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Abstract In response to osmotic stress, the halophilic,
Gram-positive bacterium  Marinococcus  halophilus
accumulates compatible solutes either by de novo syn-
thesis or by uptake from the medium. To characterize
transport systems responsible for the uptake of com-
patible solutes, a plasmid-encoded gene bank of
M. halophilus was transferred into the transport-defi-
cient strain Escherichia coli MKH13, and two genes were
cloned by functional complementation required for
ectoine and glycine betaine transport. The ectoine
transporter is encoded by an open reading frame of
1,578 bp named ectM. The gene ectM encodes a putative
hydrophobic, 525-residue protein, which shares signifi-
cant identity to betaine-carnetine-choline transporters
(BCCTs). The transporter responsible for the uptake of
glycine betaine in M. halophilus is encoded by an open
reading frame of 1,482 bp called betM. The potential,
hydrophobic BetM protein consists of 493 amino acid
residues and belongs, like EctM, to the BCCT family.
The affinity of whole cells of E. coli MKH13 for ectoine
(Ks=1.6 uM) and betaine (K;=21.8 pM) was deter-
mined, suggesting that EctM and BetM exhibit a high
affinity for their substrates. An elevation of the salinity
in the medium resulted in an increased uptake of ectoine
via EctM and glycine betaine via BetM in E. coli
MKH13 cells, demonstrating that both systems are
osmoregulated.
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Introduction

The non-spore-forming, Gram-positive bacterium
Marinococcus halophilus is a moderately halophilic
microorganism phylogenetically related to the Bacillus
group (Farrow et al. 1992) and can tolerate salt con-
centrations in the medium up to 5.5 M NaCl (Novitsky
and Kushner 1976). To establish an osmotic equilibrium
with the saline environment, M. halophilus synthesizes
ectoine as its main compatible solute like many other
chemoheterotrophic halophiles (Severin et al. 1992). The
enzymes required for the production of ectoine are en-
coded by three genes, ectABC, which were isolated for
the first time from M. halophilus (Louis and Galinski
1997). However, M. halophilus does not entirely rely on
ectoine synthesis for osmoadaptation, but can also take
up compatible solutes from the medium, which is a far
more economical way to amass osmoprotectants in the
cell (Oren 1999). To allow for the uptake of external
solutes, M. halophilus must be equipped with osmoreg-
ulated transport systems, which have been mostly stud-
ied so far in non-halophilic bacteria such as Escherichia
coli (MacMillan et al. 1999; Racher et al. 1999), Bacillus
subtilis (Kappes and Bremer 1996; von Blohn et al.
1997), and Corynebacterium glutamicum (Peter et al.
1998; Riibenhagen et al. 2001). Until now, only one
compatible solute transporter has been described from a
halophilic bacterium, namely TeaABC, an osmoregu-
lated ectoine transporter found in Halomonas elongata
(Grammann et al. 2002). Mutagenesis experiments re-
vealed that TeaABC is not only involved in the uptake
of external solutes, but also serves as a recovery system
salvaging endogenous ectoine leaking through the cell
membrane. Due to the lack of information on trans-
porters in other halophilic bacteria, it is not known
whether the recycling of lost compatible solutes by a
specific transporter is a common theme in ectoine-pro-
ducing halophiles. To gain a deeper insight into com-
patible solute uptake in halophilic bacteria, which
synthesize ectoine as their main osmolyte, this present
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study focused on the isolation and characterization of
genes coding for compatible solute transporters from
M. halophilus. We identified and isolated, by functional
complementation of the transport-deficient E. coli mu-
tant MKH13, two structural genes encoding a betaine
transporter named BetM that also accepts ectoine as an
additional substrate, and a transport system specific for
the uptake of ectoines named EctM. We then charac-
terized the role of both transport proteins in solute
accumulation.

Materials and methods

Bacterial strains, plasmids, and growth conditions

The strains, vectors, and recombinant plasmids used for this study
are listed in Table 1. For DNA isolation M. halophilus was grown
in Luria Bertani (LB) medium containing 1.72 M sodium chloride
(NaCl) at 37°C and harvested in the late exponential growth phase.

E. coli strains were grown aerobically at 37°C in either LB
medium or MM63 medium (Larsen et al. 1987) at various NaCl
concentrations. To support growth of E. coli in MM63 medium
containing more than 680 mM NaCl, compatible solutes were
supplied with the medium at concentrations up to 2 mM. If nec-
essary, chloramphenicol (Cm) was added to the medium to a final
concentration of 50 pg ml™".

Osmotic shock experiments

Overnight cultures of E. coli MKHI13 expressing ectM or betM
were inoculated into MM 63 medium containing 170 mM NaCl and
adjusted to an optical density (ODs49) of 0.8. To mid-exponential
phase cultures, ectoine and glycine betaine, respectively, were ad-
ded to a final concentration of 2 mM. Thirty minutes later, the salt
concentration was increased to 680 mM by adding sterile NaCl.
Before and after osmotic shock, samples were taken to determine
the protein content and to analyze the compatible solute content of
the cells.

Table 1 Strains and plasmids used in this study

Compatible solute limited growth of E. coli MKHI13

To determine the affinity of recombinant E. coli MKH13 expressing
ectM or betM for the compatible solutes ectoine and betaine,
respectively, minimal medium (MM63 containing 680 mM NaCl)
was prepared having ectoine or glycine betaine at final concentra-
tions of 0.005, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, and 1 mM. One
hundred milliliters of the medium was inoculated with a suspension
of MKH13 cells and adjusted to an ODs4y of =0.1. Cells were
incubated for 36 h, and the growth rate was determined.

DNA isolation and manipulation

Genomic DNA from M. halophilus was isolated using Qiagen
Genomic-tips 100/g (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Routine manipulation of DNA, plas-
mid isolation from E. coli strains, construction of recombinant
plasmids, electrophoresis of DNA, DNA amplification by
PCR, and transformation were carried out according to standard
procedures. DNA sequencing, based on the method of Sanger
et al. (1977), was carried out by SequiServe (Vaterstetten,
Germany). Primers for PCR were synthesized by MWG Biotech
AG (Ebersberg, Germany).

Construction of a plasmid-encoded genomic library
of M. halophilus and complementation of transport-defective
E. coli mutants

Genomic DNA of M. halophilus was partially hydrolyzed using
restriction enzyme Sau3A. The chromosomal Sau3A fragments
were ligated into low-copy plasmid pHSGS575 (Takeshita et al.
1987), and the ligation products were transformed into E. coli XL1-
blue (Bullock et al. 1987). The resulting colonies were pooled;
plasmids were isolated from the XL1-blue cells, and transferred
into E. coli mutant MKH 13 defective in osmoregulated, compatible
solute uptake (Haardt et al. 1995). E. coli MKH13 clones with the
gene library of M. halophilus were selected for compatible solute
uptake on MM63 mineral-salt medium containing 680 mM NaCl
and either 1 mM ectoine or 1 mM glycine betaine at 37°C. E. coli
strains able to grow on either one of the selection media were
isolated and further analyzed.

Strain or plasmid  Relevant genotype and/or description®

Source or reference

Marinococcus halophilus

DSM 204087 Type strain DSMZ°
Escherichia coli
MKHI3 A(proP)2, A(proU)608, A(putPA)101, Spc" Haardt et al. 1995
XL1-blue recAl, endAl, gyrA96, thi, hsdR17, (ri’, mk "), supE44, relAl, ), lac, Bullock et al. 1987
[F, proAB, lacI?, ZAM15, Tnl0(tet)]
Plasmids
pHSG575 Cm',lacZ’ Takeshita et al. 1987
pVVBI pHSGS575 with 4.7-kb Sau3A genomic DNA fragment carrying betM from M. halophilus ~ This study
pVVBI11 pHSG575 with 3.6-kb fragment generated by ligation of EcoRI-hydrolyzed pVVBI1 This study
pVVBI12 pHSGS575 with 1.3-kb fragment generated by ligation of PstI-hydrolyzed pVVBI This study
pVVBI3 pHSGS575 with 2.7-kb fragment carrying betM; generated by ligation This study
of HindIll-hydrolyzed pVVBI
pVVB2 pHSGS575 with 6.4-kb Sau3A genomic DNA fragment carrying ectM from M. halophilus ~ This study
pVVB21 pHSGS575with 4.5-kb fragment generated by ligation of EcoRI-hydrolyzed pVVB2 This study
pVVB22 pHSG575with 0.9-kb fragment generated by ligation of PstI-hydrolyzed pVVB2 This study
pVVB23 pHSGS575with 3.5-kb fragment carrying ectM, generated This study
by ligation of HindIII-hydrolyzed pVVB2
pVVB24 pHSGS575 with 2.9-kb HindIIl DNA fragment from pVVB2 This study
pVVB25 pHSG with 3.6-kb PstI DNA fragment from pVVB2 This study

#Antibiotics: Cm chloramphenicol, Spc spectinomycin

®Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany



High-performance liquid chromatography

For identification and quantification of intracellular compatible
solutes, cells were harvested and extracted with methanol/chloro-
form/water as described by Galinski and Herzog (1990). Cellular
extracts were analyzed by isocratic high-performance liquid chro-
matography (HPLC) on an NH, column using a refractive index
monitor (Frings et al. 1993).

Computer methods

Protein databases and translated nucleotide databases were
screened to find similar proteins to EctM and BetM using the
FASTA (Pearson and Lipman 1988) and BLAST (Altschul et al.
1990) programs. Multiple sequence alignments were constructed on
an Apple Macintosh computer using the CLUSTAL X program
(Thompson et al. 1997). Hydropathy profiles of proteins were
constructed by the method of Kyte and Doolittle (1982). Potential
transmembrane spanning units were identified by using the
HMMTOP program (Tusnady and Simon 1998, 2001) available
through the HMMTOP transmembrane prediction server (http://
www.enzim.hu/hmmtop/) and the SOSUI program (Hirokawa
et al. 1998; http://sosui.proteome.bio.tuat.ac.jp/sosuiframe0.html).
Free energies of RNA stem-loop structures were calculated using
the Mfold program (Zucker 2003) available at http://www.bio-
info.rpi.edu/applications/mfold/old/rna/form1-2.3.cgi.

Nucleotide sequence accession number

The nucleotide sequences of betM and ectM were submitted to
GenBank and assigned accession nos. AY326959 (betM) and
AY327499 (ectM), respectively.

Results

Cloning genes from M. halophilus encoding
compatible solute transporters

The genes coding for compatible solute transport sys-
tems from M. halophilus were identified and isolated by
functional complementation of mutant E. coli MKH13.
E. coli MKH13 is deficient in osmoregulated uptake of
compatible solutes, which is needed to tolerate salinities
of 680 mM NaCl and higher. MKHI13 cells were trans-
formed with the low-copy-number plasmid pHSGS575
(Cm") harboring a gene library of partial Sau3A
restriction fragments from chromosomal DNA of
M. halophilus. The resulting transformants were selected
for colonies that can grow on high-saline medium con-
taining 680 mM NaCl and the compatible solute ectoine
(1 mM) or glycine betaine (I mM). Growth of such
colonies indicated transport of ectoine and betaine,
respectively, via a plasmid-encoded transporter from
M. halophilus. Two strains that could grow under these
selective conditions were found: one carrying plasmid
pHSGS575 with a 4.7-kb DNA fragment (pVVBI)
allowing for growth in the presence of glycine betaine,
and a second strain harboring pHSGS575 with a 6.4-kb
DNA fragment (pVVB2) that enabled growth in ectoine
medium.
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Restriction analysis of the 4.7-kb M. halophilus
DNA from plasmid pVVBI and nucleotide
sequence of betM

To determine which part of the 4.7-kb DNA fragment
from pVVBI is coding for the potential transporter
mediating the uptake of glycine betaine in E. coli
MKH13, restriction analyses were carried out. Plasmid
pVVBI was hydrolyzed by restriction enzymes EcoRlI,
Pstl, and HindlIl. Each of these enzymes has one
restriction site in the multiple cloning site of plasmid
pVVBI next to the inserted DNA of M. halophilus. After
hydrolysis, the remaining M. halophilus DNA still at-
tached to the plasmid was religated, generating three
new plasmids: pVVBI11 carrying an EcoRI/Sau3A frag-
ment, pVVB12 with a Sau3A/Pstl fragment, and
pVVBI3 containing a 2.7 kb Sau3A/HindIll fragment
(Fig.1). Growth experiments in saline glycine betaine
medium showed that only pVVBI13 supported growth of
E. coli MKH13. For DNA sequence analysis, the entire
Sau3A/HindIII insert was sequenced. Inspection of the
sequenced DNA revealed the presence of a 1,482-bp
open reading frame, which we refer to as betM. The
sequence immediately upstream of the start codon is
complementary to the 3’ end of the 16S rRNA of
M. halophilus and is likely to function as a ribosome-
binding site. Downstream of the betM stop codon TAA,
a putative stem loop structure was found [AG
(25°C)=-107 kJ] followed by a stretch of six thymidine
nucleotides, which together could serve as a factor-
independent transcription termination signal for the
betM transcript. PCR analysis using genomic DNA
from M. halophilus as template amplified a 2,083-bp
fragment comprising betM and adjacent DNA, which
proved that betM is indeed M. halophilus DNA, and that
the cloned betM locus is organized in the same way as on
the chromosome of M. halophilus.

Putative BetM protein shows characteristics
of a hydrophobic integral membrane protein

The betM gene encodes a 493-residue protein with a
calculated molecular mass of 53.9 kDa. No obvious N
terminal secretion signal sequence was found. The ami-
no acid sequence composition of BetM reveals that the
potential protein is very hydrophobic, consisting of
65.8% apolar residues (MIVLPGAFW). The hydropa-
thy profile, according to the method of Kyte and
Doolittle (1982), showed 12 particular hydrophobic
regions, which are predicted to form membrane-span-
ning a-helices. Analysis of the BetM sequence suggests
that both the amino terminus and carboxy terminus are
facing the cytoplasm, a feature common in secondary
transporters (Saier 1994). The N terminus is made of
only eight amino acids comprising two positively
charged lysine residues. The C terminus forms a short
extension of 11 residues containing five charged amino
acids (one aspartate, three lysine, and one arginine).
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Fig. 1A,B Physical and genetic organization of the cloned Mari-
nococcus halophilus DNA fragments carrying betM and ectM and
subcloning experiments to prove the relevance of both genes for
osmoprotection in E. coli MKHI13. A A 4.7-kb DNA fragment
from M. halophilus cloned into pHSGS575 allowed transport
deficient Escherichia coli MKHI13 to accumulate glycine betaine
in saline minimal medium. Hydrolysis of the 4.7-kb fragment by
EcoRlI, HindIll, and PstI and subcloning of the resulting fragments
showed the relevance of betM for the transport of glycine betaine.
B A DNA fragment of 6.4 kb from M. halophilus mediated uptake
of ectoine and hydroxyectoine in E. coli MKHI3. The 6.4-kb
fragment was hydrolyzed by EcoRI, Hindlll, and Pstl, and the
resulting fragments were subcloned. Only the DNA containing
the open reading frame ectM allowed for the uptake of ectoine. The
relevance of betM and ectM for osmoprotection was verified by
growth experiments on saline minimal plates [MM63 with 0.77 M
sodium chloride (NaCl)] in the presence of glycine-betaine (1 mM)
and ectoine (1 mM), respectively. Growth (+) or no growth (-) of
E. coli MKH13 containing the cloned M. halophilus DNA was
scored after 3 days of incubation at 37°C

BetM is related to osmoregulated secondary
transport proteins of the betaine-carnetine-choline
transporter family

The deduced amino acid sequence of bet M was compared
to sequences available from databases. The putative BetM
protein revealed a high degree of identity to proteins of the
betaine-carnetine-choline transporter (BCCT) family, a
group of secondary carriers that transport trimethylam-
monium compounds by sodium or proton symport. BetM
displays 48% identical amino acids to the osmoregulated

glycine betaine transporters BetL from Listeria mono-
cytogenes (Sleator et al. 1999) and OpuD from B. subtilis
(Kappes et al. 1996). BetM still shares 39% identical
amino acids with BetP, a well-described BCCT found in
C. glutamicum, which facilitates the uptake of glycine
betaine as well. Like other BCCTs, BetM contains a
highly conserved stretch of 32 amino acids residues cor-
responding to amino acid residues 351 to 382. This stretch
forms the eighth transmembrane helix and the following
cytoplasmic domain and contains the BCCT signa-
ture sequence: (GSDN)-WT-(LIVM)-X-(FY)-WXWW
(Kappes et al. 1996; Boscari et al. 2002).

Restriction analysis of the 6.4-kb M. halophilus DNA
from plasmid pVVB2 and nucleotide sequence of ectM

Plasmid pVVB2 was hydrolyzed by restriction enzymes
EcoRI, Pstl, and HindIIl to determine which part of the
6.4-kb DNA insert from M. halophilus enabled growth
of E. coli MKH13 in saline medium containing ectoine
or hydroxyectoine. Ligation of the hydrolyzed DNA
with pHSGS575 generated five different plasmids, of
which only pVVB23 restored ectoine transport activity
in E. coli MKH13 (Fig. 1). An approximately 3.5-kb
Sau3A-Hindlll fragment was inserted in plasmid
pVVB23. The entire 3.5 kb was sequenced and revealed
the presence of a 1,578-bp open reading frame, which
was named ectM. The start codon ATG of ectM is



preceded by a potential ribosome-binding site (GAG-
GGGGAAGC). Downstream of the stop codon, an in-
verted repeat was detected [AG (25°C)=-117 kJ]
followed by nine AT nucleotides, which together could
function as the transcriptional termination signal for the
ectM transcript. To prove that ectM, including the
adjacent sequences, exists on the chromosome of
M. halophilus, a 2,288-bp fragment was amplified by
PCR using chromosomal DNA from M. halophilus as a
template and two primers derived from the pVVB23
insert DNA upstream and downstream of ectM.
Restriction analysis verified that the amplified DNA was
identical to the cloned DNA fragment of pVVB23.

EctM is a potential hydrophobic transmembrane protein

The putative EctM protein has a molecular weight of
58.48 kDa, consisting of 525 amino acid residues. Signal
sequences at the N terminal for protein export were not
found. EctM is a hydrophobic protein having 62.9%
apolar amino acids. The hydropathy plot, according to
the method of Kyte and Doolittle (1982), revealed an
alteration of 12 hydrophobic and hydrophilic segments
that is characteristic for integral membrane proteins. As
predicted by computer analysis, the 12 hydrophobic seg-
ments are potential transmembrane-spanning o-helices,
and both the amino terminus and carboxy terminus are
thought to be located in the cytoplasm. The N terminus is
made of approximately 12 residues, while the C terminus
has a length of about 30 amino acids. In contrast to the N
terminus, the C terminus contains more than 50%
charged amino acids, namely, seven glutamate, two
aspartate, three lysine, and seven asparagine residues.

EctM is a member of the BCCT family

The deduced amino acid sequence of ectM was compared
to amino acid sequences available from the databases. The
EctM protein showed a high degree of identity to proteins
of the BCCT family. EctM shares 41% identical amino
acids with OpuD from B. subtilis and 35% identical amino
acids with the C. glutamicum transporters BetP and EctP.
EctP is an osmoregulated carrier for ectoine, proline, and
glycine betaine (Peter et al. 1998). The best score was
found for a hypothetical BCCT protein of B. halodurans
(Takami et al. 2000) and the ectoine transporter EctT of
Virgibacillus pantothenticus (GenBank accession no.
AF421189), both having 49% residues identical with
EctM. When compared with its counterpart BetM from
M. halophilus, EctM exhibits 37% sequence identity.
EctM contains a stretch of 32 highly conserved amino acid
residues as described for BetM and other BCCT systems.
Similar to BetM, this region comprises the eighth mem-
brane helix and the connecting loop to helix nine. In
EctM, the region contains a modified BCCT signature
(GSDN)-W P-(LIVM)-X-(FY)-WXWT, having a proline
residue instead of a threonine at position 3 and a threonine
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instead of a tryptophan at position 10 of the signature
sequence (Fig. 2).

Substrate specificity of transporter BetM

E. coli MKH13 cells expressing betM were selected on
saline medium containing 1 mM glycine betaine. HPLC
measurement of the cytoplasm of E. coli betM ™ showed
that BetM is catalyzing the uptake and accumulation of
glycine betaine (Fig. 4). To test whether BetM accepts
other compatible solutes as substrates, growth experi-
ments with E. coli MKH13 pVVBI (betM *) were carried
out in the presence of I mM glycine betaine, ectoine, hy-
droxyectoine, proline, and carnitine, respectively. E. coli
MKH13 pVVBI was spread out on MM63 medium
containing 765 mM NaCl with and without compatible
solutes and incubated at 37°C. After 4 days, E. coli was
only grown on medium with glycine betaine and ectoine
proving that BetM can transport ectoine in addition to
glycine betaine. Proline, carnitine, and also hydroxyec-
toine, which differs from ectoine only by having a hydroxy
group at the C3 position, did not support growth.

Growth of E. coli MKH13 pVVBI (betM)
in glycine betaine and ectoine limited medium

Since growth of E. coli MKHI13 pVVBI (betM™) in
high-saline minimal medium is dependent on the pres-
ence of external glycine betaine or ectoine, lowering the
compatible solute concentration in the medium caused a
decrease in growth rate, which enabled the affinity of the
cells for glycine betaine and ectoine, respectively, to be
determined. The growth rates under glycine betaine-
limited conditions were fitted by non-linear regression.
The model that best described the correlation was
the Monod model (Fig. 3). The plot of growth rate
against growth rate/glycine betaine concentration
(Eadie-Hofstee plot) showed that the cells had a satu-
ration constant K of 21.8 uM (£8.45 SD), suggesting
that BetM is a high-affinity transport system for glycine
betaine.

In ectoine-limited medium, E. coli grew significantly
only at concentrations above 0.5 mM ectoine, indicating
that BetM has only a low affinity for ectoine.

Transport of glycine betaine via BetM is induced
by osmotic upshock

To test whether the uptake of glycine betaine by BetM is
enhanced by increasing osmolality, upshock experiments
with E. coli MKHI13 pVVBlwere carried out. Expo-
nentially growing E. coli cells were subjected to an os-
motic upshift from 170 mM NaCl to 680 mM NaCl in
the presence of 2 mM glycine betaine. HPLC measure-
ment of the cytoplasmic solute content revealed that
glycine betaine was already taken up in cells grown at
a constant salinity of 170 mM NaCl, and betaine
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Fig. 2 Amino acid sequences of
ectoine transporter EctM and
glycine betaine transporter
BetM from M. halophilus DSM
204087 are aligned with
sequences of the compatible
solute transporters OpuD from
Bacillus subtilis and EctT from
Virgibacillus pantothenticus.
Amino acid residues, which are
identical in at least three
proteins out of four, are marked
black. Conserved amino acids
are shown in gray. Conservative
replacements are defined as
follows: G — A;
I->L>V->M;S>T,
R—->K->HD—->EN->Q;
F - Y — W. The amino acid
stretch containing the betaine-
carnetine-choline transporter
signature sequence is underlined

accumulated to over 1 pmol mg protein™' (Fig. 4). After
osmotic upshock, the transport via BetM was strongly
induced, and glycine betaine was amassed to a maximum
concentration of approximately 2.2 pmol mg protein™".
In addition, the cytoplasmic concentration of the
endogenous solute trehalose was briefly increased by de
novo synthesis (Fig. 4). Cells of E. coli MKH 13 without
betM were unable to transport glycine betaine from the

medium (data not shown).

Substrate specificity of transporter EctM

E. coli MKHI13 cells expressing ectM were selected on
saline medium containing 1 mM ectoine. To test whe-
ther EctM accepts compatible solutes other than ectoine
as substrates, growth experiments with E. coli MKH13
pVVB2 (ectM ) were carried out in the presence of
1 mM glycine betaine, ectoine, hydroxyectoine, proline,

and carnitine, respectively. E. coli MKH13 pVVB2 was
spread out on MM63 medium containing 765 mM NaCl
with and without compatible solutes and incubated at
37°C. After 4 days, E. coli was grown on medium with
ectoine and hydroxyectoine, but not on medium with
proline, carnitine, and glycine betaine. Although further
tests have to be carried out, the presented results indicate
that EctM is a transporter for ectoines with narrow
substrate specificity.

Growth of E. coli MKH13 pVVB2 in ectoine-
and hydroxyectoine-limited medium

Since growth of E. coli MKH13 pVVB2 (ectM™) in
high-saline, minimal medium is dependent on the pres-
ence of external compatible solutes, lowering the ectoine
and hydroxyectoine concentration in the medium caused
a decrease in growth rate, which enabled the affinity of
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Fig 3A-D Affinity of whole cells for glycine betaine and ectoine was
determined by growth experiments with E. coli MKH13 pVVBI
(betM ) and E. coli MKH13 pVVB2 (ectM ™). Specific growth rates
were determined from exponential phase growth of betaine-limited
cultures of E. coli MKH13 containing betM (A) and ectoine-limited
cultures of MKHI13 containing ectM (B). Lowering the glycine
betaine concentration from 1,000 pM to 10 uM (A) and the ectoine
concentration from 500 uM to 5 uM (B) led to a decreasing growth
rate of E. coli MKHI13. No growth was detected in the absence of
betaine and ectoine, respectively. The growth rate data of E. coli
MKHI13 pVVBI (betM ") and E. coli MKH13 pVVB2 (ectM ") were
fitted by nonlinear regression and described best by the Monod
model (A, B). The plot of growth rate against growth rate/compatible
solute concentration (Eadie-Hofstee plot) showed that cells contain-
ing betM have saturation constant (K;) of 21.8 pM (C) and cells
expressing ectM have a K value of 1.6 uM (D)

the cells for ectoines to be determined. The growth rates
under ectoine-limited conditions were fitted by non-lin-
ear regression. The model that best described the cor-
relation was the Monod model (Fig. 3). The plot of
growth rate against growth rate/ectoine concentration
(Eadie-Hofstee plot) showed that the cells had a satu-
ration constant K of 1.6 uM (=£0.55 SD) for ectoine.
The half-maximal growth rate under hydroxyectoine-
limited conditions was determined to be 2.5 uM (data
not shown), suggesting that EctM is a high-affinity
transport system for both ectoine and hydroxyectoine.
However, the maximum growth rate of E. coli cells
accumulating ectoine was significantly lower than the
growth rate of E. coli transporting betaine by BetM.
This might be caused by the less effective uptake of
ectoine via EctM compared to the betaine transport via
BetM (Fig. 3).
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Fig. 4 Osmoregulated uptake of glycine betaine in E. coli by
transporter BetM from M. halophilus. Cells of E. coli MKHI13
pVVBI (betM™) were grown in minimal medium (MMG63)
containing 170 mM NaCl and 2 mM glycine betaine. At time
zero, cells were exposed to osmotic stress by increasing the salt
concentration to 680 mM NaCl, and changes in the cytoplasmic
solute content were measured by high-performance liquid chroma-
tography, HPLC (e glycine betaine, ¥ trehalose). Solute content of
unshocked cells growing at a constant salinity of 170 mM NacCl is
shown as a control (O glycine betaine, V trehalose)

Transport of ectoine via EctM is enhanced
after osmotic upshock

To determine whether EctM is an osmoregulatory
system for ectoine accumulation, osmotic upshock
experiments similar to BetM were carried out. Mid-
exponential phase cultures of E. coli MKH13 pVVB2
were exposed to osmotic stress by increasing the salt
concentration from 170 mM NacCl to 680 mM NacCl in
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Fig. 5 Osmoregulated uptake of glycine betaine in E. coli by
transporter EctM from M. halophilus. Cells of E. coli MKHI13
pVVB2 (ectM™) were grown in minimal medium (MM63)
containing 170 mM NaCl and 2 mM ectoine. At time zero, cells
were exposed to osmotic stress by increasing the salt concentration
to 680 mM NaCl and changes in the cytoplasmic solute content
were measured by HPLC (e ectoine, V¥ trehalose). Solute content of
cells growing at a constant salinity of 170 mM NaCl is shown as a
control (O ectoine, V trehalose)

the presence of 2 mM ectoine (Fig. 5). Ectoine uptake
via EctM was enhanced in response to osmotic stress,
and ectoine was accumulated to its final concentration
immediately. However, the maximum reached was a
concentration of 0.70 pmol ectoine mg protein™' after
4.5 h; a value approximately three times lower than the
concentration of betaine accumulated by the BetM sys-
tem. Simultaneous with the transport of ectoine, treha-
lose was synthesized and accumulated as compatible
solute (Fig. 5). However, in contrast to the situation
with BetM, trehalose levels did not decline. The final
compatible solute content (ectoine plus trehalose) after
osmotic shock in cells expressing ectM was almost 50%
lower, reaching only 1.2 pmol mg protein™' compared to
the solute content (betaine plus trehalose) of E. coli
expressing betM having 2.2 pmol mg protein™' (Fig. 4).
The control cells of E. coli MKH13 without ectM failed
to accumulate ectoine after osmotic shock (data not
shown).

Discussion

Uptake of compatible solutes from the surrounding by
osmoregulated transporter is the most economic way of
accumulating compatible solutes and therefore preferred
over de novo synthesis (Oren 1999). Recent studies on
osmoregulated transport in the halophilic bacterium
H. elongata revealed an additional role of compatible
solute transporters as a recovery system for ectoine,
which leaks through the cytoplasmic membrane
(Grammann et al. 2002). The data presented here show
that M. halophilus carries the genes ectM and betM,
which can express osmoregulated, compatible solute
transporters for ectoine and betaine, respectively.
Analysis of the deduced amino acid sequences of the

genes revealed that both transporters belong to the
BCCT family. BCCTs are energized by pmf-driven or
smf-driven proton or sodium ion symport catalyzing the
uptake of trimethylammonium compounds. Carriers of
this family are widespread in members of the Bacteria
and Archaea domain. Many of these uptake systems are
involved in osmoregulated transport of compatible sol-
utes in Gram-positive bacteria [e.g., glycine betaine
transporters BetP (K, =8.6 uM), Peter et al. 1996; OpuD
(Km=13 uM), Kappes et al. 1996; BetL (K,,=7.9 uM),
Sleator et al. 1999) and Gram-negative bacteria (BetS,
K., =16 uM for glycine betaine; Boscari et al. 2002]. BetP
from B. subtilis was characterized as a transporter for
glycine betaine that can respond to osmotic stress by
regulating its own activity. The C terminal cytoplasmic
extension of BetP was proven to play an important role in
measuring the cytoplasmic potassium concentration and
thereby sensing changes in osmolality, which will activate
or deactivate the transport of solutes by BetP (Riibenha-
gen et al. 2000, 2001). Both EctM and BetM lack extensive
cytoplasmic termini. However, similar to BetP and OpuD,
both EctM and BetM posses a carboxy terminus with a
majority of charged amino acids. Like BetP and OpuD,
the carboxy end of BetM consists mainly of positively
charged amino acids, while the terminus of EctM has a
nearly balanced number of negative (nine) and positive
(ten) amino acid residues.

Like all other BCCTs, EctM is characterized by a
conserved stretch of amino acid residues, which also
contains the so-called signature sequence of BCCTs.
However, the signature sequence of EctM is modified by
two amino acid replacements at position 3 and at the
end of the signature. So far, there are only two other
transporters of the BCCT family in Bacteria, namely
EctP of C. glutamicum (K., for ectoine=63 puM) and
EctT of V. pantothenticus that have modified signature
sequences as well. In EctP, the last position of that
specific sequence carries a threonine instead threonine of
tryptophan. In EctT, the same tryptophan is replaced by
serine. It was argued by Kappes et al. (1996) that the
conserved stretch might be involved in substrate binding
and translocation across the membrane. Since EctM,
EctT, and EctP are the only BCCTs accepting ectoine as
substrate, it is tempting to speculate whether the ob-
served sequence alterations are the cause for the different
substrate specificities of these three carriers.

Both newly identified carriers EctM and BetM from
M. halophilus led to an enhanced accumulation of their
corresponding substrate in E. coli after osmotic up-
shock. Whether BetM and EctM function as osmoreg-
ulatory transporters in M. halophilus could not be tested
because genetic methods for M. halophilus are not yet
established. However, it was shown for other compatible
solute transporters that they basically function in the
same way in their parental strain as they do in E. coli.
Therefore, it can be assumed that EctM and BetM
function as osmoregulated transporters in M. halophilus
as well. Although osmoregulated transporters posses the
same basic functions in host cells, it was shown for BetP



of C. glutamicum that there are significant differences in
the transport characteristics of BetP when expressed as a
recombinant protein in E. coli MKHI13 (Peter et al.
1996). The NaCl concentration in the medium needed
for maximal activation of BetP by osmotic shift dropped
from 625 mM NaCl in C. glutamicum to 200 mM NaCl
when embedded in the E. coli membrane. While the
affinity to the substrate glycine betaine remained similar,
the Vmax of BetP was remarkably lower in E. coli, even
when betP was expressed under the control of a strong
promoter. These findings help to explain why EctM
accumulated only low amounts of compatible solute
when compared to BetM following osmotic upshock in
E. coli. This could be caused by a different membrane
composition in E. coli, leading to low activity of the
EctM protein or, by low expression of ectM under the
control of a Gram-positive promoter resulting in insuf-
ficient production of protein in a Gram-negative cell. To
characterize EctM and BetM in more depth, it is nec-
essary to analyze these carriers and their genes in
M. halophilus directly. This would also help clarify
whether EctM is involved in the recovery of newly
synthesized ectoine and hydroxyectoine leaking into the
medium, as it was described for TeaABC of H. elongata.
According to the presented data, EctM is the first BCCT
unable to transport trimethylammonium compounds
(glycine betaine, carnitine), and it seems to be a specific
ectoine and hydroxyectoine transporter. This makes
EctM a good candidate as a recovery system for ectoine.
Its specificity for one type of substrate and its high
affinity for the substrate are characteristics of other
salvage systems described so far (Hagemann et al. 1997;
Kempf and Bremer 1998; Grammann et al. 2002), both
which are apparently required to take over such a role.
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