
Many halophilic and halotolerant aerobic bacteria

under hyperosmotic stress conditions accumulate ectoine

(1,4,5,6�tetrahydro�2�methyl�4�pyrimidine�carboxylic

acid) in their cells [1�3]. Along with osmoprotectant

properties, ectoine acts as a biostabilizer of proteins,

DNA, RNA, and their complexes and also cells as a

whole; for this reason it is now widely used and microbio�

logical methods for its production are being developed.

Studies on regulation of ectoine synthesis in bacteria on

the physiological, genetic, and biochemical levels are

necessary for development of the scientific basis of corre�

sponding technologies. Bacterial biosynthesis of ectoine

is a recently found biochemical pathway that is a side

branch of synthesis of amino acids belonging to the aspar�

tate family: it is initiated by the transamination reaction

of L�aspartyl semialdehyde into L�2,4�DAB with L�glu�

tamic acid as a donor of the amino group and subsequent

acetylation to Nγ�acetyl�L�2,4�DAB and its cyclization

into ectoine (Fig. 1) [4].

The enzymes catalyzing these reactions—DAB�

aminotransferase (EctB), DABAcT (EctA), and ectoine

synthase (EctC)—are partially characterized only in the

halophile Halomonas elongata OUT30018 [5]. DABAcT

is the least studied due to its instability.

Recently we evaluated activities of the enzymes of

ectoine biosynthesis and decoded the genes encoding

them in the halotolerant alkalophilic methanotroph

Methylomicrobium alcaliphilum 20Z [6, 7]; this allowed

using a method of isolation and purification of subse�

quent enzymes based on cloning. The goal of this study

was cloning, isolation, and characterization of recombi�

nant DABAcT from M. alcaliphilum 20Z.
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Abstract—L�2,4�Diaminobutyrate (DAB) acetyltransferase (DABAcT) catalyzes one of the key reactions of biosynthesis of

the bacterial osmoprotectant ectoine—acetylation of L�2,4�DAB yielding Nγ�acetyl�2,4�DAB. Gene ectA encoding

DABAcT was cloned from DNA of the halotolerant methanotroph Methylomicrobium alcaliphilum 20Z and expressed in

Escherichia coli with an additional six His residues at the C�terminus. Homogeneous enzyme preparation with specific activ�

ity 200 U/mg was obtained by affinity metal�chelating chromatography. DABAcT was found to be a homodimer with molec�

ular mass 40 kD. The enzyme is most active at pH 9.5 and 20°C, and its activity increased threefold in the presence of 0.1�

0.2 M NaCl or 0.2 M KCl. The Km values of recombinant DABAcT measured at the optimal pH and temperature in the pres�

ence of 0.2 M KCl were 460 and 36.6 µM for L�2,4�DAB and acetyl�CoA, respectively. The enzyme is specific for L�2,4�DAB

and acetyl�CoA and is also active against propionyl�CoA (20%). Zn2+ and Cd2+ at 1 mM concentration completely inhibit

the recombinant enzyme; 10 mM ATP inhibits 26% of the enzyme activity, whereas EDTA, o�phenanthroline, ADP,

NAD(P), and NAD(P)H do not significantly effect the enzyme activity. The possible participation of DABAcT in regulation

of ectoine biosynthesis in M. alcaliphilum 20Z is discussed.
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MATERIALS AND METHODS

Bacteria and culture growth conditions. In this study,

we used the moderately halophilic methanotroph M.

alcaliphilum 20Z [8]. Culture was grown in an

air–methane atmosphere on mineral medium at the opti�

mal salt concentration (0.5 M NaCl) as described earlier

[9]. Escherichia coli XL1�Blue and BL21(DE3) cells

(Stratagene, USA) were grown on liquid or agarized

(1.5%) LB media from Difco (USA) at 37°C.

Evaluation of DABAcT activity. The enzyme activity

was measured at 20°C via formation of 5�thio�2�

nitrobenzoic acid (ε412 = 13.6 mM–1·cm–1) resulting from

interaction between 5,5′�dithiobis�(2�nitrobenzoic acid)

(DTNB) and sulfhydryl groups of CoASH released in the

course of the reaction [10]. The reaction medium (1 ml)

contained 50 mM Tris�HCl, pH 9.0, 0.1 mM DTNB,

1 mM acetyl�CoA, 0.2 M KCl, and 10 mM DAB. The

amount of DABAcT catalyzing formation of 1 µmol of

CoASH per min was taken as the activity unit (U).

Optical measurements were performed using a Shimadzu

UV�160 spectrophotometer (Japan).

Preparation of E. coli superproducer of EctA protein.
Genomic DNA were extracted from cells and purified as

described earlier [11]. Gene ectA was amplified by poly�

merase chain reaction (PCR) from M. alcaliphilum 20Z

DNA using a Hybaid thermocycler (England). We used

direct (5′�TTATCTCATATGTTGCCTGATAAAA�3′) and

reverse (5′�CCTCTCGAGAGCCTGAACCGCTTTGAA�

3′) primers containing the recognition sites for NdeI and

XhoI restrictases, respectively. These primers were pro�

duced based on the nucleotide sequence of the ectA gene

determined by us earlier and registered as AY607846 in

GenBank.

PCR was performed in 30 µl of reaction mixture

containing 68 mM Tris�HCl, pH 8.8, 17 mM (NH4)2SO4,

2.5 mM MgCl2, 0.1 mg/ml BSA from Fermentas

(Lithuania), 0.2 mM each dNTP, 10 ng of DNA tem�

plate, 1 µM corresponding primer, and 2 U BioTag DNA

polymerase from Dialat Ltd. (Russia). The following

temperature–time profile was used: 94°C for 2 min, 37°C

for 30 sec, and 72°C for 1 min; the following 30 cycles:

94°C for 30 sec, 50°C for 30 sec, and 72°C for 1 min. The

PCR products were analyzed by electrophoresis in 1%

agarose gel. The DNA fragments were isolated from

agarose and purified using a DNA Extraction kit from

Fermentas according to the procedure recommended by

the producer.

After treatment with NdeI and XhoI, the DNA frag�

ment was ligated into a pET22b+ vector from Novagen

(USA) with the same restriction sites opened under the

T7 phage promotor. The recombinant pETectA plasmid

thus obtained was transformed to E. coli XL1�Blue strain

for plasmid production and checking of the insertion

structure by sequencing. Then pETectA plasmid was

transformed to E. coli BL21(DE3) strain expressing RNA

polymerase of T7 phage under the control of the lacUV5

promotor [12]. Colonies were screened for EctA superex�

pression by SDS�PAGE according to Laemmli [13].

Restriction, ligation, and isolation of plasmids were per�

formed according to the standard procedures [14] using

enzyme sets from Fermentas.

Isolation and purification of the recombinant EctA
protein. The cells of recombinant E. coli BL21(DE3)/

pEctA were grown in 0.5 liter of LB medium with ampi�

cillin (50 µg/ml) at 37°C to the optical density A600 = 0.6�

0.7. Protein synthesis was induced by addition of 1 mM

isopropyl�1�thio�β�D�galactopyranoside (IPTG); the

cells were incubated in a shaker for 3 h at 37°C.

EctA�His6�tag was isolated from E. coli superpro�

ducer as described in the Quiagen (Germany) protocols

but with minor changes [15]. Biomass was precipitated

by centrifugation at 7000g for 15 min at 4°C, resuspend�

ed in 5 ml of 20 mM Tris�HCl, pH 8.0, containing

150 mM KCl, 20 mM imidazole, 1 mM phenylmethyl�

sulfonyl fluoride, and lysozyme (10 mg/ml) and disinte�

grated using a MSE ultrasonic disintegrator (England)

(150 W, 10 Hz, 3 times for 0.5 min with 1�min intervals).

Cell lysate was centrifuged at 10,000g for 20 min at 4°C,

and the supernatant was tested for DABAcT activity and

then applied onto a column with 5 ml of Ni2+�nitroac�

etate (NTA) agarose from Quiagen. After intensive wash�

ing with 20 mM Tris�HCl, pH 8.0, containing 150 mM

KCl and 70 mM imidazole, the bound EctA�His6�tag was

Fig. 1. Pathway of ectoine synthesis in bacteria [2]. EctA, DAB�acetyltransferase; EctB, DAB�aminotransferase; EctC, ectoine synthase.
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eluted with a buffer containing 150 mM KCl and 150 mM

imidazole. The protein spectrum of the collected frac�

tions 0.5 ml in volume was analyzed by SDS�PAGE

according to Laemmli [13]. The fractions containing

EctA�His6�tag were combined. The buffer was changed

for 50 mM Tris�HCl, pH 8.0, on a Sephadex G�25 col�

umn. The enzyme solution was applied onto a 1.5 ×
7.5 cm column with Blue Sepharose 6FF from Pharmacia

(Sweden) equilibrated with 50 mM Tris�HCl, pH 8.0.

DABAcT was eluted with a linear gradient of 0�0.5 M

NaCl in 50 mM Tris�HCl, pH 8.0; the flow rate was

30 ml/h. The fractions exhibiting DABAcT activity were

pooled and concentrated using Microcon YM�10 from

Millipore (USA).

Determination of molecular mass. The molecular

mass of the native enzyme was determined by gel filtra�

tion on a calibrated 1.5 × 100 cm column with Ultragel

AcA54 from LKB (Sweden) equilibrated with 50 mM

Tris�HCl, pH 8.0, containing 0.1 M KCl, using an HPLC

system from LKB; flow rate 15 ml/h. BSA (66 kD), oval�

bumin (45 kD), DNase (31 kD), and cytochrome c

(12.4 kD) from Pharmacia and Sigma (USA) were used as

protein markers. Protein yield was determined via optical

absorption at 280 nm using a LINEAR UVIS 200 UV

detector (USA). Molecular mass of subunits was deter�

mined by electrophoresis in 12% polyacrylamide gel in

the presence of SDS according to Laemmli [13] using a

kit of protein markers from Fermentas including β�galac�

tosidase (116 kD), BSA (66.2 kD), ovalbumin (45 kD),

lactate dehydrogenase (35 kD), endonuclease Bsp98I

(25 kD), β�lactoglobulin (18.4 kD), and lysozyme

(14.4 kD).

Other methods. Km values were calculated according

to the Michaelis–Menten equation using the ENZFIT�

TER program. Protein concentrations were determined

according to Lowry et al. [16] using BSA as the standard.

RESULTS

Cloning and expression of the ectA gene in E. coli. To

construct the DABAcT superproducer, ectA gene was

cloned in pET22b+ vector, which determines the synthe�

sis of recombinant protein with additional His6 residues at

the C�terminus. As a result, the pETectA construction

was obtained. In E. coli BL21 (DE3) cells transformed by

pETectA plasmid, after induction by IPTG for 3 h we

found by SDS�PAGE a major protein with electrophoret�

ic mobility corresponding to molecular mass ~20 kD in

the soluble fraction. Within S.E. limits, this value coin�

cides with the molecular mass calculated from the amino

acid sequence of the ectA gene (18.9 kD). In control E.

coli cells grown without inducer the protein band was not

detected (data not presented here).

Isolation and purification of recombinant DABAcT.
After affinity chromatography of E. coli BL21(DE3)/

Fig. 2. Electrophoresis of DABAcT in 12.5% polyacrylamide gel

in the presence of SDS (A). M, protein markers.
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pEctA lysate on a column with Ni�NTA agarose and elu�

tion with imidazole, the protein was additionally purified

by dialysis on a column with Sephadex G�25 and chro�

matography on a column with Blue Sepharose 6FF.

Finally, electrophoretically homogeneous EctA�His6�tag

preparation with the specific activity 200 U/mg was

obtained (Fig. 2).

Properties of DABAcT. By the gel filtration data, the

molecular mass of the native enzyme is 40 kD; this corre�

sponds with dimeric form (2 × 20 kD) of the native

enzyme (Fig. 3).

The enzyme is active in the pH range from 7.5 to

10.5 with the optimum at pH 9.5 (Fig. 4). The enzyme

activity increased threefold in the presence of 250 mM

KCl or 100�150 mM NaCl (Fig. 5). The optimum reac�

tion temperature is 20°C (Fig. 6).

The enzyme catalyzes condensation of acetyl�CoA

with DAB, yielding Nγ�acetyl�2,4�DAB; this was proved

by HPLC and 1H�NMR spectroscopy. α�, β�, and γ�

aminobutyrate, ornithine, lysine, or aspartate cannot act

as the substrates for DABAcT. However, DABAcT exhib�

ited activity with propionyl�CoA (20% activity compared

to acetyl�CoA) and negligible activity with acetoacetyl�

CoA, malonyl�CoA, and succinyl�CoA (<5%). Activity

with methylmalonyl�CoA, hydroxybutyryl�CoA, croton�

yl�CoA, and valeryl�CoA was not detected. This indicates

specificity of the enzyme for acetyl�CoA and DAB.

The dependence of the reaction rate on DAB and

acetyl�CoA concentrations obeys the Michaelis–Menten

equation. The calculated Km values for DAB and acetyl�

CoA are 460 and 37 µM, respectively.

Bivalent metal cations at 1 mM concentrations

slightly inhibited DABAcT activity, excluding Zn2+ and

Cd2+, which almost completely inhibited the enzyme

activity (Table 1). The inhibitory action of Zn2+ was can�

celled by 2 mM EDTA.

DABAcT activity was not suppressed by o�phenan�

throline and EDTA; this indicates the absence of metals

in the enzyme molecule. ADP, NAD(P), and NAD(P)H

do not significantly effect DABAcT activity. ATP inhibit�

ed by 18% the enzyme activity at 1 mM concentration

and by 26% the activity at 10 mM concentration. KCl

(0.2 M) did not affect the degree of enzyme inhibition by

ATP (Table 2).

The purified DABAcT preparation is stable in

50 mM Tris�HCl, pH 8.5, containing 0.2 M KCl at least

for one month at 4 and –70°C at protein concentration

0.5 mg/ml.

DISCUSSION

L�2,4�DAB aminotransferase, L�2,4�DABAcT, and

L�ectoine synthase, specific enzymes of biosynthesis of

the bacterial osmoprotectant ectoine, have been partially

purified and characterized only in Halomonas elongata

Fig. 4. Temperature dependence of DABAcT activity.
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OUT 30015 [5]. This is mainly due to difficulties in eval�

uation of their activity. To measure DABAcT activity in

this study, we adapted a well�known procedure applied for

citrate synthase detection [10]. In addition, a complete

nucleotide sequence of the DABAcT gene in M.

alcaliphilum 20Z determined by us earlier [8] allowed

using methods for protein production based on cloning

and expression of the ectA gene in E. coli; this significant�

ly simplified the procedure for the recombinant enzyme

purification by affinity chromatography. As a result, a

homogeneous DABAcT preparation with the specific

activity 200 U/mg was obtained for the first time.

Partially purified enzyme from H. elongata had specific

activity 50 U/mg protein, but it was unstable and thus was

not well studied [5].

Along with common properties, comparison of the

DABAcT from two halotolerant strains revealed some

distinctions. Their temperature optimum is unusually

low, i.e., about 20°C, and they are stimulated by NaCl or

KCl (0.1�0.3 M in M. alcaliphilum 20Z or 0.4 M NaCl in

H. elongata). However, DABAcT from the methanotroph

has maximal activity at higher pH (pHopt = 9.5) com�

pared with that for the enzyme from H. elongata (pHopt =

8.2). These properties of DABAcT correspond well with

different dependence of bacterial growth on salt concen�

tration and pH. Thus, M. alcaliphilum 20Z grows in 0.05�

1.5 M NaCl concentration range (optimal concentration

0.5 M) and pH 9.0, whereas H. elongata grows with the

maximal rate in neutral medium in the presence of 2 M

NaCl.

Dependence on high ionic strength is typical of most

enzymes of halophilic archaebacteria using so�called

“salt” type of osmotic adaptation; its essence is accumu�

lation of inorganic ions (mainly K+ and Cl–) in the cells

[3]. Stimulation of DABAcT activity with NaCl or KCl

can indicate that the enzymes of the pathway of ectoine

biosynthesis have “halophilic” nature. Although the

studied methanotroph accumulates mainly ectoine to

equilibrate external osmotic pressure, high K+ concen�

trations (0.17�0.36 M) are also detected in the cells; at

NaCl concentration in the growth medium from 0.07 to

1 M, this suggests a “mixed” type of osmotic adaptation

[6]. The concentration dependence of the KCl stimulat�

ing effect of DABAcT activity in vitro corresponds well

with the intracellular K+ concentration in this methano�

troph.

The inhibitory action of ATP on the activity of DAB

acetyltransferase discovered by us accounts for possible

regulation of distribution of aspartate flow via two meta�

bolic pathways in vivo. ATP is a substrate of aspartokinase

catalyzing the first reaction of the pathway of biosynthe�

sis of ectoine and amino acids of the aspartate family;

excess ATP level may be a result of deficient aspartate

pool in cells. In this case, inhibition of DABAcT dimin�

ishes outflow of aspartyl semialdehyde necessary not only

for ectoine, but also for lysine, threonine, and methion�

ine biosynthesis.

Thus, it follows from the data that the pathway of

biosynthesis of the bioprotectant ectoine providing

osmotic adaptation of M. alcaliphilum 20Z may be regu�

lated at the level of DABAcT activity.

Reagents and measurement
conditions

Control

1 mM EDTA

1 mM o�phenanthroline

1 mM NH2OH

1 mM ATP

1 mM ATP*

5 mM ATP

10 mM ATP

10 mM ATP*

1 mM ADP

1 mM NAD+

1 mM NADH

1 mM NADP+

1 mM NADPH

Residual
activity, %

100

96

98

92

80

82

78

74

74

101

98

100

89

95

Table 2. Effect of various compounds on DABAcT activ�

ity in the presence of 0.2 M KCl

Salt, 1 mM

Control 

MnCl2

BaCl2

CaCl2

NiCl2

MgCl2

CdCl2

CoCl2

RbCl2

CuCl2

CuCl2 + EDTA (2 mM)

ZnSO4

ZnSO4 + ЕDTA (2 mM)

FeSO4

FeSO4 + EDTA (2 mM)

Residual
activity, %

100

88

91

89

87

94

0.2

102

88

78

98

5

91

84

102

Table 1. Effect of bivalent metal cations on DABAcT

activity in the presence of 0.2 M KCl

* Residual activity was measured in the absence of KCl.
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