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The ectABC genes encoding the biosynthesis of ectoine were identified from Nesterenkonia halobia DSM
20541. The intergenic regions of the ectABC genes from N. halobia DSM 20541 were more loosely spaced
than those that had been reported before. The amino acid sequence deduced from ectABC of the strain
was highly homologous to the EctABC of Brevibacterium linens BL2 (EctA 50%, EctB 70%, and EctC
68 % identities). The osmoprotection of ectABC was studied in the Escherichia coli KNabc and E. coli XL1-
Blue. The results revealed that ectABC could shorten the lag phase and enhance the final OD600 of E. coli
XL1-Blue in MM63 medium containing 0.68 M NaCl, and could initiate KNabc growth in 0.2 M NaCl.
Ectoine was proven to be accumulated in E. coli KNabc/[pGEM-Nect using HPLC-UV, and validated by

LC-MSD-Trap-VL.
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Halotolerant and halophilic prokaryotes living in high salt
environments have developed two principal mechanisms,
the salt-in-cytoplasm mechanism and the organic-osmolyte
mechanism, to avoid the loss of water from the cell and
achieve a cytoplasm osmotic strength similar to that of the
surrounding environments (Spring et al., 1996; Sleator and
Hill, 2001; Oren, 2002; Lu et al., 2006). Moderate halophilic
and the most halotolerant bacteria mainly adopt the organic-
osmolyte mechanism. Ectoine, one of the best-investigated
compatible solutes, is the most common osmolytes in aerobic
moderate halophilic bacterium (Goller et al., 1998; Ventosa
et al., 1998). The synthesis pathways of ectoine have been
elucidated in many bacteria (Peters et al., 1990; Reshetnikov
et al., 2006; Zhao et al., 2006). The genes (ectABC) of the
biosynthetic pathway of ectoine were first cloned from
Marinococcus halophilus by function complementation in E.
coli XL1-Blue, which could make XL1-Blue grow in the
MM63 medium containing 0.86 M NaCl and cause osmor-
egulation in response to medium salinity (Louis and Galinski,
1997). Recently, more ectABC clusters have been cloned from
Halomonas elongata (Goller et al., 1998), Chromohalobacter
salexigens (formerly Halomonas elongata DSM 3043) (Canovas
et al., 1998), Bacillus pasteurii (Kuhlmann and Bremer, 2002),
Halobacillus dabanensis D-8" (Zhao et al., 2006) and Methyl-
omicrobium alcaliphilum 20Z (Reshetnikov et al., 2006), but
they did not initiate E. coli XL1-Blue growth on MMG63
medium containing 0.86 M NaCl (Louis and Galinski, 1997;
Canovas et al., 1998; Reshetnikov et al., 2006; Zhao et al.,
2006).

The use of sodium proton antiporters is another strategy
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to induce high salinity tolerance, and they are universal sec-
ondary ion transporters in bacteria. Typically, they expel toxic
Na® and Li* ions from the cytoplasm at the expense of the
proton motive force, thus playing an important role in cyto-
plasmic Na* and pH homeostasis and providing energy for
Na® symports. There exist four Na*/H"-antiporters (NhaA,
NhaB, Cha, and Mdf) in E. coli. E. coli KNabc, the mutant
of NhaA, NhaB, and Cha, does not grow in LBK medium
containing 0.2 M NaCl (Ohyama et al., 1994; Nakamura et
al., 1996). However, E. coli MKH13, the mutant of proP and
proU, can not accumulate choline and glycine betaine by
transportation into the cytoplasm and does not grow in
minimal medium A containing 0.8 M NaCl (Haardt et al.,
1995). So the compatible solutes, such as trehalose, proline
betaine and glycine betaine together with the Na™/H" anti-
porters confer the ability of halotolerance on E. coli wild
type strains, and the Na*/H" antiporters are more important.
Hence, the salt sensitive mutant E. coli KNabc can be used
to study the osmoprotection of compatible solutes, because
the halotolerance endowed by the Na*/H™ antiporters was
almost completely attenuated, which makes the compatible
solutes become more important.

N. halobia DSM 20541 (formerly designated as Micrococcus
halobia; hereafter N. halobia), the type species of the genus
of Nesterenkonia, is a Gram-positive, moderately halophilic,
heterotrophic bacterium and its GC content is rich (about
72%). Optimum growth occurs on media containing 1 to 2 M
NaCl, and moderate growth occurs in the presence of 4 M
NaCl, but no growth occurs on media lacking NaCl or KCL
Ectoine and hydroxyectoine are the predominant compatible
solutes in N. halobia (Ventosa et al., 1998). The character-
istics of this strain are quite different from other bacteria
which contained similar pathway. It is a good material to
study the halophilic mechanism, thus the ectABC gene cluster
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responsible for the synthesis of ectoine from N. halobia was
cloned, and its osmoprotection in different E. coli strains
was studied.

Materials and Methods

Bacterial strains, plasmids, media, and growth condi-
tions

N. halobia from DSMZ was routinely propagated at 37°C in
Gibson’s medium containing 1.5 M NaCl or in DSMZ me-
dium 229. E. coli XL1-Blue and E. coli KNabc were grown
at 37°C in LBK (Goldberg et al., 1987) or in MM63 me-
dium (Miller, 1972). The antibiotic used was 100 pg/ml of
ampicillin. The pGEM-T easy vector (Promega, USA) was
used as general vector for cloning and sequencing. Plasmid
pGEM-3zf (+) was kindly provided by TA. Krulwich.

DNA manipulation and materials

Nucleic acid manipulation and general cloning procedures
were performed with standard methods (Joseph and Davis,
2001). Competent cells of E. coli XL1-Blue and E. coli
KNabc were prepared with the method described by Inoue
et al. (1990). Restriction endonucleases, TaKaRa RNA PCR
Kit (AMYV, ver3.0), LA Tag DNA polymerase and T4 DNA
ligase were purchased from TaKaRa Dalian Co. Phusion
DNA polymerase for PCR amplification was obtained from
New England Biolabs Inc.. Ectoine was purchased from
Sigma, USA. Synthesis of oligonucleotide primers was con-
ducted at Sangon Biotech (China). DNA sequencing was per-
formed at TaKaRa Dalian Co. (China). Databank searches
were performed through the National Center for Biotechnol-
ogy Information (NCBI) using the BLAST program.

Probe construction and labeling

To isolate a fragment of the ectABC genes from N. halobia,
a PCR strategy with degenerate primers was used. Forward
primer; (ectB-up) 5-GGWGARATHTTYGTBATWATGGG
DCT-3’ and reverse primer; (ectB-down) 5-AWVCGHARB
GCYTCRTCCAARTCATG-3’ were used for PCR with chro-
mosomal DNA of N. halobia as a template. The reaction
was conducted using the following conditions: denaturation
at 94°C for 50 sec, annealing at 52°C for 50 sec, extension
at 72°C for 40 sec, 30 cycles. The PCR product was cloned
into the pGEM-T easy vector and sequenced. The recombi-
nant plasmid was digested completely with EcoRI, and then
the DNA fragments of about 497 bp were purified and
labeled as a probe to detect the entire ectABC genes in N.
halobia. Labeling of the fragments was performed with the
DIG-High Prime DNA Labeling and Detection Starter Kit
I (Roche Diagnostic GmbH, Germany) as recommended by
the manufacturer.

Southern blot hybridization

Genomic DNA of N. halobia was digested completely with
Aatll, BamHI, Notl, Sacl, and Sall. The resulting fragments
were fractionated by electrophoresis in 0.7% agarose gels, and
transferred to a positive-charged nylon membrane (Hybond,
USA) and hybridized with the above-mentioned probe. Sout-
hern blot hybridization and detection were performed ac-
cording to standard techniques, using the DIG-High Prime
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DNA Labeling and Detection Starter Kit I as described
previously.

Inverse PCR (IPCR)

To obtain the nucleotide sequence flanking the DNA frag-
ment, inverse PCR (IPCR) was carried out. IPCR was per-
formed essentially as described earlier (Ochman et al., 1988).
The genomic DNA was completely digested by BamHI, and
purified and self-ligated with T4 DNA ligase at 16°C for
48~72 h. Then the circular fragments were used as tem-
plates and one pair of primers: NIP1; 5-GCCGCGAACCT
GCCTCAGAA-3’ and NIP2: 5-TGACGCTGGGCTCGCTG
TCGGT-3’, derived from the nucleotide sequence of the
PCR products were used for the IPCR.

Osmotic expression of ectABC gene cluster in E. coli
The forward primer; 5-CGGAATTCTGAAGCGTCCCGTC
CG-3’: the EcoRI site is underlined and the reverse primer;
5-GCTCTAGAGTGATGCTCGTCTGCCTGAT-3": the Xbal
site is underlined, were used for PCR with the genomic
DNA of N. halobia as a template to obtain a 3.444 kb frag-
ment. The reaction was conducted using Phusion DNA pol-
ymerase as the following conditions: denaturation at 98°C
for 10 sec, annealing at 52°C for 10 sec, extension at 72°C
for 1 min 40 sec, 30 cycles. The amplified DNA was purified
and digested with EcoRI and Xbal and cloned into pGEM-
3zf (+) (also digested with EcoRI and Xbal), resulting in
pGEM-Nect. The plasmid pGEM-Nect was transformed into
E. coli KNabc and E. coli XL1-Blue. Then the salt tolerance
and growth curves of the two E. coli strains with pGEM-
Nect in different concentrations of NaCl were determined.

Identification and validation of ectoine accumulation
in KNabc/pGEM-Nect
The extraction of ectoine was carried out according to Kuhl-

M 1 2 3 4 5
bp

19,329 —

7,743 —
6,223 —

4,254 —
3,472 —

2,690 —

1,882 —
1,489 —

925 — [N
421—»__'

Fig. 1. Southern blot analysis of Sall (1), Sacl (2), Notl (3),
BamHI (4) and Aatll (5) completely digested genomic DNA of N.
halobia. The DIG-labeled 497 bp fragment DNA probe produced
by PCR was used to detect the entire ORF of ectABC gene
cluster. M, A/EcoT14 DNA Marker.
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Fig. 2. Cloning strategy: a physical map of the 5.496 kb fragment from N. halobia is shown. A, the segment obtained by inverse PCR
(IPCR); B, the segment obtained from a partial gene bank; C, the segment merged with A and B. Orientation of oligonucleotide primers
and the probe are shown. The -10 and -35 regions of the putative o”-dependent promoter are marked with dotted lines, and the -10 and
-35 regions of the putative c°-dependent promoter are underlined. The potential ribosome-binding sites (RBSs) are boxed. Stop codons
are marked with asterisks. The degenerate primers ectB-up and ectB-down, the inverse PCR primers NIP1 and NIP2 and the RT-PCR pri-

mers A-B F, A-B R, B-C F and B-C R are also indicated.

mann (Kuhlmann and Bremer, 2002). HPLC-UV (Agilent,
USA) was used to prove ectoine synthesis in E. coli KNabc/
pGEM-Nect. The chromatographic conditions were as fol-
lows: the mobile phase was acetonitrile: water (80:20 v/v) at
a flow rate of 1 ml/min. Detection was performed at 210 nm.
Validation of the corresponding HPLC peak with ectoine
was confirmed by LC-MSD-Trap-VL (Agilent, USA). The
aim of the LC/MS analysis was to identify ectoine accord-
ing to the mol peak of 142 g/mol.

RNA isolation and RT-PCR

Total RNA and RT-PCR were prepared according to Lu
(Lu et al., 2006). Primers A-B F; 5-ACCTGTTCACCGAA
GACCTC-3’, A-B R; 5 TTGGTGAACGACAGGATGTG-3,
B-C F; 5~AGAAGGGCATCAAGGTCATC-3" and B-C R;
5’-GTGATCTCGTGGACCTCGTC-3” were designed from the
ectA, ectB, and ectC sequences, respectively (Fig. 2). The
absence of contaminating genomic DNA was controlled by
non-RT-PCR performed under the same conditions, except
that the avian myeloblastosis virus reverse transcriptase was
replaced with DEPC-treated H>O.

Nucleotide sequence accession number
The nucleotide sequence of the N. halobia ectABC genes

and the flanking sequences have been submitted to GenBank
and have been assigned accession number EU035983.

Results and Discussion

Cloning of the ectABC genes from N. halobia

Two stretches of amino acids, AGSLNYGHN (N-terminus)
and BTVQGEGGIN (C-terminus) based on the well-con-
served regions of ectB, were chosen to synthesize the de-
generate primers called ectB-up and ectB-down. A 497 bp
amplicon using the genomic DNA of N. halobia as the tem-
plate was obtained and sequenced. BLAST search showed
that the deduced amino acid sequence of this fragment was
highly similar to the ectB gene of Brevibacterium linens BL2
(81% identity, 92% positive), so we concluded it might be
the partial sequence of ectB from N. halobia. In order to
obtain the entire ORF of the ectABC gene cluster, Southern
blot hybridization experiments were carried out and the
ectABC gene cluster was detected on a 2.87 kb BamHI
fragment (Fig. 1). A pair of primers, NIP1 and NIP2, de-
rived from the 497 bp PCR product was used to amplify
the entire ORF of ectABC from the 2.87 kb fragment by
IPCR technique. The strategy for IPCR is shown in Fig. 2.
However, computer analysis and database searches revealed
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Table 1. Sequence identities (%) between the diaminobutyric acid acetyltransferase (EctA), diaminobutyric acid aminotransferase (EctB),
ectoine synthase (EctC) proteins of ‘Nesterenkonia halobia DSM 20541’ and those from the other bacteria

Bacteria Proteins The length of intergenic region between
EctA EctB EctC ect4 and ectB ectB and ectC
Nesterenkonia halobia DSM 20541 100 100 100 169 bp 206 bp
Marinococcus halophilus DSM 2581 38 54 41 89 bp 104 bp
Sporosarcina pasteurii DSM 337 34 57 46 49 bp 158 bp
Halobacillus dabanesis D-8" 37 56 48 15 bp overlap
Chromohalobacillus salexigens DSM 3043 36 50 36 22 bp 115 bp
Methylobacter alcaliphilus 20Z 36 51 40 42 bp 50 bp
Brevibacterium linens BL2 50 70 68 167 bp 155 bp
Rhodococcus sp. RHAI 50 61 58 27 bp 19 bp
Nocardia farcinica TFM 10152 50 60 58 overlap overlap
Streptomyces avermitilis 48 60 59 29 bp 57 bp
Streptomyces chrysomallus 46 60 56 158 bp 86 bp
Bacillus halodurans 37 59 42 106 bp 39 bp
Vibrio cholera 36 52 42 23 bp 35 bp
Oceanobacillus iheye HTES831 38 57 46 0 bp 15 bp

that the 2.87 kb IPCR product only contained the entire
ectB and ectC but not the ect4 gene.

Because of the high GC content of the genomic DNA, it
was quite difficult to carry out a second inverse PCR. So
after a few unsuccessful attempts, the second IPCR was
abandoned. Then several Southern blot hybridizations (data
not shown) were performed and revealed a Sphl site located
in front of the 2.87 kb DNA segment with a distance of
about 2.4 kb, which comprised the entire ect4 (about 600
bp in length). Also, a Bg/II site was located in the 2.87 kb
DNA segment at a distance of 2.6 kb from the 5’ end (Fig.
2). These two sites (Sphl and Bgl/II) would be good ones to
construct the partial gene library. The genomic DNA was
digested completely with Sphl and Bg/ll, and the 4.5~5.5
kb fragments containing the entire ect4 gene were obtained
and purified using the EZ Spin Column DNA Gel Extraction
Kit (BBI, Canada). The fragments were ligated into pUC18
digested with Sphl and BamHI, and the ligation products
were transformed into E. coli DH5a. The white colonies
were all picked out, and the correct transformants were se-
lected by colony PCR. After sequenced and merged with
the 2.87 kb DNA fragment, a 5.496 kb fragment was ob-
tained (Fig. 2).

Sequence analysis of the 5.496 kb fragment

DNA sequence analysis of the 5.496 kb fragment revealed
the presence of four complete open reading frames (ORFs)
oriented in the same direction (Fig. 2): ORF1, ectd, ectB,
and ectC. They were predicted to encode proteins of 538,
175, 427, and 128 amino acids with deduced molecular masses
of 57261, 19137, 46929, and 14696 Da, respectively. Also an
incomplete ORF, ORF2, was in the 3’ end of the 5.496 kb
fragment and oriented in the reverse direction. In the ectABC
gene cluster, each gene is preceded at an appropriate dis-
tance by a putative ribosome-binding site oriented in the

same direction. The intergenic region between the ect4 stop
codon (TAG) and the ectB start codon (ATG) is 169 nucleo-
tides in length, and the intergenic region between the ectB
stop codon and the ectC ATG start codon is 206 nucleo-
tides in length. Both are more loosely spaced than those of
H. dabanensis, C. salexigens, M. halophilus, B. halodurans,
and Methylomicrobium alcaliphilum 20Z etc. (Table 1). The
transcription initiation site of the DNA sequence upstream
of the ect4 was predicted through the Internet (http:/www.
fruitfly.org/seq_tools/promoter.html) and revealed the pres-
ence of two putative promoters: chttp://www.fruitfly.org/seq_
tools/promoter: ¢ and o® (Fig. 1). The -35 and -10 se-
quences (ATGACG [16nt] GATAAT) of the putative o’
dependent promoter matched well with the one (TTGACA
[16-18nt] TATAAT) of E. coli. However, the -35 and -10 se-
quences (GTTGAT [14nt] CAGTAT) of the putative "-de-
pendent promoter did not match well with the one (GTTTAA
[12-14nt] GGGTAT) of Bacillus subtilis. Examination of the
translation termination codon downstream of the ectC gene
did not reveal the presence of a factor-independent tran-
scription terminator signal with its typical inverted repeat
structure and run of consecutive T residues.

Amino acid sequence homologies

Database searches with the BLAST network service showed
a significant degree of sequence identity of the N. halobia
EctABC proteins to enzymes known to be involved in ec-
toine biosynthesis in the moderate halophilic bacteria M.
halophilus, H. elongata, C. salexigens (formerly H. elongata
DSM 3043), Sporosarcina pasteurii (formerly Bacillus pas-
teurii DSM 33") and Halobacillus dabanesis. These database
searches also revealed ectABC gene clusters in the finished
genomes of Rhodococcus sp. RHA1, Nocardia farcinica IFM
10152, Streptomyces avermitilis, Streptomyces chrysomallus, B.
halodurans, Vibrio cholerae, Oceanobacillus iheye HTE831
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and in the incomplete genome sequence of Brevibacterium
linens BL2 (Table 1 and Fig. 3). Generally, the EctABC pro-
teins of N. halobia shared a much higher sequence identity
with the taxonomically closely related species belonging to
Actinobacteridae such as B. linens BL2, Rhodococcus sp.
RHAL, S. avermitilis, and S. chrysomallus. B. linens BL2
showed the highest degree of amino acid sequence identity
to N. halobia (EctA, 50%; EctB, 70%; EctC, 68%) (Fig. 3).
ORF1 was predicted to encode di- and tri-carboxylate trans-
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porters showing a high level of amino acid sequence identity
with B. linens BL2 (48%). The closest homologue of ORF2,
the incomplete ORF of 622 bp, is a gene encoding a TctA
subunit of the tripartite tricarboxylate transport (TTT) family
from Ralstonia eutropha H16, with 57% derived amino acid
identities or a gene encoding the large inner membrane
subunit of the TRAP-T family transporter from Rhodobacter
sphaeroides 2.4.1, with 56% derived amino acid identities.
From the above-mentioned, the genes flanking the ectABC

A)
Nesterenkonia halobia wesassssssssessss MPDSADDPAHSGEEIE LS W 42
Bacillus halodurans MOVOCNEKAFKGGFIINSQIATAPPKTLDTTITIGKETVE ¥ 58
Brevibacterium linens N L 10 NELA 21
Chromchalobacter salexigens MDMTPTTENETPSADLARPSVBDTVIGSAKKTLF;! TTH Y 60
Rhodococcus sp. 0 i e eisereaean MTEVQKSAIPTTAPDAVLFRSEEI [B 44
Streptomyces avermitilis ersssssesesss  MTAAHADLOAEFLEMPEGLRIDREDVA NELA 46
Vibrio cholerae = i i iee i MIYPQIMHKPALPWV TOH L 41
Nesterenkonia halobia 101
Bacillus halodurans 117
Brevibacterium linens 80
Chromchalobacter salexigens 120
Rhodococcus sp. 103
Streptomyces avermitilis 106
Vibrio cholerae 100
Nesterenkonia halobia QQE 157
Bacillus halodurans EYNTQCEEE 176
Brevibacterium linens T....NALRE EQRDBNCE! 136
Chromchalobacter salexigens DRwaPLNSRE STG.Q 178
Rhodococcus sp. RRDTAINKQE! SPN le2
Streptomyces avermitilis TDEYGVTG QRHGIDLE‘.RE lee
Vibrio cholerae L KI.DHEQGEIQGSVET DETCHFE 159
Nesterenkonia halobia 176
Bacillus halodurans 189
Brevibacterium linens 146
Chromchalobacter salexigens 193
Rhodococcus sp. 170
Streptomyces avermitilis 179
Vibrio cholerae 173
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Streptomyces avermitilis
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Fig. 3. Alignments of the predicted amino acid sequence of EctABC of N. halobia with those of Bacillus halodurans, Brevibacterium linens,
Chromohalobacter salexigens, Rhodococcus sp., Streptomyces avermitilis, and Vibrio cholerae. 1dentical amino acids in all aligned proteins are
highlighted in black and similar amino acids are shown in grey. Gaps introduced to maximize alignment are indicated by dashes. (A) the
2,4-diaminobutyrate aminotransferase (EctA), (B) the ectoine synthase (EctC), (C) the 2,4-diaminobutyrate acetyltransferase (EctB); Arrows
indicate the four invariant amino acid residue conserved in EctB.
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cluster were both related to the transportation of tricarbox-
ylates, the substrates in the tricarboxylic acid cycle, so the
synthesis of ectoine in N. halobia might be closely related
with energy. Also, EctB has a high similarity to aminotrans-
ferase (Louis and Galinski, 1997, Canovas et al., 1998).
There exist four invariant amino-acid residues (such as Gly-
217, Asp-243, Lys-272, and Arg-393) of the highly conserved
regions of all transaminases, which play a specific structural
or functional role. The first three were present in EctB,
and the fourth residue, an arginine binding the o-carbox-
ylate group of the substrate, was replaced by lysine (Lys-
393) in all EctB. As expected, the four amino-acid residues
(Gly-211, Asp-237, Lys-266, and Lys-388) were all present
in the EctB of N. halobia, and were consistent with those
found in EctB reported previously (Fig. 3C).

RT-PCR analysis

The ectABC gene cluster has been proven to be transcribed
as an operon in M. halophilus, S. pasteurii, and M. alcaliphi-
lum 20Z, but N. halobia had much longer intergenic regions
among the ectABC genes. The more loose physical organ-
izations prompted the question of whether the ectABC genes
were transcribed as an operon, so RT-PCR was carried out
using primers as described in Fig. 2. The RT-PCR products
of the correct size and sequence were obtained across each
pair of the genes in the entire ectABC gene cluster, and
controls for DNA contamination of the RNA preparations
using direct PCR without the RT step were negative (Fig. 4).
These results demonstrated that ectA, ectB, and ectC are
organized in one operon and are transcribed in one common
transcript. Moreover, the DNA sequences upstream of ectB
and ectC were also analyzed through the Internet (http://
www.fruitfly.org/seq_tools/promoter.html) and no putative pro-
moter was found. Additionally, database searches showed
that B. linens BL2, the taxonomically closely related species,
has the same characteristics as N. halobia. So the intergenic
regions of the ectABC genes might be different among the

A) (B)

M
bp bp

19,329 —
7,743 =

4,254 —
2,690 —|
1,882::

925—]

Fig. 4. Gel electrophoresis analysis of the RT-PCR products. (A)
Products obtained with primers B-C F and B-C R (lanes 1 and
2), A-B F and A-B R (lanes 4 and 5) (B) Products obtained with
primers A-B F and B-C R (lanes 1 and 2). Positions of molecular
size markers (in base pairs) are indicated on the left. Negative
controls containing the same amounts of RNA, primers and LA
Taq polymerase, but not reverse transcriptase, were included in
this assay [lanes 3 and 6 in (A) and lane 3 in (B), respectively].
M, DNA molecular marker.

Cloning and characterization of ectABC gene cluster from Nesterenkonia halobia 315

various species, in spite of the constitutive ectABC genes.

Osmotic expression of ectABC genes in E. coli strains
To verify whether ectABC genes from N. halobia enhance
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Fig. 5. Osmoprotection of the ectABC cluster from N. halobia in
E. coli. (A) Growth curves of E. coli XL1-Blue transformants in
MM63 medium with 0.68 M NaCl, (B) Growth of cells of E. coli
transformant KNabc/pGEM-3zf (+) and KNabc/pGEM-Nect were
grown in LBK medium in the presence of NaCl from 0 to 0.2 M
in 48 h. (C) Growth curve of E. coli KNabc transformants in LBK
with different concentrations of NaCl. Cells were grown in LBK
medium containing 0 M NaCl [m, KNabc/pGEM-Nect; o, KNabc/
pGEM-3zf(+)], 0.05 M NaCl [a, KNabc/pGEM-Nect; ~, KNabc/
pGEM-3zf(+)] and 0.1 M NaCl [e, KNabc/pGEM-Nect; o, KNabc/
pGEM-3zf(+)].
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the growth of E. coli in high NaCl content, osmotic expre-
ssion experiments were carried out with E. coli XL1-Blue and
E. coli KNabc lacking three Na*/H™ antiporters of NhaA,
NhaB, and Cha. Expression of the ectABC gene cluster
from N. halobia in E. coli XL1-Blue did not enable it to
grow in MM63 medium containing 0.86 M NaCl, but the
expression in E. coli XL1-Blue could shorten the lag phase
and raise the final ODgy in MM63 medium with 0.68 M
NaCl (Fig. 5A). The growth of E. coli KNabc/pGEM-Nect
in liquid LBK medium in the presence of NaCl was moni-
tored (Fig. 5B). Cells of strain KNabc/pGEM-Nect could
grow in the presence of 0.2 M NaCl, whereas cells of strain
KNabce/pGEM-3zf(+) did not. As shown in Fig. 5C, ectABC
gene cluster could enhance the final ODgg and shorten the
lag phase of strain KNabc. To confirm ectoine accumulation

(A) 1

mAU
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in strain KNabc/pGEM-Nect, the cell extracts were analyzed
using HPLC-UV. In the UV chromatogram, the peak of ec-
toine (at 4.430 min) was shown both in the standard of ec-
toine (Fig. 6A) and the extract of the KNabc/pGEM-Nect
(Fig. 6B), but not in the extract of KNabc/pGEM-3zf(+)
(Fig. 6C), which showed that ectoine was synthesized in the
strain KNabc/pGEM-Nect, but not in KNabc/pGEM-3zf(+).
To be more convinced, the peak of 4.430 min in the UV
chromatogram was further examined by LC-MS, obtaining
the characteristic peak of ectoine: [M+H]" at m/z 143.1 in
the mass spectrum of the standard (Fig. 7A) and the extracts
from the strain KNabc/pGEM-Nect (Fig. 7B). The mass spec-
trometry results confirmed that the substance detected by
HPLC analysis of the extracts from the strain KNabc/pGEM-
Nect was ectoine.
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Fig. 6. Detection of ectoine accumulation in KNabc/pGEM-Nect cells using HPLC with UV detector. (A) UV spectra of the standard of
ectoine, (B) UV spectra of the extracts from the strains KNabc/pGEM-Nect, and (C) UV spectra of the extracts from the strains

KNabc/pGEM-3zf(+). The arrows indicate the ectoine peak.
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Fig. 7. Validation of the peak at 4.430 min by LC-MSD-Trap-VL. (A) Mass spectra at 4.430 min of the standard ectoine. (B) Mass spectra
at 4.430 min of the cells extracts from the strain KNabc/pGEM-Nect. The arrows indicate the ectoine peak.

To our knowledge, it is the first time that the ectABC
gene cluster was cloned from the GC-rich and the repre-
sentative of halophilic actinomycetes. For the first time, the
osmoprotection of the ectABC gene cluster was studied in
the E. coli mutant of Na*/H" antiporter. The salt sensitive
E. coli mutant KNabc is a better object to study the osmo-
protection of ectoine, when ectABC gene cluster was trans-
ferred to the mutant, the transformant strain KNabc/pGEM-
Nect can grow in presence of 0.2 M NaCl, but did not
grow in more than 0.2 M NaCl condition. It is meant that
the ectoine could complement the E. coli strains lacking
Na*/H" antiporter in salt condition and hence the fact
showed that the relationship between the compatible solutes
and the Na*/H" antiporters in halotolerant mechanism of
moderate halophiles.
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