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Abstract The Gram-positive soil bacterium Corynebac-
terium glutamicum is used in microbial biotechnology for
the large-scale production of amino acids, e.g., L-glutamate
and L-lysine. We have studied the response of this organ-
ism to hyperosmotic challenge at the level of both
transcription and protein activity. Two systems responding
to hyperosmotic stress in C. glutamicum are reviewed here,
the two component system MtrAB and the glycine-betaine
uptake system BetP. The osmosensory two-component
system consists of the membrane-bound histidine kinase
MtrB and the soluble response regulator MtrA. MturB was
shown to perceive a so far unknown physical stimulus
related to hyperosmotic stress via the cytoplasmically ori-
ented phosphorylation domain, and to transduce the signal
to the DNA via MtrA. The secondary active transporter
BetP takes up betaine in cotransport with two Na™ ions.
BetP responds to hyperosmotic stress by increased tran-
scription mediated via MtrAB signaling, and by instant
activation of transport. In the mechanism of BetP activa-
tion, the C-terminal, regulatory domain of BetP, the
cytoplasmic concentration of K+, and negative membrane
surface charges are involved. The molecular mechanism of
the activation process is discussed in relation to the
recently published X-ray structure of BetP.
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Introduction

There are a number of bacterial membrane proteins capable
of sensing external physical stimuli and transducing them
into signals within the bacterial cell. Osmotic stress is
a major cause generating this kind of external stimuli rel-
evant to cells. Bacteria are frequently exposed to both
hyperosmotic (high external osmolality) and hypoosmotic
stress (low external osmolality). Typical conditions for
soil bacteria, as an example, are dryness and sudden rain-
fall, respectively. Osmosensing, on the one hand, refers
to mechanisms responsible for perceiving appropriate
physical stimuli representative for osmotic stress and
osmosignaling, on the other hand, describes transduction of
these stimuli into productive cellular signals which may
become efficient on the level of both protein activity and
gene expression.

Hypoosmotic stress leads to immediate and uncontrolled
influx of water, and the cell counteracts this life-threaten-
ing situation by instant opening of mechanosensitive
channels, i.e., emergency valves leading to fast efflux of
small solutes out of the cell thereby relieving the physical
stress situation. Hyperosmotic stress, on the other hand,
leads to water efflux out of the cell. This situation is
counterbalanced by an increase of small, osmotically active
solutes in the cytoplasm, the so-called compatible solutes.
Compatible solutes cover a large variety of substances,
e.g., amino acids (proline), amino acid derivatives (beta-
ines, ectoine), oligosaccharides (trehalose), and heterosides
(glucosylglycerol).

A number of osmoregulated receptor and transport
systems have been investigated in detail. This refers to both
aspects, namely hypoosmotic and hyperosmotic stress.
Representative examples for responding to the former type
of stress are mechanosensitive channels in bacteria, of the
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MscL, MscS, and MscK type (Booth et al. 2007). In the
case of hyperosmotic stress, both receptor systems like
KdpDE and EnvZ/OmpR from Escherichia coli (Hamann
et al. 2008; Jung et al. 2001), or MtrAB from Coryne-
bacterium glutamicum (Moker et al. 2004), and transport
systems have been studied. There are three major model
systems of bacterial osmoregulated uptake of the so-called
compatible solutes, namely ProP from E. coli, OpuA from
Lactococcus lactis, and BetP from C. glutamicum (for
reviews see Poolman et al. 2004; Morbach and Kriamer
2004, 2005b; Wood 2006, 2007). The membrane-bound
sensor MtrAB and the glycine betaine transporter BetP
from C. glutamicum will be the focus of this article.

Corynebacterium glutamicum is an apathogenic, rod-
shaped soil bacterium which is of utmost significance in
the biotechnology of large-scale amino acid production,
mainly for L-glutamate and L-lysine. As a soil bacterium,
it frequently faces hypo- and hyperosmotic stress in its
natural habitat. It is equipped with at least two mecha-
nosensitive channels for the response against hypoosmotic
stress (Ruffert et al. 1999; Nottebrock et al. 2003). Under
hyperosmotic conditions it accumulates glycine betaine,
ectoine, and proline, the former two only by uptake due to
the lack of an appropriate biosynthetic pathway, and the
latter both by synthesis and uptake (Bremer and Kramer
2000; Morbach and Kriamer 2005a, 2008). C. glutamicum
harbors altogether five uptake systems for compatible
solutes (Peter et al. 1998b; Morbach and Kriamer 2005a),
and four of them are osmoregulated, BetP, EctP, ProP,
and LcoP. These transporters vary with respect to their
substrate specificity, their mode of energetic coupling,
their maximum activity, and their regulation in response
to osmotic stress. BetP is the most active and the best
studied of these uptake carriers. Whereas the regulatory
action of BetP in response to osmotic stress solely refers
to the level of protein activity, C. glutamicum also har-
bors stress perception systems which transduce their
signal to the level of gene expression. Out of the 13 two-
component signal transduction systems found in C. glu-
tamicum (Kocan et al. 2006), the MtrAB system has been
identified as a sensor system relevant to the response of
C. glutamicum to hyperosmotic stress (Moker et al. 2004).
An overview about the types of signals and systems
involved in this scenario is presented in Fig. 1.

Both MtrAB and, in particular, BetP are model systems
for the understanding of osmostress-related stimulus per-
ception and signal transduction in bacteria. There is an
obvious gap between the common occurrence of this kind
of external stress situation for bacteria and our knowledge
about the correct type of stimulus which is actually per-
ceived by cells exposed to this kind of stress. A large
variety of physical stimuli may in principle be relevant for
perception by osmoregulated sensor and transport proteins,

@ Springer

Osmotic - f@ ﬁ® ﬁG—)
stress
';K/Betp | ProP %up EctP

Fig. 1 Stimulus perception and signal transduction in response to
hypo- and hyperosmotic stress in C. glutamicum. Osmotic stress leads
to regulation both on the level of transcription (red arrows) and
protein activity (blue arrows) of uptake systems of compatible solutes
(BetP, EctP, ProP, LcoP), mechanosenstive solute efflux systems
(MscL, MscS), as well as biosynthesis pathways for compatible
solutes
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e.g., osmolality and/or ionic strength of the external med-
ium or the internal space, a change in the concentration of
particular solutes, e.g., ions, the water activity of the
cytoplasm or the availability of free water, the hydration of
particularly sensitive proteins, a change in physical prop-
erties of the membrane, e.g., curvature stress, etc. The
three-model transport systems, BetP of C. glutamicum,
ProP of E. coli, and OpuA of L. lactis, are examples where
this question has been pursued to the molecular level. In
the following, first sensing and signaling by the MtrAB
receptor will be reviewed, and subsequently details of os-
mosensing and osmoregulation of the glycine betaine
carrier BetP will be discussed.

Osmosensing and osmosignaling by the two-component
system MtrAB from C. glutamicum

The most common type of bacterial sensory and signal
transduction systems are two-component systems. Two-
component systems are frequently used in bacterial cells to
detect environmental changes. C. glutamicum harbors the
relatively small number of 13 different two-component
systems only (Kocan et al. 2006). Based on single knock-
out strains, a number of them have been successfully
assigned to particular functions and one of these is the
MtrAB system, which was found to be related to osmotic
stress response and cell wall biosynthesis (Moker et al.
2004).

Two-component systems typically consist of a
homodimeric membrane-bound histidine protein kinase,
e.g., MtrB, and a soluble response regulator in the
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cytoplasm (MtrA), commonly acting as a transcription
factor. The histidine protein kinase, upon being activated
by an external stimulus, autophosphorylates at a histidine
residue, and transfers the phosphoryl group to an aspartate
of the response regulator, thereby affecting its DNA-
binding properties, which leads to activation or repression
of the transcription of particular genes (Fig. 2).

MtrAB from C. glutamicum was found to regulate
expression of both genes involved in cell wall biosynthesis
and genes of three of the four carriers responsible for the
accumulation of compatible solutes, betP, proP, and IcoP,
as well as one of the mechanosensitive channels, mscL.
Due to the fact that MtrAB responds to hyperosmotic stress
and based on the function of the different targets, MtrA
acts as an activator of the expression of uptake carriers
genes, whereas it represses the expression of the gene of
the MscL channel (Moker et al. 2004). We were basically
interested in two questions: (1) which kind of physical
stimulus may be recognized by MtrB as a measure of
hyperosmotic stress, and (2) which part of MtrB may act as
sensor domain perceiving this kind of stimulus. In order to
answer these questions, experiments both in intact cells and
in proteoliposomes harboring a functionally reconsti-
tuted MtrB-MtrA system were carried out (Moker et al.
2007a, b).

For investigating the kind of physical stimulus, proteo-
liposomes were the system of choice, since in intact cells
composition and state of the cytoplasm cannot be con-
trolled or manipulated in a quantitative way. For this
purpose, MtrB was reconstituted in functionally active
form into liposomes made from different phospholipids.

plasma membrane

DNA

7 1 N\

gene expression

Fig. 2 Schematic drawing of MtrB-MtrA signal transductionin
response to osmotic stress. The membrane bound histidine kinase
MutB is composed of four domains, / the two transmembrane
segments, 2 the external loop, 3 the HAMP domain, and 4 the
catalytic domain responsible for autophosphorylation and phosphate
transfer to MtrA. The soluble response regulator MtrA becomes
phosphorylated be MtrB and binds to the DNA regulating the
transcription of selective genes

We quantified autophosphorylation of MtrB as a measure
for the extent of activation in response to the addition of a
particular stimulating compound. In this system, we sys-
tematically varied a number of parameters, including the
concentration of different chemical compounds like ions,
amino acids, compatible solutes, sugars, and polyethylene
glycol. Under all circumstances, the most efficient
stimulation was caused by high K* concentrations (Moker
et al. 2007a). We could demonstrate, however, that this
K*-dependent activation seems to be an unspecific feature
of two-component systems, since the same activation was
observed when DcuS from E. coli was analyzed instead of
MtrB. The DcuS-DcuR system is a two-component system
sensing C4-dicarboxylates and has no connection to
osmoregulation whatsoever (Janausch et al. 2002). Stimu-
lation by K has furthermore been reported also for other
two-component systems (Voelkner et al. 1993; Jung et al.
2001). Significant MtrB-specific stimulation was observed
upon addition of various solutes, sugars, amino acids, and
polyethylene glycol to various extents. It seems unlikely
that these compounds with very different chemical nature
all bind to the same binding site; consequently, we pro-
posed that they may act via a change of the hydration state
of the MtrB protein (Mdker et al. 2007b). As a simple
functional model we assume that MtrB may be present in
two different conformations, an active and an inactive one.
Decreasing the hydration state of MtrB now is suggested to
shift the conformational equilibrium towards the active
state of the protein thus triggering its own autophospho-
rylation and subsequently phosphorylation of MtrA thereby
starting signal transduction to the target genes.

Surprisingly, we observed that the added solutes lead to
activation of MtrB only when present at the external side,
but not in the internal space of the proteoliposomes, which
indicates a side-specific action of the relevant stimulus.
A critical limitation of reconstituted systems is the a priori
unknown orientation of the membrane-embedded proteins.
Upon insertion into the membrane, the reconstituted protein
may be integrated either in a ‘right-side-out’, an ‘inside-
out’, or a random orientation. We used a proteolytic
approach and investigated the accessibility of the large,
catalytic C-terminal domain of MtrB to carboxypeptidase
(Moker et al. 2007b). We found that the C-terminally
located Strep Tag II of MtrB was completely degraded in
both intact liposomes and solubilized protein; consequently,
MtrB is unidirectionally inserted in proteoliposomes in an
‘inside-out’ orientation. In view of the side-specific action
of activating solutes, it can thus be concluded that the
stimulus-sensing domain of MtrB should be located at the
cytoplasmic side of the protein.

A general motif of two-component systems sensitive to
external stimuli is a sensory input mechanism via the
external loop of the membrane-bound histidine kinase
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(e.g., MtrB), as has been elegantly shown at the molecular
level also for the DcuS protein which was used here as a
control (Kneuper et al. 2005). This general scenario,
however, does not seem to be valid for the sensory action
of MtrB, since the signal input site was concluded to be
located at the cytoplasmic side of MtrB. In order to study
this in more detail, we constructed a series of mutants of
MtrB, which either lack the periplasmic domain or the
HAMP domain at the cytoplasmic side of MtrB which is
inserted between the transmembrane domain and the acti-
vation domain (Fig. 2) (Moker et al. 2007b). In further
constructs extending this analysis we expressed only the
soluble part of MtrB, i.e., the activation domain and the
HAMP domain, thus lacking the transmembrane parts.
Moreover, a construct was generated in which the mem-
brane part of E. coli DcuS (see above) was fused to the
cytoplasmic soluble part of MtrB. Constructs lacking one
of the two transmembrane domains of BetP could not be
expressed. We found that all recombinant forms of MtrB
were regulated similar to the wild type, both in intact cells
and when isolated and reconstituted into proteoliposomes,
provided they contain the cytoplasmically located activa-
tion domain. The soluble activation domain alone, not
anchored to the membrane, however, was not active (Re-
ihlen et al. unpublished results). On the other hand, the
external loop seems to be dispensable for stimulus per-
ception, which is in line with the observation of a side-
specific stimulation from the cytoplasmic side of MtrB (see
above). Furthermore, there seems to be no specific
requirement for the transmembrane domains of MtrB,
provided the activation domain of MtrB is somehow fixed
to the membrane.

Consequently, MtrB belongs to a particular class of
histidine protein kinases which sense environmental stim-
uli not via the externally located, exposed periplasmic loop.
On the other hand, cytoplasmically located domains of
MtrB seem to be relevant to stimulus perception, but not
the HAMP domain located between the second trans-
membrane segment and the activation domain of MtrB. As
a further interesting consequence, we conclude that the
physiologically relevant stimulus generated by the external
increase of osmolality does act from the cytoplasmic space.
It has to be taken into account that an external hyperos-
motic shift will lead to an instant increase in internal solute
concentration because of the immediate efflux of water,
and subsequently, this increase will be sustained by the
accumulation of compatible solutes provided by biosyn-
thesis or uptake. Interestingly, this resembles the situation
which will be described in detail for the osmosensory
glycine betaine carrier BetP (see below), which also is
triggered by a concentration change of an internal solute. A
schematic view of the stimulus perception and signal
transduction of the MtrA—MtrB system is shown in Fig. 3.
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Fig. 3 The histidine kinase MtrB and various recombinant forms of it
investigated to elucidate stimulus perception (for assignment of
different domains of MtrB see legend to Fig. 2 and text)

Osmosensing, osmosignaling and osmoregulation
by the glycine betaine transporter BetP from
C. glutamicum

The first physical consequence of hyperosmotic stress for
all cells is an immediate efflux of water due to the osmotic
gradient. The first physiological answer of C. glutamicum
immediately following water efflux is fast influx of K™,
similar to that observed for E. coli (Dinnbier et al. 1988). It
should be pointed out that the nature of the ion, which is
electrically compensating this K* flux, is not yet known for
any bacterium. After the fast K* response, a number of
subsequent physiological responses of the bacterial cell are
observed (Wood 1999), the most significant being accu-
mulation of compatible solutes at high concentrations.
These solutes fulfill at least two purposes: they increase the
internal osmolality to sustain an appropriate cell turgor
which is essential for survival of the cell, and they function
as direct protectants for cellular proteins against denatur-
ation under high osmotic conditions (Bolen and Rose
2008). Accumulation of compatible solutes in the cyto-
plasm can be achieved in two ways: by biosynthesis,
provided an appropriate metabolic pathway is available,
and by uptake, provided they are present in the surrounding
medium. In terms of energy economics, uptake is always
cheaper compared to biosynthesis; consequently, bacterial
cells usually prefer taking up these solutes. Bacteria in
general are equipped with a diversity of compatible solute
uptake systems, divided into inducible and constitutive
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systems, on the one hand, and into substrate specific sys-
tems and those with a broad substrate spectrum, on the
other. Bacteria in which these patterns have been studied
to detail are, for example, Bacillus subtilis (Kempf and
Bremer 1998), E. coli (Wood 1999), or C. glutamicum
(Morbach and Kramer 2005a). Diverse types of carrier
mechanisms are found for this purpose, primary active
transporters, as well as secondary carriers including also
TRAP type transporters (Grammann et al. 2002).

The situation in C. glutamicum seems to be somewhat
simpler than in other bacteria, since only secondary
transporters energetically coupled to electrochemical ion
potentials are involved, however, the multitude of alto-
gether five different transport systems creates some
complexity (Peter et al. 1998b; Morbach and Kramer
2005a). C. glutamicum uses glycine betaine, ectoine, pro-
line, and under the particular condition of nitrogen
limitation and absence of external betaine or ectoine, also
trehalose, as compatible solute. PutP, a proline transporter,
is not activated by osmotic stress but provides this amino
acid for anabolic purposes. EctP, ProP, and LcoP accept
ectoine, proline and betaine with different affinity as a
substrate and are all directly activated by osmotic stress.
Direct activation by osmotic stress also holds for BetP
which is specific for glycine betaine as a substrate and
shows by far the highest transport capacity of the five
carriers mentioned. Expression of the genes encoding BetP,
ProP, and LcoP is induced by the two-component system
MtrAB in response to hyperosmotic conditions on the level
of transcription (see above), the transcriptional control of
EctP has not been elucidated so far.

BetP is a secondary carrier belonging to the BCCT-type
family of transporters (Peter et al. 1996; Kriamer and
Morbach 2004; Morbach and Kriamer 2005b), glycine
betaine uptake being energetically coupled to the mem-
brane potential dependent co-transport of two sodium ions
(Farwick et al. 1995; Kramer and Morbach 2004). It con-
sists of 594 amino acids and can be divided into a core part
of 12 transmembrane segments as well as two hydrophilic
C- and N-terminal domains of around 50-55 amino acids
each exposed to the cytoplasm (Peter et al. 1996, 1998a).
BetP has been structurally characterized by 2D electron
crystallography (Ziegler et al. 2004), and recently by X-ray
crystallography to 3.3 A resolution (Ressl et al. 2009).

Transport proteins are membrane-bound enzymes which,
different to ‘normal’ enzymes, change the location and not
the chemical nature of their substrates. Like enzymes, they
do their job in lowering the activation energy of a particular
reaction by utilizing conformational energy, in the case of
transporters only with respect to the protein and not the
substrate. The conformational change of a transporter dur-
ing its catalytic activity (catalytic cycle) can conceptually
be divided into four steps: (1) binding of substrate to the

transporter with the substrate binding site exposed to one
side of the membrane, (2) substrate translocation including
a conformational change of the transporter, (3) release of
substrate at the opposite side of the membrane, and (4)
return of the transporter conformation resulting in exposure
of the binding site to the original side of the membrane. The
important aspect now, when considering a transporter
which is regulated by an external stimulus, is the involve-
ment of a second functional cycle, which simply includes
two states: the active and the inactive state (activation
cycle). These two cycles are not necessarily connected;
however, it is obvious that the catalytic cycle will only
proceed when the transporter is in an active state. Function
and velocity of the catalytic cycle of a transporter are
governed by the available driving force(s), which, in the
case of BetP, is the sum of the electrochemical sodium
potential and the betaine gradient, as well as by the avail-
ability of the two substrates, betaine and sodium, or in other
words, the occupancy of the their respective binding sites at
the transporter. Function of the activation cycle, on the
other hand, will depend on the presence or absence of
physical stimuli or parameters to which BetP is susceptible.
A conceptual drawing of the two cycles is shown in Fig. 4.

The topic of this review is the activation cycle of BetP,
and our goal is to understand the molecular mechanism of
regulation of this activation cycle. This task is more
complicated as it may seem at the beginning. We will have
to understand how BetP changes its functional state when
being activated by hyperosmotic stress. Consequently, the
first task would be to identify the kind of physical stimuli

C
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Fig. 4 Catalytic cycle and activation cycle of BetP. In the activation
cycle, BetP alternates between the inactive (C) and the active state
(C*). The shift from the inactive to the active state may be triggered
by the cytoplasmic K concentration and by the membrane surface
charge (see text). The catalytic cycle of BetP in the active state
involves several conformational states, with the substrate binding site
either exposed to the outside (C,*) or the inside (C;*), as well as the
transition, or occluded state (C*), respectively
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which are relevant for activation, which, immediately is
followed by the second question, concerning the identifi-
cation of the elements of BetP which are involved in this
response (structural aspect) as well as concerning the
understanding how they function during activation
(dynamic aspect). Furthermore, the opposite side of this
process is rather interesting as well. BetP will return to the
inactive state when the external stress ceases; however, this
is obviously not the most interesting situation in terms of
physiology. It must be guaranteed that active and efficient
betaine uptake into the cell ceases when the cell has
reached osmotic compensation, or in other words, when
enough betaine has been accumulated in the cytoplasm.
Moreover, the latter response has to work in a fine-tuned
way, i.e., BetP activity has to cease at different values of
betaine accumulation upon exposure of the cell to different
extent of hyperosmotic stress. In the following, results will
be presented which suggest an elaborated concept for
activation of BetP; however, our knowledge on the adap-
tive inactivation of BetP is still very limited.

Parameters influencing BetP activation by
hyperosmotic stress

A number of parameters have been identified in the past
years to contribute to the molecular mechanism of BetP
activation. They are of both intrinsic (elements of
BetP involved) and extrinsic nature (factors influencing
BetP from the surrounding). The use of a functionally
reconstituted system, where BetP is integrated into mem-
branes of proteolipososmes, was a great help in this
analysis (Riibenhagen et al. 2000). Only in proteolipo-
somes both hydrophilic sides of BetP are easily accessible
to experimental variation and this holds true, in addition, to
the variation of the lipid surrounding into which BetP is
embedded. The advantage of such a reconstituted system is
the possibility to separate the different parameters sug-
gested to take part in the activation process and to test them
individually. The influence of particular compounds (ions,
neutral solutes), as an example, can be investigated in
proteoliposomes in two different ways, (1) adding them
only at the outside thereby changing their concentration
and, in addition, initially generating an osmotic gradient, or
(2) adding them on both sides of the membrane, thus
generating only a symmetric concentration change. This
system also has serious disadvantages, however, and they
originate from the intended reduction of complexity from
the intact cell to proteoliposomes. Liposomes will react as
perfect osmometers; consequently, the influence of turgor
or, in other words, a putative interaction of the plasma
membrane, in which BetP is inserted, with the cell wall
during osmotic stress, cannot be investigated.
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Using the reconstituted system, a broad variety of solutes
and conditions were tested for their contribution to BetP
activation (Riibenhagen et al. 2000). Among them, solely
K™ ions, as well as the chemically similar Cs™ and Rb™,
were found to significantly activate BetP when present in
concentrations higher than about 200 mM (Riibenhagen
et al. 2001; Schiller et al. 2004b). Both Nat and NH," had
only a minor effect. The specificity of BetP with respect to
the stimulating compound is an interesting aspect of the
activation mechanism and clearly differs from the two other
thoroughly studied osmoregulated transport systems,
namely OpuA from L. lactis and ProP from E. coli. In the
former case, the ionic strength was found to be the relevant
stimulating parameter and the hydration state of the ProP
protein was suggested for the latter (Biemans-Oldehinkel
et al. 2006; Wood 2006). These results on BetP stimulation
by K™ also raise a problem, since it seems rather difficult to
imagine such a distinct specificity with respect to stimula-
tion, and consequently, also concerning the binding to a so
far unknown binding site at BetP, on the one hand, and an
extremely low apparent affinity of this process with
200 mM or higher, on the other. If, however, K+ plays the
pivotal role in BetP activation during osmotic stress, the
range of 200 mM and higher is the correct range of effector
concentration in terms of physiology, since the internal K™
concentration observed in C. glutamicum matches this
concentration range.

Also the second external parameter relevant to BetP
activation was identified using the reconstituted system. It
has previously been observed that betP, when heterolo-
gously expressed in E. coli, although being catalytically
active and responsive to osmotic activation, showed a shift
in the optimum of activation to lower external osmolalities
as compared to the situation in C. glutamicum, its homol-
ogous host. This observation was originally thought to
reflect the significantly lower turgor pressure in the Gram-
negative E. coli. Experiments using the reconstituted sys-
tem, in which the headgroup composition of the
phospholipids used was varied, however, resulted in a
different explanation. It turned out the share of negatively
charged phospholipids critically influences the activation
cycle of BetP (Schiller et al. 2006). The larger this share,
the higher the concentration of K* necessary for maximum
activation. The originally observed shift of the activation
optimum of BetP in E. coli with respect to C. glutamicum is
directly reflected by the fact that the E. coli plasma
membrane contains only about 20% negatively charged
phospholipids, whereas this type of lipids covers nearly
100% in C. glutamicum (Ozcan et al. 2007). The two
external parameters influencing the activity state of BetP
can be integrated into the activation cycle concept of BetP
(Fig. 4). Specific lipid requirement was also observed for
the other two model systems in bacterial osmoregulation,
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ProP from E. coli, and OpuA from L. lactis (Tsatskis et al.
2005; van der Heide et al. 2001).

Already, in early attempts to mechanistically understand
the response of BetP to hyperosmotic stress, it was
observed that manipulations in the structure of the N- and
C-terminal domain of the transporter protein directly
influence its activation properties (Peter et al. 1998a).
Truncations of the negatively charged N-terminal domain
were found to reduce the sensitivity of BetP towards
osmotic stress, whereas truncations of the C-terminal
domain had even more drastic effects (Peter et al. 1998a;
Schiller et al. 2004a, b). Deletion of the terminal 12 amino
acids of the C-terminal domain did not significantly influ-
ence BetP function, whereas a truncation of 23 amino acids
led to a reduced maximum activity and a concomitant loss
of regulation (Peter et al. 1998a; Schiller et al. 2004a, b).
Full deletion of this domain inactivated BetP. Conse-
quently, the C-terminal domain was interpreted as a sensor
domain or at least as being critically involved in osmo-
sensing by BetP (Schiller et al. 2004a, b, 2006).

Besides this conclusion, another important information
can be drawn from these results. Since wild-type BetP is
inactive in the absence of osmotic stress, and particular
mutants with amino acid replacements within the core part
of the C-terminal domain in terms of function show sig-
nificant activity under these conditions (Ott et al. 2008), the
role of the C-terminal domain can be interpreted as being
inhibitory for BetP function. When osmotic activation
occurs in which the C-terminal domain plays a pivotal role,
the terminal domain is supposed to change its conformation
which then will lead to activation of BetP. Furthermore,
when this concept is combined with the results concerning
the dependence of activation on the surface charge of the
surrounding membrane (see above), we conclude that the
C-terminal domain of BetP has to somehow interact with
the membrane surface. The membrane interacting state of
BetP via its C-terminal domain is very likely to represent
the inactive state of BetP. Consequently, we assume that
upon the rise in the cytoplasmic K™ concentration which is
the primary trigger of BetP activation, the C-terminal
domain is released from the membrane bound state. This
state is supposed to be the resting state keeping BetP cat-
alytically inactive. The release from membrane interaction
then triggers the onset of the catalytic cycle of transport.

In recent studies the function of the C-terminal domain
was further elaborated by scanning mutagenesis and by a
number of other techniques (Schiller et al. 2006; Ott et al.
2008). First, it was found that within the C-terminal
domain of about 50 amino acids, a core part exists in which
mutations leading to conformational effects, e.g., replacing
amino acids by proline, abolishes the ability to become
activated by osmotic stress although a significant level of
basal activity was retained. Interestingly, this core part of

the C-terminal domain has a different size when BetP was
analyzed in C. glutamicum or in E. coli membranes, being
larger in the less negatively charged membrane of E. coli.
This observation may indicate that a highly negatively
charged membrane surrounding stabilizes a particular
conformation of the C-terminal domain required for proper
sensing of osmotic stress and/or catalytic activity.

Further in vitro studies revealed that the C-terminal
domain of BetP seems to interact during its function in the
activation cycle of BetP also with other elements or parts of
the transport protein. By surface plasmon resonance spec-
troscopy, we found that the C-terminal domain in fact
shows significant binding to membrane surfaces, as already
concluded above on the basis of functional studies (Ott
et al. 2008). Experiments using peptide arrays, in which
interaction of the C-terminal domain with a series of pep-
tides representing the complete BetP sequence was tested,
showed selective interaction of the C-terminal with the N-
terminal domain as well as with at least one of the
hydrophilic loops of the transporter. The latter result was
corroborated by a competition experiment in proteolipo-
somes, in which synthetic peptides resembling the
hydrophilic loops of BetP were added to the reconstituted
BetP. Selected loops in fact suppressed the response of
BetP to hyperosmotic stress, obviously by competition with
the intrinsic loops of BetP for the C-terminal domain,
whereas a loop peptide with randomized sequence had not
effect (Ott et al. 2008).

A mechanistic model of BetP activation based on its 3D
structure

The details obtained from biochemical studies as described
above, have been integrated into mechanistic concepts of
BetP function, in particular with respect to the activation
cycle. Recently, a detailed X-ray structure of BetP was
published (Ressl et al. 2009), which now provides a new
and interesting basis for a revision und further development
of this concept.

The basic mechanistic concept of BetP activation by
hyperosmotic stress involves a change of the location of the
C-terminal domain between a membrane-attached and a
loop-attached state (Fig. 5a). The former conformational
state, in which (parts of) the C-terminal domain are sup-
posed to be attached to the surface of the surrounding
membrane, is interpreted as the resting, or inactive state. It
will be the preferred state at low cytoplasmic K+ concen-
tration, i.e., at low osmotic stress, and will be favored by a
high density of negative charges at the membrane surface.
The latter conformational state, on the other hand, in with
(parts of) the C-terminal domain are supposed to physi-
cally interact with other elements of BetP, namely the
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Fig. 5 Structure-function correlation of BetP activation. a Elements
of BetP activity control including the C-terminal, regulatory domain
1, the cytoplasmic concentration of K 2, and negative membrane
surface charges 3. b Mechanistic concept of BetP activation involving
the elements described in a. In this concept, in the resting state, the C-
terminal domain is interacting with the adjacent membrane. Upon
activation by an increase in cytoplasmic K, the C-terminal domain
switches its conformation, interacts with not yet defined regions of
BetP, and as a result, BetP actively transports glycine betaine. ¢
Structural elements of the functionally active BetP trimer derived
from the X-ray structure (Ressl et al. 2009; Kramer and Ziegler 2009).
The three individual monomers of BetP are differently color-coded.
The C-terminal domains, which are recognized as long helices lying
on the cytoplasmic surface of the adjacent BetP monomers, are not
fully resolved in the X-ray structure (Ressl et al. 2009), their
conformation was modeled in accordance with other biochemical data
(Kramer and Ziegler 2009)

N-terminal domain and/or cytoplasmic loops, was sug-
gested to represent the catalytically active state of BetP.
This conformational state will be favored by the presence
of a high cytoplasmic K concentration, i.e., at high
osmotic stress, and will be also be favored by a decreased

@ Springer

density of negative charges at the surrounding membrane
surface. So far only a change in cytoplasmic K* concen-
tration has been identified as a trigger responsible for the
functional switch between the two states. There are, how-
ever, indications for a second trigger, as will be discussed
in the next chapter.

Due to the recent achievement of the X-ray structure of
BetP (Ressl et al. 2009), we are now in the favorable
position to critically evaluate this concept in the light of the
structural data. The first and important aspect to be taken
into account is the fact that BetP is a functional trimer,
which was discovered already previously upon 2D electron
crystallography of BetP (Ziegler et al. 2004). Conse-
quently, for a mechanistic model, subunit interactions are
possibly relevant. As a matter of fact, the X-ray structure
clearly shows that the C-terminal domain of each BetP
monomer is interacting primarily not with the same, but
with the adjacent monomer (Fig. 5b). This situation nec-
essarily leads to at least two important consequences. (1)
There is a functional interaction between the three BetP
subunits in the trimer. (2) Since the C-terminal domain is
one of the interacting elements, this interaction will most
probably be connected to the activation cycle of BetP.
Unfortunately, only one of the three C-terminal domains of
BetP is sufficiently resolved in the X-ray structure, and this
particular domain is most probably not in a physiological
conformation, since it was found to be responsible for
crystal contacts between individual trimers (Ressl et al.
2009). Because of this fact, we are currently not able to
decide exactly with which part of the cytoplasmic surface
of the adjacent subunit the C-terminal domain does interact
(Krdmer and Ziegler 20009).

It is furthermore interesting to note that, in difference to
most other secondary transporters crystallized to far, in the
resolved X-ray structure BetP is in an occluded state, i.e.,
the intermediate state of the catalytic cycle of a carrier [a
‘frozen’ state (2) as described above for the catalytic cycle
of a transporter] resembling the transition state of an
enzyme. Since, however, we have currently no idea which
state of the activation cycle the crystallized form of BetP
does in fact represent, we are not able to draw conclusions
between possible relations between the catalytic state
(occluded) and the activity state of BetP. Furthermore, a
decision on the suggested involvement of an interaction
between the N- and the C-terminal domain during BetP
activation is not yet possible, since the N-terminal domain
is partially truncated in the crystallized form of BetP.

Further aspects of BetP activation

There are a large number of unsolved questions connected
with the concept of BetP activation as presented here, and
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some of the questions which are either most interesting or
most urgent to be solved will briefly be discussed in the
following.

Adaptation to osmotic stress

As mentioned already at the beginning of this chapter, a
conclusive model of BetP activation should not only
include the mechanism of activation and deactivation, but
should also explain adaptation to the state of osmotic
compensation. We found that BetP activity is strongly
decreased in cells of C. glutamicum after an appropriate
amount of betaine has been taken up (Botzenhardt et al.
2004). This adaptive downregulation of activity was found
not to depend on the increased substrate concentration
(simple feedback control), nor on a changed internal K™
concentration, and most surprisingly, not even on the
presence of the C-terminal domain (Botzenhardt et al.
2004). Consequently, this result is an indication for the
presence of an alternative stimulus which may be relevant
for regulation of BetP activation, at least in the case of
adaptation to osmotic compensation. Based on several
observations, we suggest that this additional type of stim-
ulus may be related to the physical properties of the
surrounding membrane and may be sensed by BetP via
protein/membrane interaction.

Further stimuli related to hyperosmotic stress

As a matter of fact, this line of evidence for alternative
types of stimuli relevant for BetP activation is strongly
supported by investigations on chill sensitivity of BetP. We
found that, besides being activated by hyperosmotic stress,
BetP can be stimulated to a comparable extent by low
temperatures (Ozcan et al. 2005). Again, this type of
activation was found to be independent of the presence of
high K* or an intact C-terminal domain. On the other hand,
we found a correlation of the property to become chill
activated with the lipid composition of the surrounding
membrane, which was changed upon growth at low tem-
peratures both with respect to headgroup and fatty acid
distribution (Ozcan et al. 2007). Recently, we found that in
fact solely the fatty acid composition and not the head-
group distribution is modulating the activity cycle of BetP
(Henrich and Kridmer, unpublished results).

Activation and oligomeric state of BetP

Although the mechanistic concept of the BetP activation
cycle is supported by a number of results obtained using
different methodical approaches (see above), it is still not
clear whether the trimeric nature of BetP is important for
the functioning of both the catalytic and the activation

cycle. With respect to the former aspect, there is in fact so
far no obvious reason known why a monomer by itself
should not be catalytically active. In the case of the acti-
vation cycle, however, the significance of the trimeric state
seems to be clear because of the fact that the C-terminal
domain of each subunit interacts with the cytoplasmic
surface of the adjacent subunit. However, this still could be
a relatively trivial mechanism, if each C-terminal domain
would exert its regulatory impact only back to the function
of the subunit to which it is covalently connected. An
attractive mode of regulation, however, would involve
inhibition of the adjacent monomer by each C-terminal
domain, possibly via blocking the respective substrate
access site at the cytoplasmic surface of this subunit or by
direct conformational interaction. This would result in a
complicated mechanism in which domains from different
monomers would collaborate for the correct function of the
activation cycle. This, however, is still a matter of
speculation.

Conclusions and perspectives

Among the three acknowledged model systems of osmo-
regulated transporters, ProP from E. coli, OpuA from L.
lactis and BetP from C. glutamicum, BetP currently seems
to be the system with the deepest knowledge concerning a
detailed structure/function analysis. What did we learn so
far from this system with respect to bacterial sensing and
signaling?

At least in the case of BetP, the cell has selected a
relatively specific and, at the same time, interestingly
indirect aspect for a proper stimulus which is connected
with the event of hyperosmotic challenge from the external
medium, namely the intracellular K™ concentration. This is
clearly different in the other two model systems, which
seems to respond to much broader stimuli, like ionic
strength or protein hydration, respectively. Both in the case
of the transporter BetP and the membrane sensor MtrB,
stimuli from the cytoplasmic side are used in spite of the
fact the primary event, i.e., a shift to hyperosmotic condi-
tions, happens at the outside of the cell, and in spite of the
fact that both proteins would in principle provide promi-
nent hydrophilic elements available also at the outside as
putative sensor elements.

The interesting question whether the membrane is
somehow involved in osmosensing and signaling is not yet
completely resolved, at least not for osmoregulated trans-
port proteins. There is no serious doubt that the kinds of
stimuli identified to far should be correct, but there is some
doubt, whether the list is complete. The major conclusions
in this respect have all been made in reconstituted systems
and these artificial test systems are, although being ideally
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suited to reduce the complexity, not fully competent for
answering this question in all aspects. For example,
proteoliposomes, per definition, lack any turgor related
phenomena and are thus not possible to detect stimuli
related to this kind of events.

BetP, however, seems to be a well-suited object to study
sensing and regulation phenomena in transporters which
are related to protein-protein interaction. There are
numerous transporters available which are found to occur
in oligomeric state, and in general, it is not known whether
this state is of functional significance for the catalytic cycle
of a carrier, or for its regulation. In the case of BetP, it
seems probable that the trimeric organization is a pre-
requisite for the mechanism of osmotic activation
(activation cycle), and it may well be possible that this
holds also true for the catalytic cycle of BetP.

Acknowledgment [ am indebted to Christine Ziegler, Frankfurt, for
Fig. 5c, and the Deutsche Forschungsgemeinschaft for financial
support.
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