these constructs is still
further induced upon an osmotic upshift
([23,86,88]; Lucht et al., in press). Therefore, the
DNA segment at the 5 end of the proV gene is
not essential for osmoregulated gene expression,
but is required to shut down prol expression
under low-osmolarity growth conditions. The
presence of this “silencer’ thus serves an impor-
tant function for the high induction ratio and the
finely tuned expression of prol/ in response to
changes in the osmolarity of the cnvironment.

Osmoregulation of prolU expression is not de-
pendent on the sensor/regulator protein pair
EnvZ and OmpR, which mediate the reciprocal
osmoregulation of the ompC and ompF porin
genes [10,45,74]. Intensive searches have becn
made in several laboratories for trans-acting reg-
ulatory proteins that might control osmoregula-
tion of proU expression [28,50,71]. These genetic
experiments have so far not revealed any classical
negative- or positive-acting regulator. Such stud-
ies cannot rigorously rule out the involvement of
such a factor in prolU regulation, since the regu-
latory protein might be essential for other pro-
cesses as well, and mutations in its structural
gene might consequently be Iethal. However, the
inability so far to detect any cis- or trans-acting
mutations that completely abolish osmotic regula-
tion of proU make it highly unlikely that proU
expression is regulated by a single regulatory pro-
tein.

We have recovered many mutants with altered
proU expression that carry lesions in a gene, hns,
(previously designated osmZ), which is unlinked
to the prolU operon and which maps at 27.4 min
on the E. coli linkage maps [50,71,72]. Mutations
in Ans alter the pattern of osmoregulated prolU
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expression (Fig. 6C). They increase prolU tran-
scription both at low and high osmolarity and
shift the ‘response curve’ as if the cell were
sensing a higher osmolarity than is actually pre-
sent (Fig. 6C). The properties of fins mutations
might at first suggest that the process of os-
mosensing is affected in such strains. Indeed,
mutations in Ans affect the expression of a num-
ber of osmoregulated genes [43,46.52]); however,
the /sins gene product docs not constitute a gen-
eral osmoregulatory protein. Analysis of /s
demonstrated that it is the structural gene for the
non-specific DNA-binding protein H-NS [39.54,
72] that is tightly associated with the chromoso-
mal DNA [35). The H-NS protein has profound
effects on DNA structure, on the stability of the
genetic material and on the expression of a large
number of genes with diverse functions {for an
overview, see [51]). The wild-type /fins gene can-
not be cloned into multicopy plasmids due to
detrimental effects of the overproduction of H-NS
on cell morphology and viability [54,72,103]. We
devised a rapid and efficient purification proce-
dure for this nonspecific DNA-binding protcin by
utilizing a newly constructed low-copy-number T7
expression vector and by cxploiting the property
of H-NS to tightly bind DNA [24]. The purificd
protein was then used to investigate its interac-
tion with the proU regulatory region in compcti-
tive band shift assays. At low protein concentra-
tion, H-NS interacts preferentially with a 680-bp
restriction fragment carrying the prol promotcer.
Sequences Jocated upstrecam [113] and down-
stream ([88, Lucht ct al.. in preparation) of this
promoter are targets for H-NS binding. In DN-
asel footprinting experiments we found a scg-
ment at the 5 end of the prol structural gene
where several H-NS molecules bind tightly to an
extended H-NS binding rcgion. This binding re-
gion coincides with the cis-acting “silencer’ region
([23,86.88, Lucht et al., in press) that is required
to keep proU expression low at low osmolarity.
Several molecular mechanisms can be cnvi-
sioned by which H-NS can influence the level of
proU expression. H-NS might function indircctly,
by altering the DNA structure of the proU regu-
latory region [88]. It is well established that the
H-NS protein can compact DNA both in vitro
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and in vivo [102,103]. A second model for indirect
action of H-NS is that this protein might act via a
sccond, specific, proU regulatory protein. H-NS
1s known to influencc the interaction of specific
DNA-binding proteins with their operator sites
[36]. However, as discussed above. there is no
cvidence so far for such a specific regulatory
protein for proU. Alternatively, H-NS might act
dircctly by influencing the productive interaction
of RNA-polymerase with the prolU promoter or
by blocking transcript clongation. Our finding of
an extended H-NS binding region at the 5 end of
the prolV gene (Lucht ct al., in preparation) that
coincides with a functionally defined ‘silencer’
region suggests that H-NS might exert its cffect
on prolU cxpression by direct, physical interaction
with a sequence downstrecam of the proU pro-
moter, either by acting as a transcriptional road-
block or by hindering early steps of transcription
initiation. In vitro studies with the lac and gal
promoters have shown that the kinctics ot open
complex formation at these promoters is slowed
down in the presence of H-NS [102]. In the case
of proU, H-NS molecules bound to a high-aftinity
site downstream of the promoter might act as a
‘nucleation site” for the cooperative binding of
more H-NS molecules, thercby extending the
DNA segment bound by H-NS into the promoter
region. The model of direct action of H-NS on
proU expression is strongly supported by a recent
report showing that H-NS can act as specific
repressor of proU transcription in a purificd in
vitro system [116].

Osmosensing and osmotic control of gene expres-
sion

How does the cell sense cnvironmental osmo-
larity and transform this extracellular physical
parameter into a signal that finally results in
altered prolU transcription? The flux of K' across
the cytoplasmic membrane is considered as the
key cvent for the process of osmotic adaptation
(9.31.112]. An osmotic upshift results in immedi-
ate reduction in turgor. To restore turgor, K* is
rapidly transported into the cell via several up-
take systems. stimulated cither at the level of

transport activity or genc cxpression. Counteri-
ons, such as glutamate, are concomitantly synthe-
sized to balance the increased intracellular K*
pool. Subsequently, a number of compatible so-
lutes are accumulated that can replace K*. Thus,
loss of turgor is scnsed by the K* transporters
and the intracellularly accumulated K *-glutamate
then functions as a ‘second messenger’ that elicits
the secondary responses (c.g. increased glyeine
betaine synthesis and uptake and accumulation of
trchalose) of the cell to adapt to a high-osmolar-
ity environment.

The regulatory pattern of prolU expression is
consistent with such a model. Clear differences
arc observed when the pattern of the osmoregu-
lated transcription of proU is compared with that
of the turgor-controlled kdp opcron [63,112]. A
sudden upshift in the osmolarity of the growth
medium results in loss of turgor and a concomi-
tant increase in kdp expression. Elevated kdp
transcription occurs only transiently and ceases
when turgor is restored by the uptake of K* [63].
In contrast, prol/ expression is maintained at
high levels as long as the osmotic stimulus per-
sists (Fig. 6). Therefore, the loss of turgor initially
observed after an osmotic upshift cannot be the
signal that triggers the increase of prol expres-
sion. Furthermore, in contrast to kdp, proU ex-
pression cannot be induced in high-osmolarity
media containing limiting amounts of K™ [112].
Hence, the presence of K* is a prerequisite for
proU induction. Uptake of glycine betaine trig-
gers an efflux of K* and consequently lowers the
intracellular concentration of the ‘secondary mes-
senger’, K'-glutamate [9,112]. Consequently, if
the intraccllular concentration of K*-glutamate is
the critical determinant for regulating the level of
proU transcription, one would predict that prolU
cxpression 1s reduced in the presence of glycine
betaine in the growth medium. This is exactly
what is observed (Fig. 6B).

How might the intracellular K *-glutamate con-
centration influence prolU expression? K -
glutamate might stimulate proU transcription di-
rectly by facilitating a productive interaction be-
twecen RNA polymerase and the proU promoter.
K "-glutamate is known to enhance the stability of
protein—~DNA intcraction and to generally stimu-



late transcription in in vitro systems [69]. In-
creased proU expression in vitro in the presence
of elevated concentrations of K*-glutamate in a
coupled transcription / translation (S-30) extract
has been observed [58,94]. The reconstitution of
K *-glutamate-stimulated transcription from the
prolU promoter in a purified system containing
only RNA polymerase holoenzyme, nucleotides,
and a circular template DNA has also been de-
scribed [93,115]. However, the increase in prolU
transcription achieved by the addition of K-
glutamate to these in vitro systems is low com-
pared with the strong increasc in proU expres-
sion observed in vivo after an osmotic upshock,
making it unlikely that this mechanism is the sole
determinant for proU regulation in vivo. An al-
ternative model for osmoregulation of proU ex-
pression has been suggested by Higgins and co-
workers [50,52.84,88]. In this model, proU tran-
scription is regulated mainly by changes in the
DNA supercoiling that directly affect the strength
of the proU promoter, possibly by influencing the
DNA twist at the prolU promoter [119]. These
changes might be caused by an influence of the
intracellular K™-glutamate concentration directly
on DNA structure, on the activity of DNA topoi-
somerases, or on the binding of histone-like pro-
teins to the chromosomal DNA. This model is
based on the observation that mutations and drugs
that result in altered DNA supercoiling lead to
altered proU expression. In addition, an increase
in the supercoiling of reporter plasmids was ob-
served in cells grown at high osmolarity [50,75].
Interactions of the H-NS protein with scquences
downstream of the prol/ promoter might be re-
quired to form a ‘scaffold’, holding the DNA in
an appropriate conformation to allow transcrip-
tional regulation via topological changes at the
promoter sequence [88]. However, the causal re-
lationship between the increase in DNA super-
coiling in cells grown at high osmolarity and the
induction of prolU expression has been ques-
tioned [95]. Furthermore, the moderate increase
of proU in vitro transcription caused by elevated
supercoiling of the DNA template [116] is insuffi-
cient by itself to account for the strong in vivo
induction of proU expression observed at high
osmolarity growth conditions.
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Both models, the direct stimulation of proU
transcription by K*-glutamate and rcgulation by
changes in the supercoiling of the prolU pro-
moter, are not mutually exclusive, and it is likely
that both mechanisms contribute in a synergistic
manner to mediate osmotic regulation ot proU
transcription. However, it is now clcar that this
promoter-mediated osmoregulation is further
modulated by a mechanism that involves ‘si-
lencer’-like sequences located downstrcam of the
promoter that arc required to repress the basal
transcription driven by the proU promoter in
low-osmolarity media ([23,86,88]: Lucht ¢t al., in
press). To ensure a very high induction ratio of
prolU cxpression after an osmotic upshock, this
repression mechanism should only function at
low medium osmolarity and should be relieved at
higher osmolarity, and should therctore also be
osmotically regulated. How can such a mecha-
nism act? We recently found that the histone-like
H-NS protein binds to an cxtended binding site
coinciding with these ‘silencer’ sequences (Lucht
et al., in press), and Ueguchi and Mizuno [116]
described that H-NS can act as a specific repres-
sor for proU transcription in vitro. This repress-
ing cffect is abolished by increased K *-glutamate
concentrations that mimic the conditions found in
osmotically stressed cells. Taken together, thesc
results suggest that the ‘silencer’ sequences lo-
cated downstream of the proU promoter can be
bound by the H-NS protein, which represses prol/
expression only at low medium osmolaritics but
not if the extracellular osmolarity — and thus the
cytoplasmatic K™'-glutamate concentration — is
increased. Several molecular mechanisms might
thercfore act in a concerted fashion to mediate
the finely tuned osmotic regulation of proU cx-
pression, without the requirecment for a specific
regulatory protein. Further studies are necded to
test this model, and to define the relative contri-
butions of the mechanisms involved in this regu-
latory network.

Conclusions

The ProU system has been intensively charac-
terized in recent years by genctic, molccular, and
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biochemical approaches both in E. coli and S.
tvphimuricon. Much  has already been learned
through these studies: however, many guestions
remain with respect to the structure and tunetion
of the ProU transport system and its fascinating
regulation. The complex control of the ProU sys-
tem by medium osmolarity at the levels of both
transport activity and gene expression makes
ProU an attractive model system for unravelling
the process by which a bacterial cell adapts to a
high-osmolarity ¢cnvironment.

The resuits derived tfrom studies on bacterial
osmorcgulation not only provide interesting in-
sights into the way microorganisms cope with
environmental stress, but they might also find
useful biotechnological applications. It has al-
ready been firmly established that many of the
compounds employed by microorganisms as 0s-
moprotectants can stabilize isolated proteins tfrom
denaturation [2]. In addition, it has rccently been
shown that the yield of an active recombinant
protein from Agrobacterium can be greatly in-
creased by growing the producing E. coli cultures
under high osmotic stress conditions in the pres-
ence of glycine betaine [6]. The ProP- and ProU-
mediated accumulation of glycine betaine at high
osmolarity might therefore be an important part

of a gencral strategy for the overproduction of

soluble recombinant proteins.
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