FEBS Letters 563 (2004) 108112

FEBS 28234

Cation specificity of osmosensing by the betaine carrier BetP of
Corynebacterium glutamicum

Dirk Schiller, Reinhard Kriamer, Susanne Morbach*

Institut fiir Biochemie der Universitit zu Koln, Ziilpicher Str. 47, 50674 Cologne, Germany

Received 15 December 2003; revised 10 February 2004; accepted 2 March 2004

First published online 18 March 2004

Edited by Stuart Ferguson

Abstract The Na*/betaine carrier BetP from Corynebacterium
glutamicum was purified and reconstituted in Escherichia coli
phospholipid liposomes and its osmosensory properties were
studied with respect to the cation specificity of osmotic activa-
tion. To dissect the influence of the co-substrate Na™ on the
energetics of uptake from its possible role as a putative trigger
of osmolality-dependent BetP activation, the internal Na* con-
centration was varied without changing ApNa*. Studying be-
taine uptake at increasing luminal Na* or K* revealed that
BetP activity was triggered by Na* only to a negligible extent
compared to activation by K*. We conclude that activation of
BetP in proteoliposomes depends solely on K*, both in mecha-
nistic and in physiological terms.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

A widely distributed strategy of eubacteria to overcome
hyperosmotic stress is the accumulation of compatible solutes,
by biosynthesis and/or uptake, thereby avoiding dehydration
of the cytoplasm [1-3]. Since uptake of compatible solutes is
faster and energetically cheaper than de novo synthesis, nor-
mally a fast activation of uptake systems for compatible sol-
utes occurs under hyperosmotic conditions [4].

Corynebacterium glutamicum possesses four carriers for the
uptake of compatible solutes, which are osmoregulated at the
activity level ([4-6]; unpublished results). The Na*-dependent
betaine uptake system BetP is the best-studied carrier involved
in osmoadaptation of C. glutamicum [6-8]. Functional recon-
stitution of purified BetP demonstrated that this transporter
harbors three different functions: (i) catalytic activity of be-
taine transport, (ii) sensing of osmotic stress, and (iii) osmo-
regulation, i.e. adjustment of the transport rate to the extent
of stress [8].

Two other uptake systems for compatible solutes have also
been shown to possess osmosensory and osmoregulatory func-
tions, namely ProP from Escherichia coli [9] and OpuA from
Lactococcus lactis [10]. The underlying mechanisms as to how
osmotic stress is actually sensed are a matter of current re-
search [3]. In all three cases changes of luminal conditions of
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the proteoliposomes seem to be used as a measure for hyper-
osmosis. OpuA and ProP appear to be activated by rather
unspecific triggers, namely changes in the ionic interaction
between the carrier and the charged phospholipids of the
membrane induced by increasing luminal ion concentrations
in the former and an increase of the internal solute concen-
tration (i.e. ions or cytoplasmic macromolecules) in the latter
case [11,12]. In contrast, activation of BetP seems to be char-
acterized by a higher ion specificity. We showed that BetP is
triggered by an increase of the internal K™ (and Rb™ or Cs™)
concentration as a measure of hypertonicity, but not by other
cations, such as ammonium or choline [13]. Unfortunately,
Na' could not be ruled out as a stimulating cation due to
the fact that Na™ is not only a potential activator of BetP, but
also a co-substrate for betaine uptake.

It does not seem very likely that a change in the cytoplas-
mic Na* concentration is an important stimulus in response
to osmotic stress in physiological terms, since the concentra-
tion of cytoplasmic Na* is in general much lower than that of
K*. In mechanistic terms, however, i.e. for a correct under-
standing of osmolality-dependent carrier activation at the mo-
lecular level, it is important to define the ion specificity of
activation to obtain more information about possible binding
processes involved.

Since Na™ is the co-substrate and the electrochemical Na™
potential is the driving force for betaine uptake, an assay was
developed in this study which made it possible to dissect the
influence of Na™ on the energetics of BetP from its putative
function as an osmotic trigger. Using this assay, we were able
to show that the activation power of Na™ is low in compar-
ison to K*, the major stimulus of BetP in response to osmotic
stress.

2. Materials and methods

2.1. Bacterial strains, plasmids and growth conditions

E. coli DH5oumcr [14] was used for strepbetP expression. The plas-
mid used was pAcll [13] in which strepbetP is under the control of the
tet promoter. This plasmid encodes a Cys-less version of BetP, which
shows identical properties to the wild type protein (unpublished re-
sults). E. coli cells were grown at 37°C in LB medium supplemented
with carbenicillin (50 pg/ml).

2.2. Purification, reconstitution and transport assays of BetP
Purification of Strep-BetP, reconstitution into E. coli phospholipids
and transport measurements were carried out as described previously
[8]. Briefly, for the exchange of the internal buffer (100 mM KP;, pH
7.5), 15-30 ul preformed proteoliposomes were suspended in 500 ul
buffer with varying KP; concentrations ranging from 19 to 183 mM.
In addition, the buffer contained different NaCl concentrations (up to
200 mM). This suspension was extruded 13 times through a polycar-
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bonate filter (400 nm pore size) to exchange the internal buffer [13].
Subsequently, proteoliposomes were collected by centrifugation and
suspended in the same buffer which was used for the exchange of the
internal buffer (mentioned above) to a concentration of approx. 60 mg
lipid/ml. A volume of 2.5 ul of proteoliposomes was diluted 200-fold
into potassium-free buffer (20 mM NaP;, pH 7.5 and varying NaCl
concentrations) containing 15 uM ['*C]betaine and 1 pM valinomycin
to create an outwardly directed K™ diffusion potential. Either to es-
tablish hyperosmotic conditions or to balance the internal osmolality,
sorbitol was added to the external buffer. After several time intervals
samples were taken and filtered rapidly through 0.45 pum nitrocellulose
filters (GS, Millipore, Eschborn, Germany). The filters were washed
with 100 mM LiCl and the radioactivity was determined. Under con-
ditions where the Na™ concentrations in the transport assay were far
below the Ky of the co-substrate Na™, V. values were calculated
according to the Michaelis—Menten equation.

3. Results and discussion

In this study, we used a Cys-less version of BetP, in which
cysteine at position 252 was changed to threonine, in order to
be able to introduce cysteines at strategic places in future
experiments. The two variants differ in the V., values by
about 50% (Cys-less version higher), but both are identical
in terms of the Ky for sodium and betaine and their regula-
tory properties (identical activation by osmotic stress). There-
fore, the mutant BetP C252T is well suited for the character-
ization of BetP (unpublished results).

To analyze the influence of internal Nat as a potential
trigger for the activation of BetP, we first applied conditions
of a constant chemical Na™ potential. For that purpose inter-
nal NaCl was varied between 1 and 15 mM in proteolipo-
somes containing three different internal KP; concentrations
(Fig. 1). At the start of the transport measurement, the pro-
teoliposomes were diluted into a buffer with a 2.7-fold higher
osmolality, which led to liposome shrinkage by a factor of 2.7
and consequently to an increase in the concentrations of the
internal solutes. Since the Na' concentration of the external
buffer was varied between 10 and 150 mM, an identical 3.7-
fold Na' gradient and therefore an identical chemical Na*
potential was present in each individual proteoliposomal prep-
aration. The dilution ratios of K*-loaded proteoliposomes
into K*-free buffer and thus the K* diffusion potential were
kept constant for all measurements. As shown in Fig. 1A,B,

N
Fig. 1. Stimulation of BetP by internal Na* and K*. A: BetP activ-
ity at different sodium concentrations in proteoliposomes preloaded
with different KP; buffers. The internal NaCl concentration, which
varied between 1 and 15 mM (pre-shock values), was 10 times lower
than the external concentration. Proteoliposomes were preloaded ei-
ther with 19 (squares), 50 (circles) or 100 mM KP; buffer (triangles).
At the start of the uptake measurement, proteoliposomes were ex-
posed to an osmotic upshift leading to a 2.7-fold shrinkage and
thus to a 2.7-fold increase of internal solute concentrations. In de-
tail this means that the external osmolality was varied either be-
tween 140 and 216 mosmol/kg, 297 and 378 mosmol/kg or 599 and
675 mosmol/kg, respectively. The data points were fitted according
to Michaelis—-Menten (dotted, dashed and solid line, respectively).
B: Same data as shown in A, but plotted against the internal cation
concentrations (post-shock concentrations), which represent the sum
of Kt and Na™ ions. C: Vpyy of betaine uptake was calculated us-
ing the data and the fitted curves shown in A as well as the appar-
ent Ky for Nat of 44+2 mM. The absolute values for V., were
calculated according to the Michaelis-Menten equation for the three
different conditions (pre-shock KP; concentrations of 19, 50 and
100 mM).

Uptake of betaine [nmol/(min*mg protein)]

Uptake of betaine [nmol/min*mg protein]

Uptake of betaine [nmol/(min*mg protein)]

Internal NaCl [mM]

109

0 2 4 6 8 10 12 14 16
600 1 1 1 1 1 1 1 1 1
A -2
500 A .
A
400 - ' .
300 .
200 - .
100 - .
0 T T T T T T T T T
0 20 40 60 80 100 120 140 160
External NaCl [mM]
600 A T v T T . T
B A
500 A i
1 A
400 - * : .
1 ' A 4
300 4 : 1
‘ ¢ S
200+ | 5 1
] : A
A
100 - .’ y
° ]
0 T T T T T
0 100 200 300 400 500 600
Internal cation [mM]
Internal NaCl [mM]
0 2 4 6 8 10 12 14 16
800 C i
A A ® a
A
600 - 4 1
L (]
@
400 .
o o
n n
200 A /./i/—d'//. |
n
o T T T T T T T T T
0 20 40 60 80 100 120 140 16

External NaCl [mM]



110

BetP activity increased with increasing internal concentrations
of both Na* and K*.

Whereas stimulation by internal K* (and Rb" or Cs*) as
the main trigger for osmolality-dependent activation of BetP
was previously described [13], activation by Na® was unex-
pected. The external buffer contained Na* concentrations be-
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tween 10 and 150 mM which were around or below the Ky
for Na* as co-substrate. Consequently, the observed stimula-
tion is a combination of the increase in activity due to increas-
ing saturation by external Na* as a substrate and the putative
direct BetP activation by internal Na*. The former contribu-
tion can be quantified if the exact Ky for Na*t is known. It
turned out that this value depended to some extent on the
phospholipid preparations used which can be rationalized by
the fact that the share of negatively charged phospholipids
may vary in the E. coli polar lipid extract used. In a series
of eight experiments using different lipid preparations we de-
termined the affinity for sodium in liposomes preloaded with
100 mM KP;, pH 7.5 which were diluted into a buffer at a
fixed external osmolality of 600 mosmol/kg containing 20 mM
Tris/MES (pH 7.5) and varying Na*t (2.5-150 mM) and sorbi-
tol concentrations. We measured a sodium Ky; of 44 £2 mM.
This value is a factor of 3 higher than the previously pub-
lished Ky [8]. The former value was determined in one single
lot of E. coli phospholipids, thus the newly determined Ky for
sodium is more reliable since it is based on several determi-
nations in which different phospholipid preparations were
used. When calculating maximum rates of betaine transport,
an additional source of potential misinterpretation has to be
considered, namely the possibility that the Ky for Na™ may
depend on the osmolality applied in different experiments. An
eightfold increase in the substrate affinity for proline in de-
pendence on the extent of the osmotic shifts has in fact been
shown for the compatible solute carrier ProP of E. coli [15].
We found, however, that the Ky of BetP for Na™ varied at
most by a factor of two, between 3519 mM and 84 £ 14 mM,
within the range of osmolality used in these experiments. Fur-
thermore, the Ky did not change systematically in dependence
on the extent of osmotic stress applied (results not shown).
Therefore, the osmostress-dependent activity regulation of
BetP from C. glutamicum and ProP from E. coli differs in
this important mechanistic aspect.

Based on the Ky of BetP for Na™, the V.. values of
betaine transport for infinite external Na® concentrations
for each experiment shown in Fig. 1A were calculated, reveal-
ing the limited potential of Na™ to trigger BetP activity (Fig.
1C). Only a marginal activating influence of internal Na* was
detectable if liposomes preloaded with 100 mM KP; (corre-

P
Fig. 2. Activity regulation of reconstituted BetP C252T at increasing
Na' and K* concentrations. Betaine uptake was determined under
iso-osmotic conditions and in the absence of a Na*t gradient. A: Ef-
fect of increasing Na't concentrations on betaine uptake. The inter-
nal buffer contained 19 mM KP;, pH 7.5, and 25, 50, 80, 100, 125,
150, 175 or 200 mM NaCl. The external buffer contained 50 mM
TrissMES, pH 7.5, and 25, 50, 80, 100, 125, 150, 175 or 200 mM
NaCl. The directly measured rates (open squares) were extrapolated
to Vmax values for infinite Na* concentration using a Nat Ky of
44+2 mM (open circles). B: Effect of increasing K concentrations
on betaine uptake. The internal buffer contained 25 mM NaCl and
19, 45.6, 68.4, 91.2, 136.8, or 182.4 mM KP;, pH 7.5, corresponding
to internal K™ concentrations of 34, 82, 123, 164, 246, and 328
mM. The external buffer basically contained 50 mM Tris/MES, pH
7.5, 25 mM NaCl (100 mosmol/kg). Iso-osmolality between the in-
ternal and external space was adjusted by addition of sorbitol to
the external buffer. Direct measurement (solid squares) and extrapo-
lated values (solid circles) are shown. C: Comparison of the effect
of Na* (open circles) and K* (closed circles) on betaine uptake on
the basis of Vy.x values of transport extrapolated for infinite Na™
concentrations.
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sponding to a K™ concentration of 490 mM after the osmotic
upshift) were used. Obviously, BetP function at or near Vyx
conditions due to the high internal K* concentrations is only
restricted by the limited availability of external Na* as a co-
substrate (cf. Fig. 1B,C). In proteoliposomes prepared at an
internal concentration of 50 or 19 mM KP; (corresponding to
a post-shock K* concentration of 240 or 90 mM K™), stim-
ulation of BetP by Na' was stronger, but never exceeded a
factor of two even at the lowest K concentrations tested
which led under standard conditions only to a low preactiva-
tion of BetP [13]. In the same publication we showed further-
more that starting from an internal K* concentration of 90
mM the activity of BetP can be increased 8-12-fold by in-
creasing internal K concentrations (as shown in figs. 4 and
5 of [13]). Thus, in the experiment shown in Fig. 1 the pre-
activation of BetP at an internal K* concentration of 90 mM
was low enough to detect an additional activation by Na™.
The Vyax correction, however, shows (Fig. 1C) that even at
low internal potassium concentrations Na' has a very limited
ability to increase BetP activity.

In order to exactly quantify the extent of Na'-dependent
activation, we applied conditions of low internal K* concen-
trations at simplified experimental conditions to reduce possi-
ble influences of other parameters. For this purpose, we used
a proteoliposomal system with an internal buffer containing
only 19 mM KP; and worked under iso-osmotic conditions in
the absence of any Na't gradient. Consequently, betaine up-
take into proteoliposomes was only driven by the K* diffu-
sion potential of A¥Y=—136 mV, and K* was far below a
stimulating level. As described above, the activating effect of
Na® was separated from its influence as a co-substrate by
extrapolation to V. conditions (Fig. 2A). The V. values
revealed a low activation of betaine uptake as a consequence
of the increase in internal Nat from 25 to 200 mM. As a
comparison, stimulation in dependence on internal K* is
shown in an identical type of experiment (Fig. 2B). The abso-
lute transport rates were lower than those observed in the
presence of both a chemical Na* potential and a membrane
potential (cf. Fig. 1), nevertheless, stimulation by K* was
much stronger. The Vi« values for transport in dependence
on the internal cation concentration (Na™ and K™) for infinite
Na' concentration are combined in Fig. 2C. Whereas the 1.4-
fold stimulation observed for Na™ already leveled off around
120 mM, activation by internal K™ was fivefold in a concen-
tration-dependent manner, indicating that BetP is indeed able
to discriminate between the two cations. Recently, it was
shown in vitro that the membrane-anchored histidine kinases
KdpD and EnvZ from E. coli can also distinguish between
internal cations in the activation process [16,17]. Using right-
side-out membrane vesicles it was demonstrated that luminal
K™ ions either inactivate in the former or activate in the latter
case, whereas ions other than K* had an opposite effect.

Taken together, arguments against cytoplasmic Na' being
a relevant stimulus for BetP are twofold. By functional anal-
ysis we have quantitatively discriminated the stimulation by
K" and Na* of BetP-mediated betaine uptake. In a proteo-
liposomal system consisting of purified BetP reconstituted in
E. coli lipids the extent of stimulation by Na* was small, and
only visible in the presence of low K* concentrations. Besides
these arguments in mechanistic terms, physiological consider-
ations are equally valid. The cytoplasmic K* concentration is
in general far above the level where any Na™-dependent effect
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becomes obscured [18]; moreover, it is unlikely that C. gluta-
micum cells ever reach internal Na' concentrations high
enough to cause stimulation of BetP [5].

This study reinforces the concept of K* (or Rb™ and Cs™)
being a specific stimulus for BetP activation, and thus argues
for the fact that BetP is primarily a K* sensor and not an
osmosensor. Furthermore, the effective discrimination be-
tween different cations, like ammonium, choline [13] or
Na™, indicates the presence of a K (or Rb* or Cs') binding
site, which seem to be linked to the C-terminal domain of
BetP [7]. However, in proteoliposomes half-maximal activa-
tion of BetP was found at an internal K* concentration of 220
mM [13], which appears to be rather high for a specific bind-
ing site. On the other hand, this value may reflect the fact that
in C. glutamicum, as in many other bacteria, high internal K*
concentrations are in general present [18,19] which further
increase under hyperosmotic conditions due to the loss of
water and the active uptake of K™ [18]. It thus seems to be
reasonable that potassium triggers BetP activity in a concen-
tration range which was determined in the E. coli proteolipo-
some system. Consequently, the presence of a regulatory K+
binding site in BetP must be postulated. Since the sequence of
BetP does not include a motif known to be involved in K*
binding/recognition, it remains to be elucidated how K™ bind-
ing specificity is mediated. Possible scenarios include (i) sens-
ing by a single BetP protein, (ii) Kt sensing by oligomers of
BetP, or (iii) involvement of the membrane together with BetP
in creating K" specificity. ProP of E. coli and OpuA from
L. lactis [9,10], which also fulfill the criteria of being an os-
mosensor and osmoregulator, seem to rely on a different kind
of triggering mechanism. Although changes of internal con-
ditions, solute (or macromolecule) concentration in the former
case and changes in the protein/membrane interaction induced
by increased ion concentrations in the latter case, have also
been identified as a measure for hypertonicity, no ion speci-
ficity could be detected [11,12]. This indicates that osmosens-
ing by ProP and OpuA is rather unspecific, and thus different
from that of BetP, which seems to sense the increase of the
internal K* concentration. It is thus interesting to note that
all examples of bacterial osmoregulated uptake systems inves-
tigated so far in detail actually perceive changes in internal
solute concentrations; the mechanisms of signal perception,
however, seem to be different.
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