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Abstract D-Tagatose is a highly functional rare keto-

hexose and many attempts have been made to convert

D-galactose into the valuable D-tagatose using L-arabinose

isomerase (L-AI). In this study, a thermophilic strain

possessing L-AI gene was isolated from hot spring sludge

and identified as Anoxybacillus flavithermus based on its

physio-biochemical characterization and phylogenetic

analysis of its 16s rRNA gene. Furthermore, the gene

encoding L-AI from A. flavithermus (AFAI) was cloned and

expressed at a high level in E. coli BL21(DE3). L-AI had a

molecular weight of 55,876 Da, an optimum pH of 10.5

and temperature of 95�C. The results showed that the

conversion equilibrium shifted to more D-tagatose from

D-galactose by raising the reaction temperatures and adding

borate. A 60% conversion of D-galactose to D-tagatose was

observed at an isomerization temperature of 95�C with

borate. The catalytic efficiency (kcat/Km) for D-galactose

with borate was 9.47 mM-1 min-1, twice as much as that

without borate. Our results indicate that AFAI is a novel

hyperthermophilic and alkaliphilic isomerase with a higher

catalytic efficiency for D-galactose, suggesting its great

potential for producing D-tagatose.
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Introduction

D-Tagatose is a ketohexose rarely found in nature.

Recently, there has been increasing industrial interest in

D-tagatose as a low-calorie sugar-substituting sweetener

(1.5 kcal/g), because it has only 30% of the energy content

of sucrose (Kim 2004). Physiological studies have shown

that D-tagatose does not elicit any increase in blood glucose

levels and is thus safe for patients suffering from diabetes

(Levin 2002; Talebi et al. 2008). Since it has unique

properties as a functional sweetener, D-tagatose has been

approved as a ‘‘generally recognized as safe (GRAS)’’

material for human consumption (FDA 2003; Levin 2002).

D-Tagatose is expected to create new markets and

compete with sugar-substituting polyalcohol. Currently, it

has been used in confectionery, beverages and health foods

(Talebi et al. 2008; Lu et al. 2008). In addition to the above

uses, it could potentially be used as a prescription drug

additive to mask unpleasant tastes, and as sweetener,

stabilizer and humectant in cosmetics and toothpastes

(Ibrahim and Spradlin 2000). Furthermore, it can be used in

the Maillard reaction to improve food flavor and antioxi-

dant activity (Brands et al. 2000).

Since D-tagatose has a great potential for use in a variety

of applications, it is important to develop a method for its

mass production. In the past, chemical isomerization of
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D-galactose was used in the production of D-tagatose

(Beadle et al. 1992). However, the complexity of the

chemical production and the high costs and environmental

concerns associated with it have limited the development

and application of D-tagatose. The enzyme conversion

method can be applied to produce D-tagatose without these

problems and, not surprisingly, many research groups have

attempted to develop a biocatalysis process for D-tagatose

production (Izumori and Tsuzaki 1988; Freimund et al.

1996; Haltrich et al. 1998; Manzoni et al. 2001).

L-arabinose isomerase (L-AI) can be used to produce

D-tagatose from D-galactose using the Izumoring strategy

(Izumori 2006). Because of the structural similarity

between L-arabinose and D-galactose, including the

shared L-cis-hydroxyl configuration at C3–C4, L-AI can

catalyze the isomerization of D-galactose into D-tagatose

in addition to the interconversion of L-arabinose and

L-ribulose (Cheetham and Wootton 1993; Yoon et al.

2003; Kim et al. 2002, 2003). Several groups have cloned

the L-AI genes from different strains and transformed

them into E. coli. The rate from D-galactose to D-tagatose

in the conversion equilibrium is 28.8% (w/w) at 30�C

using E. coli L-AI (Oh et al. 2001); 45% (w/w) at 60�C

using the recombinant L-AI from thermophilic Geoba-

cillus thermodenitrificans (Kim and Oh 2005); 50% (w/w)

at 70�C and 56% (w/w) at 80�C using the recombinant

L-AI from hyperthermophilic Thermotoga maritima (Lee

et al. 2004). These results indicate that using L-AI at

higher temperatures may be particularly useful for

D-tagatose production. Therefore, the development of a

thermostable enzyme is a key step in the development of

a method for efficient bioconversion of D-tagatose.

Moreover, the food grade L-AIs from Lactobacillus genus

were characterized and proved attractive for D-tagatose

production during storage of milk and yoghurts

(Chouayekh et al. 2007; Rhimi et al. 2010).

In this study, a thermophilic bacteria Anoxybacillus

flavithermus that produces L-AI was isolated and identified

from hot spring sludge. The gene encoding L-AI from

A. flavithermus was cloned and expressed in E. coli

BL21(DE3). The ability of the recombinant L-AI to convert

D-galactose to D-tagatose at different reaction conditions

was then determined. This is the first report about L-AI

from Anoxybacillus flavithermus, and the properties of the

enzyme were studied in detail.

Materials and methods

Materials

L-arabinose, D-galactose, D-tagatose, D-xylose and D-xylu-

lose were purchased from Sigma-Aldrich Inc. Tryptone,

yeast extract, agar and other chemicals and reagents used in

this study were of analytical grade.

Bacterial strains, plasmid and media

Medium A was a Thermus medium (Williams and Da

Costa 1991) used to isolate bacterial strains from high-

temperature surroundings using L-arabinose as the sole

carbon source. Medium B was used for cell growth and

contained 5 g of tryptone, 1 g of yeast extract, 0.7 g of

NaNO3, 0.1 g of Na2HPO3, 0.06 g of CaSO4�2H2O, 0.2 g

of MgSO4�7H2O, 0.1 g of CaCl2 and 2.2 mg of

MnSO4�H2O per liter, at pH 7.5. The solid media of A and

B contained 15 g of agar per liter.

E. coli strain BL21(DE3) and plasmid pET-21a(?)

(Novagen) were used as the host cell and expression vector,

respectively. The L-AI gene was transformed into E. coli

BL21(DE3), and transformed cells were cultivated in

Luria–Bertani (LB) medium.

Culture conditions and screening of bacteria

Samples were taken from a hot spring sludge in Tengchong

Atami Park, Yunnan Province, China. The samples were

diluted and spread on medium A agar plates. The plates

were incubated at 65�C for 1–2 days until single colonies

appeared. Those single colonies were incubated at 65�C in

liquid medium B while being shaken at 200 rpm for

1–2 days to enrich the cultures. Cells in the cultures were

disrupted by an ultrasonic process, and the suspension was

centrifuged at 12,000 rpm for 10 min at 4�C. The super-

natant was then used for the L-AI assay.

Physiological and biochemical analysis

To find optimal growth conditions for the isolated strain, it

was cultivated in medium B at different conditions (tem-

perature and pH ranged from 20 to 90�C, and 3.0 to 10.0,

respectively). The morphology of the strain was observed

using a light microscope. Salinity tolerance was tested by

incubation of bacterial cells in LB medium supplemented

with 0–10% (w/v) NaCl. Catalase activity, motility,

hydrolysis of starch, reduction of nitrate and utilization of

carbon source were studied according to the ‘‘Bergey’s

Manual of Determinative Bacteriology, 9th edition’’ (John

et al. 1994).

Phylogenetic determination

The sequence of the 16s rRNA gene was obtained from the

total DNA of A. flavithermus by PCR amplification with

primers 16s-27F (50-AG(A/G)GTTTGATC(A/C)TGGCT

CAG-30) and 16s-1387R (50-GGGCGG(A/T)GTGTACAA
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GGC-30). Phylogenic trees were constructed by alignment

of the 16s rRNA gene sequence with related sequences

from GenBank using the CLUSTAL X software package

and the MEGA3.0 package.

Gene cloning of L-AI from A. flavithermus

According to the conserved sequence of L-AI amino acid

residues that have been reported, two degenerate primers,

AI370F (50-AA(C/T)CA(A/G)TC(A/T/G/C)GC(T/C/G)CA

CGG(T/C)GA-30) and AI1330R (50-GT(A/G)TG(A/G)TG

(A/T/C)GC(A/T)CCGCC(A/T/G)GC-30), were designed.

The partial sequence of L-AI was amplified from the

chromosomal DNA of A. flavithermus. The full-length

sequence of the L-AI was amplified by PCR using two

oligonucleotide primers, AI-F (50-CGGAATTCATGCTGT

CATTACGTCCTTA-30) and AI-R (50-GCGTCGACCGCC

CCCGCCAGAATACTTC-30), which were designed

according to the sequence of L-AI from G. stearothermo-

philus (accession number EU394214). The restriction sites

Nde I and EcoR I (underlined) were added to the primer

sequences to aid in the construction of the expression

vector.

Enzyme expression and purification

The expression vector pET-21a(?) and PCR product of the

L-AI gene were digested with EcoR I and Sal I. The gene was

then ligated with the expression vector to create pET-AI. The

recombinant plasmid was transformed into E. coli BL21(DE3).

The recombinant E. coli was cultivated in LB medium

containing 100 lg/ml of ampicillin while being shaken at

200 rpm and at 37�C. When the OD600 reached 0.6, IPTG

was added to the culture medium at 0.5 mM (final con-

centration) to induce enzyme expression, and the culture

was grown at 37�C for 2–4 h.

The cells were harvested by centrifugation at 4�C for

10 min at 12,000 rpm. They were disrupted by sonication,

and the suspension was centrifuged at 4�C for 10 min at

12,000 rpm. The supernatant was heated at 80�C for 5 min

and centrifuged at 4�C for 10 min at 12,000 rpm to remove

host proteins. The supernatant was further purified using an

NTA nickel-ion column. Purification of AFAI was deter-

mined by SDS-PAGE. Protein concentration was deter-

mined using the Lowry method with BSA as a standard

(Lowry et al. 1951).

Enzyme activity assays

The activity of AFAI was analyzed by determining the

amount of D-tagatose obtained from D-galactose using the

cysteine-carbazole method (Dische and Borefreund 1951).

The concentration of D-tagatose in the reaction was

calibrated based on the standard linear graph prepared

using different concentrations of D-tagatose. One unit of

enzyme activity was defined as the amount of enzyme that

catalyzes the formation of 1 lmol of D-tagatose per minute.

To determine the effect of temperature on AFAI activ-

ity, AFAI was incubated in 50 mM glycine–NaOH buffer

(pH 9.5) and 5 mM substrate for 20 min at different tem-

peratures (55–100�C). The reaction was stopped by cooling

the tubes in ice. The amounts of D-tagatose produced were

determined using the cysteine-carbazole method. The

effect of pH on AFAI activity was determined at different

pH using citric acid–sodium phosphate buffer (pH 6.5–8.0)

and glycine–NaOH buffer (pH 8.0–10.5).

To evaluate the effect of metal ions on AFAI activity,

enzymes were used after incubation with the addition of

1 mM LiCl, NaCl, KCl, NiCl2, ZnCl2, CuCl2, CoCl2,

BaCl2, MnCl2, MgCl2 or FeCl3 at 20�C for 1 h, and after

dialysis overnight at 4�C against the glycine–NaOH buffer

(pH 9.5). The activity of AFAI was defined as the value

relative to its activity in the absence of added metal ions.

To determine the kinetic parameters, all enzymatic

assays were performed for 30 min at 95�C in 50 mM

glycine–NaOH buffer (pH 9.5) or 10 mM borate buffer (pH

9.5) at various concentrations of substrate (0.5–10.0 mM).

The values of Km, Vmax and kcat were obtained from

Lineweaver–Burk plots.

Different aldoses, L-arabinose, D-xylose, D-glucose and

D-allose, were used as substrates to examine the specificity

of AFAI as described above. All experiments used to

determine the properties of the recombinant AFAI were

carried out at least in duplicate.

Analysis of isomerization product

The product of the isomerized reaction was identified by thin-

layer chromatography (TLC) and high-performance liquid

chromatography (HPLC). TLC of isomerization product in

ethyl acetate–acetic acid–water (3:3:1, v/v/v) was performed

using the ascending technique and 0.2 mm silica gel-coated

aluminum sheets. Each plate was sprayed with 10% concen-

trated H2SO4 and then heated to visualize the spots. The

product obtained from the aldose isomerization by AFAI was

also estimated by HPLC with RI detector, using Sugar-PakTM

column (6.5 9 300 mm, Waters USA) and eluting at 80�C by

deionized H2O (0.5 ml/min).

Results and discussion

Isolation and identification of the strain producing L-AI

To select thermophilic bacterial strains producing L-AI

more easily and efficiently, samples were coated on the
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plates of Thermus medium A containing L-arabinose as the

sole carbon source and cultured at 65�C. Several strains

were isolated from the hot spring sludge of Tengchong

Atami Park and inoculated into liquid medium B. The

lysate was used to measure the L-AI activity for isomer-

izing D-galactose into D-tagatose by the cysteine-carbazole

method. Our initial observations showed that only the

strain TC-06 could convert D-galactose to D-tagatose (data

not shown).

Upon visual inspection, the colony morphology of TC-

06 was circular, white and smooth with regular edges and a

diameter of 1–3 mm. A close microscopic examination

revealed that the strain TC-06 was typically a rod-shaped

Gram-positive bacteria. The strain was cultivated at dif-

ferent temperature and pH conditions for 3 days, and the

OD600 values of culture solutions were determined (data

not shown). Our results showed that the strain TC-06 could

be cultivated in a wide range of growth temperature

(45–70�C) and pH (5.5–9.5) conditions, while its growth

optimum temperature and pH values were 55�C and 8.5,

respectively. Therefore, not only could the strain TC-06 be

grown at higher temperatures, but it could also tolerate

higher alkaline pH.

Some phenotypic properties of strain TC-06 were ana-

lyzed and are summarized in Table 1. Compared to related

strains, the characteristics of strain TC-06 were almost the

same as those of A. flavithermus DSM 2641T (Pikuta et al.

2000), but were quite different from that of other species of

the Anoxybacillus genus (Kevbrin et al. 2005; Dulger et al.

2004; Pikuta et al. 2000). Furthermore, the 16s rRNA gene

of strain TC-06 was found to share 99% identity with the

A. flavithermus strain according to the BLAST program. In

the phylogenetic tree (Fig. 1), the relationship of strain TC-

06 and the related species was identified by calculating

genetic distance of the 16s rRNA gene in the GenBank,

which indicated that the relationship between strains TC-06

and A. flavithermus was very close. On the basis of phe-

notypic and phylogenic analysis, strain TC-06 was thus

identified as a strain of A. flavithermus.

Table 1 Comparison of the phenotypic characteristics of strain TC-06 and related strains

Characteristic Strain designations

Strain

TC-06

A. flavithermus
DSM 2641T a

A. kamchatkensis
JW/VK-KG4T b

A. kestanbolensis
NCIMB 13971T c

A. pushchinoensis
DSM 12423T d

Motility ? ? ? ? -

NaCl(3%,w/v) ? - ? ? ?

NO3
- to NO2

- - ? ? ? ?

Starch hydrolysis ? ? - ? ?

Catalase ? ? - ? -

Mannose ? ? - ? ND

Arabinose ? ? - - -

Galactose ? ? ? ND -

Sucrose ? ? ? ? ?

Maltose ? ? ? ? ND

Lactose - ND - - -

?, positive; -, negative; ND not determined
a Pikuta et al. 2000, b Kevbrin et al. 2005, c Dulger et al. 2004, d Pikuta et al. 2000

Fig. 1 Phylogenetic relationships of 16s rRNA gene of TC-06 and

related species. Sequence alignment and phylogenetic tree construc-

tion were done by CLUSTAL X v1.83 and MEGA 3.0. A. amylolyticus
AJ618979, A. ayderensis NR_024837, A. beppuensis AB243446,

A. contaminans NR_029006, A. flavithermus FN666242, A. gonensis
AY248706, A. kamchatkensis AM999779, A. kestanbolinensis AY24-

8710, A. kualawohkensis DQ401072, A. mongoliensis EF654664,

A. thermarum EU326496, A. tunisiense AM902721, A. voinovskiensis
NR_024818, TC-06
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Gene cloning and sequence analysis

The 934 bp partial sequence of L-AI gene was obtained by

PCR using a pair of degenerate primers. Sequence align-

ment showed that the partial nucleotide sequence shared

high identity with that of G. stearothermophilus. Hence,

the full-length gene was amplified by using primers based

on G. stearothermophilus L-AI. A 1491-bp PCR product

was obtained. Sequence analysis showed that it encoded a

496-amino-acid polypeptide with a calculated molecular

weight of 55,876 Da. The pI value of AFAI was calculated

to be 5.09. The nucleotide sequence of AFAI gene has been

deposited in the Genbank sequence database under acces-

sion number HQ589928.

Figure 2 shows the amino acid sequence alignment of

several L-AIs with the enzyme from A. flavithermus.

Comparison of the AFAI amino acid sequence with those

of other AIs showed that the enzyme has the highest

identity to AIs from a closely related thermophilic bacteria

G. stearothermophilus (96.3%). In addition, AFAI also

showed high similarity and identity to other AIs from

different species such as E. coli (59.4%), B. subtilis

(62.6%) and T. maritima (60.83%). Although AFAI dis-

played the highest sequence identity with L-AI from

G. stearothermophilus (GSAI), the properties of these two

enzymes were a little different (Table 2). Slight differences

in the amino acid sequence between the two L-AIs may

account for difference in structure and function of the

enzyme molecules.

Overexpression and purification of AFAI

The full-length AFAI gene was cloned into pET-21a(?)

expression vector, which was transformed to E. coli

BL21(DE3). After induction of enzyme expression by

IPTG, the recombinant protein was overexpressed, which

produced an apparent band in an SDS-PAGE gel (Fig. 3).

SDS-PAGE gels were analyzed using Molecular Imager�

Gel DocTM XR? System with Image LabTM Software from

Bio-Rad. Our results show that the molecular weight of the

recombinant protein must be 56.3 kDa, which is close to

the theoretically predicted value. Moreover, the recombi-

nant protein comprised 20–25% of the total proteins in the

cell, which indicated it was overexpressed.

The E. coli lysates were heated at 80�C for 5 min to

remove the majority of endogenous proteins, while the

recombinant AFAI remained soluble and active. The

enzyme was purified using an Ni–NTA affinity column

after heat treatment. The overall yield of the purified

recombinant protein was 30 mg/L of bacterial culture.

Fig. 2 Alignment of the amino acid sequences of A. flavithermus and other microbial L-AIs. AFAI, A. flavithermus L-AI(HQ589928); GSAI,

G. stearothermophilus L-AI (EU394214); BSAI, B. subtilis L-AI (1769994); ECAI, E. coli L-AI (M15263); TMAI, T. maritima L-AI (AE000512)
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It had more than 90% purity and a specific activity of 26.4

U/mg. These results indicated that the recombinant AFAI

was successfully overexpressed and purified.

Assessment of AFAI activity in different conditions

The effects of pH and temperature on recombinant AFAI

activity were examined with D-galactose as substrate. AFAI

activities at the optimal pH and temperature were defined

as 100%. The activity of AFAI was dependent on high pH

and temperature, and the enzyme was not active below pH

7.0 and 75�C (Fig. 4). The maximal activity of AFAI was

at 95�C and pH 9.5–10.5.

The effect of metallic ions on the recombinant AFAI

activity is depicted in Fig. 5. The enzyme activity was

inhibited by Zn2?, Fe3?, Mg2?, Co2?, Cu2? and Mn2?, and

was increased by Ni2?. As far as we know, the majority of

L-AIs were not active in the absence of metallic ions (Oh

2007). They required Co2? and Mn2? as cofactors to

enhance their activities or thermostabilities. In our study,

the recombinant AFAI had higher activity without adding

metallic ions at 95�C. This result was very similar to that of

previous reports (Rhimi and Bejar 2006) showing that

Mn2? or Co2? was not necessary for the activity of AFAI,

while they could inhibit its activity.

The properties of L-AIs from the different strains are

summarized in Table 2. Compared to L-AIs from other

strains, AFAI had the highest optimal temperature and pH,

suggesting that this enzyme was hyperthermophilic and

alkaliphilic. Our results showed that the relative activity

was less than 50% below 85�C and pH 9.5 and that the

recombinant AFAI activity was dependent on higher tem-

perature and pH value. Also, AFAI was stored at 4�C, and

the activities were examined after 5, 15, 30 and 60 days

with the standard reaction conditions. The activities of

AFAI stored for various days remained unchanged (data

not shown).

Substrate specificity of AFAI

The specificity of AFAI was investigated in different

substrates (L-arabinose, D-xylose, D-galactose, D-glucose,

D-allose) by the cysteine-carbazole method. The results

showed that no activity or slight activity of AFAI was

found for all the tested substrates in the temperature range

from 55 to 75�C (data not shown). However, when the

temperature was increased to 95�C, the activity of AFAI

was greatly elevated and it had an unexpectedly high

preference for D-galactose. While L-arabinose and D-xylose

Table 2 Biochemical of AFAI and other microbial L-AIs and apparent Km values for L-arabinose and D-galactose

Strain for enzyme source Temp opt. (�C) pH opt. Metallic ion Km (mM)

L-arabinose D-galactose

Aerobacter aerogenesa 50 6.4–6.9 Mn2? 33 270

G. stearothermophilusb 60 7.5 Mn2? 67 145

Mycobacterium smegmatisc 45 7.0–7.5 Mn2? Co2? Mg2? NR NR

Thermoanaerobacter mathraniid 65 8 Mn2? 80 120

Thermotoga neapolitanae 85 7 Mn2? Co2? 116 250

T. maritimaf 90 7.0–7.5 Mn2? Co2? 31 60

L. sakeig 30–40 5.0–7.0 Mn2? Mg2? 31.6 59

A. flavithermus 95 9.5–10.5 Ni2? 78.5 25.2

NR not reported
a Yamanaka and Wood 1966, b Kim et al. 2003, c Izumori et al. 1978, d Jørgensen et al. 2004, e Kim et al. 2002, f Lee et al. 2004, g Rhimi et al.

2010

Fig. 3 SDS-PAGE analysis of AFAI. Lane M protein markers; Lane

1 total cell; Lane 2 supernatant; Lane 3 heat treatment at 80�C for

5 min; Lane 4 purified recombinant AFAI
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showed lower activity (40% or less, compared with

D-galactose), D-glucose and D-allose could not serve as

substrates for AFAI (Fig. 6).

The substrate specificities for L-AIs from many different

strains are shown in Table 3. It suggested that AFAI had

higher specificity toward D-galactose than L-arabinose.

Other L-AIs reported normally had lower substrate activity

for aldose except L-arabinose and no activity on D-xylose,

so AFAI might be a new isomerase.

Kinetic parameters of AFAI

The Michaelis constant (Km) of AFAI was calculated

from Lineweaver–Burk plots. The Km obtained for the

conversion of D-galactose under standard assay conditions

is shown in Table 4.

Moreover, it was found that the addition of borate into

the reaction mixture would promote D-tagatose formation

(Kim et al. 2009). The Km for D-galactose with borate was

26.81 mM, which was close to that for D-galactose without

borate. These results indicated that borate could not change

the affinity of AFAI for D-galactose. However, AFAI

had twofold higher enzyme efficiency (kcat/Km) toward

D-galactose, which indicated that the trend of reaction

equilibrium was shifted to produce D-tagatose by borate. It

is worth noting that it has previously been postulated that

borate can change the equilibrium of any enzyme reaction

Fig. 4 Effect of temperature (a) and pH (b) on the activity of the

recombinant AFAI. The AFAI activity was assayed at different pH

values ranging from 6.5 to 10.5 at 95�C for 20 min and at different

temperatures ranging from 70 to 100�C at pH 9.5 for 20 min using

5 mM D-galactose as substrate. Activities at the optimal pH and

temperature were defined as 100%. Inset TLC analysis of bioconver-

sion of D-galactose into D-tagatose at 80, 85, 90, 95 and 100�C (a); pH

6.5, 7.5, 8.5, 9.5 and 10.5 (b). Tag, D-tagatose; Gal, D-galactose

Fig. 5 Effect of metallic ions on the activity of the recombinant

AFAI. Assays were carried out in the presence of 5 mM D-galactose

and 1 mM various metallic ions for 20 min at 95�C. Activities of the

control were defined as 100%

Fig. 6 Substrate specificity of AFAI
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involving cis-diol sugars by generating sugar–borate

complex (De Muynck et al. 2006; Kim et al. 2008).

Bioconversion of D-galactose and D-tagatose by AFAI

The bioconversion-product patterns of D-galactose were

analyzed by TLC. The most significant result obtained

from TLC analysis was that D-tagatose formation increased

with increasing temperature (80–100�C) and pH

(6.5–10.0). These results were consistent with the data

shown in Fig. 4.

Figure 7 shows the time course of D-tagatose production

from D-galactose by purified AFAI at the optimal condi-

tions (95�C and pH 9.5) with borate. A 60% conversion of

D-galactose to D-tagatose was obtained when the equilib-

rium was reached after 1 h. It has been reported that the

rates of L-AIs in the conversion equilibrium from B. ste-

arothermophilus and T. maritima were 48% at 70�C after

7 h, and 56% at 80�C after 6 h, respectively (Rhimi and

Bejar 2006; Lee et al. 2004). Thus, the L-AI from A. flavi-

thermus showed higher activity when compared to the

other L-AIs under the optimum conditions (Table 2).

As indicated by these results, using AFAI to produce

D-tagatose from D-galactose has more advantages than

using the other L-AIs: (1) AFAI is more thermophilic and

thermostable than mesophilic enzymes, which can increase

the utilization efficiency of the enzyme. (2) As an alkali-

philic isomerase, AFAI is favorable for constructing a

stable bioreactor by using immobilized enzyme to produce

D-tagatose in the presence of borate without sacrificing

enzyme activity. (3) AFAI showed the best substrate

specificity for D-galactose and gave the highest yield of

D-tagatose, so the enzyme is suitable for industrial pro-

duction of the rare sugar. In conclusion, AFAI may be a

new isomerization enzyme, which will have the potential to

be used widely for efficient conversion of D-galactose to

D-tagatose.

In future studies, the best applicable reaction conditions

will be investigated to obtain high production of D-tagatose.

The structure–function relationship of the recombinant

Table 3 Isomerization activities of AFAI and other microbial L-AIs

Strain for enzyme source Relative activity (%)

D-galactose L-arabinose D-xylose D-glucose

Geobacillus stearothermophilusa 100 239 17 ND

Geobacillus thermodenitrificansb 100 1482 7 0

Thermoanaerobacter mathraniic 11 100 0 0

Lactobacillus plantarumd 100 950 15 ND

Bacillus subtilise 0 100 0 ND

Bacillus licheniformisf 2 100 0 0

A. flavithermus 100 40 32.3 0

ND not determined
a Kim et al. 2003, b Kim and 2005, c Jørgensen et al. 2004, d Chouayekh et al. 2007, e Kim et al. 2009, f Prabhu et al. 2008

Table 4 Kinetic parameters of AFAI

Substrate Vmax (lmol/L min) Km (mM) kcat (min-1) kcat/Km (mM-1 min-1)

D-galactose 232.56 25.19 129.94 5.16

D-galactose with borate 454.55 26.81 253.94 9.47

L-arabinose 94.53 78.5 52.81 0.67

Fig. 7 Bioconversion of D-galactose into D-tagatose using the

purified AFAI. The substrate solution comprising 5 mM D-galactose

and 10 mM borate (pH 9.5) was prepared. AFAI was added to initiate

the reaction by the enzyme/substrate ratio of 1/10 (w/w). Assays were

carried out in standard conditions without addition of metal ions
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AFAI will also be analyzed and more insights into the

mechanisms of the isomerization reaction will be gained.

In summary, we have isolated, overexpressed and

characterized an alkalithermophilic L-AI from A. flavi-

thermus. Data obtained from TLC, quantitative cysteine-

carbazole method and HPLC analysis suggest that the

active AFAI obtained could efficiently catalyze D-galactose

into D-tagatose.
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chemo-enzymatic synthesis of D-tagatose. J Carbohydr Chem

15:115–120

Haltrich D, Leitner C, Neuhauser W, Nidetzky B, Kulbe KD, Volc J

(1998) A convenient enzymatic procedure for the production of

aldose-free D-tagatose. Ann NY Acad Sci 864:295–299

Ibrahim OO, Spradlin JE (2000) Process for manufacturing D-taga-

tose. US Patent 6057135

Izumori K (2006) Izumoring: a strategy for bioproduction of all

hexoses. J Biotechnol 124:717–722

Izumori K, Tsuzaki K (1988) Production of D-tagatose from

D-galactitol by Mycobacterium smegmatis. J Ferment Technol

66:225–227

Izumori K, Ueda Y, Yamanaka K (1978) Pentose metabolism in

Mycobacterium smegmatis: comparison of L-arabinose isome-

rases induced by L-arabinose and D-galactose. J Bacteriol

133:413–414

John GH, Noel RK, Peter HAS, James TS, Stanley TW (1994)

Bergey’s manual trust: Bergey’s manual of determinative

bacteriology: 9th edn. The Williams and Wilkins Company, PA

Jørgensen F, Hansen OC, Stougaard P (2004) Enzymatic conversion of

D-galactose to D-tagatose: heterologous expression and character-

isation of a thermostable L-arabinose isomerase from Thermoanae-
robacter mathranii. Appl Microbiol Biotechnol 64:816–822

Kevbrin VV, Zengler K, Lysenko AM, Wiegel J (2005) Anoxybacillus
kamchatkensis sp. nov., a novel thermophilic facultative aerobic

bacterium with a broad pH optimum from the Geyser valley,

Kamchatka. Extremophiles 9:391–398

Kim P (2004) Current studies on biological tagatose production using

L-arabinose isomerase: a review and future perspective. Appl

Microbiol Biotechnol 65:243–249

Kim HJ, Oh DK (2005) Purification and characterization of an L-arabinose

isomerase from an isolated strain of Geobacillus thermodenitrifi-
cans producing D-tagatose. J Biotechnol 120:162–173

Kim BC, Lee YH, Lee HS, Lee DW, Choe EA, Pyun YR (2002)

Cloning, expression and characterization of L-arabinose isomer-

ase from Thermotoga neapolitana: bioconversion of D-galactose

to D-tagatose using the enzyme. FEMS Microbiol Lett 212:

121–126

Kim HJ, Ryu SA, Kim P, Oh DK (2003) A feasible enzymatic process

for D-tagatose production by an immobilized thermostable

L-arabinose isomerase in a packed-bed bioreactor. Biotechnol

Prog 19:400–404

Kim NH, Kim HJ, Kang DI, Jeong KW, Lee JK, Kim Y, Oh DK

(2008) Conversion shift of D-fructose to D-psicose for enzyme-

catalyzed epimerization by addition of borate. Appl Environ

Microbiol 74:3008–3013

Kim SB, Park SW, Song SH, Lee KP, Oh DK, Lim BC, Kim HJ

(2009) Manufacturing method of tagatose using galactose

isomerization of high yield. US Patent 2009/0306366 A1

Lee DW, Jang HJ, Choe EA, Kim BC, Lee SJ, Kim SB, Hong YH,

Pyun YR (2004) Characterization of a thermostable L-arabinose

(D-galactose) isomerase from the hyperthermophilic eubacterium

Thermotoga maritima. Appl Environ Microbiol 70:1397–1404

Levin GV (2002) Tagatose, the new GRAS sweetener and health

product. J Med Food 5:23–36

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein

measurement with the folin phenol reagent. J Biol Chem 193:265–275

Lu Y, Levin GV, Donner TW (2008) Tagatose, a new antidiabetic and

obesity control drug. Diabetes Obes Metab 10:109–134

Manzoni M, Rollini M, Bergomi S (2001) Biotransformation of

D-galactitol to tagatose by acetic acid bacteria. Process Biochem

36:971–977

Oh DK (2007) Tagatose: properties, applications, and biotechnolog-

ical processes. Appl Microbiol Biotechnol 76:1–8

Oh DK, Kim HJ, Ryu SA, Kim P (2001) Development of an

immobilization method of L-arabinose isomerase for industrial

production of tagatose. Biotechnol Lett 23:1859–1862

Pikuta E, Lysenko A, Chuvilskaya N, Mendrock U, Hippe H, Suzina

N, Nikitin D, Osipov G, Laurinavichius K (2000) Anoxybacillus
pushchinensis gen nov., sp. nov., a novel anaerobic, alkaliphilic,

moderately thermophilic bacterium from manure, and descrip-

tion of Anoxybacillus flavithermus comb. nov. Int J Syst Evol

Microbiol 50:2109–2117

Prabhu P, Tiwari MK, Jeya M, Gunasekaran P, Kim IW, Lee JK

(2008) Cloning and characterization of a novel L-arabinose

isomerase from Bacillus licheniformis. Appl Microbiol Biotech-

nol 81:283–290

Rhimi M, Bejar S (2006) Cloning, purification and biochemical

characterization of metallic-ions independent and thermoactive

L-arabinose isomerase from the Bacillus stearothermophilus
US100 strain. Biochim Biophys Acta 1760:191–199

Rhimi M, Ilhammami R, Bajic G, Boudebbouze S, Maguin E, Haser

R, Aghajari N (2010) The acid tolerant L-arabinose isomerase

from the food grade Lactobacillus sakei 23 K is an attractive

D-tagatose producer. Bioresour Technol 101:9171–9177

Extremophiles (2011) 15:441–450 449

123



Talebi F, Garcia MAA, Lee T, Chang PK, Chen H, Zaniewski TA

(2008) Diet beverage products comprising rebaudioside A,

erythritol or tagatose and an acidulant. WO patent 2008/112857

Williams RAD, Da Costa MS (1991) The genus Thermus and related

microorganisms In: Kristjansson JK (ed) Thermophilic bacteria.

CRC Press Boca Raton, FL. pp 51–62

Yamanaka K, Wood WA (1966) L-Arabinose isomerase. Methods

Enzymol 9:596–602

Yoon SH, Kim P, Oh DK (2003) Properties of L-arabinose isomerase

from Escherichia coli as biocatalyst for tagatose production.

World J Microbiol Biotechnol 19:47–51

450 Extremophiles (2011) 15:441–450

123


	Identification and characterization of a novel l-arabinose isomerase from Anoxybacillus flavithermus useful in d-tagatose production
	Abstract
	Introduction
	Materials and methods
	Materials
	Bacterial strains, plasmid and media
	Culture conditions and screening of bacteria
	Physiological and biochemical analysis
	Phylogenetic determination
	Gene cloning of l-AI from A. flavithermus
	Enzyme expression and purification
	Enzyme activity assays
	Analysis of isomerization product

	Results and discussion
	Isolation and identification of the strain producing l-AI
	Gene cloning and sequence analysis
	Overexpression and purification of AFAI
	Assessment of AFAI activity in different conditions
	Substrate specificity of AFAI
	Kinetic parameters of AFAI
	Bioconversion of d-galactose and d-tagatose by AFAI

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


