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Abstract

3,4- Dihydrocoumarin hydrolase (EC 3.1. 1. 35) was purified 186- fold to apparent
homogeneity, with a 2.9 % overall recovery, from Geobacillus sp. G27, which was isolated as a 1-
naphthol assimilating microorganism. The purification procedure included ammonium sulfate
fractionation and column chromatographies on DEAE- cellulose and Sephadex G- 75.The molecular
mass of native hydrolase, as estimated by gel chromatography, was 70 kDa, and the subunit
molecular mass was 30 kDa on SDS- polyacrylamide gel electrophoresis. The enzyme specifically
hydrolyzes 3,4- dihydrocoumarin, and the K,, and V. for 3,4 - dihydrocoumarin were 0.996 mM
and 2320 U mg”’, respectively. Aromatic lactones, such as 2- coumaranone and gentisic acid
lactone, also serve as substrates, but their susceptibilities relative to that of dihydrocoumarin are
quite low. The pH and temperature optima for enzyme activity were 7 and 60° C, respectively. The
inactivation rate constant at 60° C was 14.2-107 min'. The half- life of the enzyme at optimum
temperature was 55 min.
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Introduction

Lactone compounds (cyclic compounds with intramolecular ester bonds) are widely
distributed in nature as various biologically active substrates, metabolic intermediates, etc.
Lactonohydrolase, which catalyses the reversible or irreversible hydrolysis of lactone
compounds, belongs to the ester hydrolysing enzyme. Lactonohydrolases, as well as lipases
and esterases are quite effective biocatalysts for the production of many kinds of valuable
compounds.

The reactions catalyzed by lactonase are sometimes stereospecific and/or regioselective,
and thus should be applicable to the synthesis of optically active compounds, structural lipids,
pharmaceuticals, etc [1]. These enzymes are important and useful for industrial needs.
Investigations on ester hydrolyzing enzymes as industrial catalysts were concentrated on well
known lipases and esterases, but lactonohydrolases are expected as alternative ester
hydrolyzing enzymes.

Shimizu and co-workers [2] isolated aldonate lactone- hydrolysing enzyme from a
fungus Fusarium oxysporium .The enzyme -catalyzes the reversible hydrolysis of D-
galactono- p- lactone and L- mannono- y- lactone. Lactonohydrolases acting on aldonate
lactones are involved in the oxidation degradation of aldolases throught the ring- opening of
aldonate lactones, which are formed through enzymatic oxidation of aldoses [3, 4]. Several
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aromatic lactones, such as 3,4- dihydrocoumarin and homogentisic acid lactone, are also
substrates for this enzyme.

A novel metabolic pathway for fluorene in Arthrobacter sp. and 3,4-dihydrocoumarin
hydrolyzing enzyme activity was detected in a cell- free extract of the bacteria [5, 6]. Further
degradation of lactone hydrolysis product via catechol connects this pathway to the central
metabolism, allowing the complete utilization of fluorene. Dihydrocoumarin hydrolase
considered to participate in the degradative metabolic pathway of polycyclic aromatic
compounds [7].

3,4-Dihydrocoumarin hydrolase was isolated from Acinetobacter calcoaceticus F46
growing on fluorene as a sole carbon source [6]. The enzyme can catalyze not only the
hydrolysis of aromatic lactones, but also the bromination of monochlorodimedon in the
presence of H»O,. The N- terminal and internal amino acid sequences of the 3,4-
dihydrocoumarin hydrolase show high similarity to those of the esterases of Pseudomonas
putida MR-2068 [8], P. fluorescens SIK W1 [9, 10] and P. fluorescens DSM 50106 [11], the
non- heme bromoperoxidases of Streptomyces aureofaciens [12] and the non- heme

haloperoxidase of Rhodococcus erythropolis [13].
Here, we report the isolation and characterization of this novel and unique aromatic
lactone- hydrolyzing enzyme from thermophilic Geobacillus sp. G27.

Materials and methods

Materials

3,4- Dihydrocoumarin was purhased from Aldrich Chemical Co. Standard proteins for
gel chromatography and PAGE were purchased from MBI Fermentas (Lithuania). Sephadex
G-75 and DEAE-cellulose were purchased from Pharmacia Fine Chemicals (Sweden).
Reagents for PAGE were obtained from Fluca (Switzerland). Salts for bacterial cultivation
media and other chemicals were obtained from Sigma-Aldrich (US) and Merck (Germany).
Microorganisms and cultivation

Geobacillus sp.G27 was previously isolated from the oil field in Lithuania [14].
Culture medium comprising 1% peptone, 0.5% yeast extract, 0.1% K,HPO4, 0.05% KH,POs,,
0.002% MgSO4 and 0.1 g/l 1- naphthol. The pH of the medium was adjusted to 7.0 with 2 M
KOH. The sodium succinate or benzoic acid were used in the same growth medium at 2.5
mM instead of 1-naphthol.. The Erlenmeyer flasks were inoculated with 10% (v/v) of pre-
culture grown overnight in a culture medium at 60° C to an ODsgg of 0.7. Batch cultures were
incubated in the dark at 60° C for 14 days without aeration. Bacterial growth was determined
turbidimetricallly at 590 nm.
Preparation of cell-free extract

The cells were harvested by centrifugation at 4000 x g for 20 min at 4° C, washed
twice with 25 ml of 50 mM sodium phosphate buffer, pH 7.0 and resuspended in the same
volume of the buffer. The cells were disrupted by ultrasonic treatment (1 min ml" of cell
suspension at 22 kHz, 651A) by using a sonicator (UR 105 P, Tomy Seiko Co. Ltd., Japon).
The residue was removed by centrifugation at 4° C for 30 min at 15000 x g. The supernatant
was used as the crude cell- free extract.
Enzyme assays

The standard 3,4-dihydrocoumarin hydrolase assay mixture comprised 50 mM
sodium phosphate buffer, pH 7.0 (2.85 ml), 83.5 uM 3,4-dihydrocoumarin (0.1 ml) and the
enzyme (0.05 ml), in a final volume of 3.0 ml. After 10 min incubation without substrate at
60° C in thermojacketed cuvette holder, the reaction was initiated by the addition of the
substrate. The OD,7 increase of 3-(2-hydroxyphenyl) propionate was monitored using a UV-
visible SF-46 spectrophotometer (LOMO, Russia).A molar absorption coefficient of 0.187
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mM 'mm™ for 3-(2-hydroxyphenyl)propionate was used for calculation of enzyme activity.
One unit of enzyme activity was defined as the amount catalyzing the formation of 1 umol
product 3-(2-hydroxyphenyl) propionate per min. Specific activity was expressed as U- (mg
protein)™'. For the other lactone compounds hydrolyzing activity was done as described by
Kataoka et al [15]. Protein was measured by standard Bradford method [16] with bovine
serum albumin.

All kinetic data were analyzed by Lineweaver — Burk plots.
Purification of dihydrocoumarin hydrolase

Sodium phosphate buffer (50 mM, pH 7.0) was used as the solvent throughout the
enzyme purification procedure. All procedures were carried out at 15 — 19° C. The cells
harvested from 5 litres of culture (1290 mg of protein) were used as the starting material for
purification enzyme.

Step 1: Ammonium sulfate fractionation. Powdered solid ammonium sulfate was added
to 40% of saturation at 0° C. After three hours, the precipitate was removed by centrifugation
at 14000 x g (30 min). A 40% supernatant was brought to 80% of saturation and centrifuged
as before. The precipitate was dissolved in 50 mM buffer. The enzyme solution (4 ml) was
dialyzed against 5 litres of S0mM buffer for 20 h.

Step 2: DEAE- cellulose chromatography. The dialyzed enzyme solution was applied to
a DEAE- cellulose column (1.5 x 10 cm) equilibrated with buffer. After the column had been
washed with buffer (50 ml), the enzyme was eluted with linear gradient of NaCl (0.05 - 0.6 M
in the buffer, 150 ml). All of the fractions containing enzyme activity were collected and
concentrated by ultrafiltration (Amicon YM-30 ultrafiltration unit).

Step 3: Sephadex G-75 chromatography. The concentrated enzyme solution (1.4 ml)
was put on a Sephadex G-75 gel- filtration column (1 x 40 cm) equilibrated with the buffer.
The enzyme was eluted with 30 ml of the buffer containing 0.1 M NacCl. Fractions containing
active enzyme were combined and used as the purified enzyme for characterization.
Molecular mass of the enzyme

SDS/PAGE was performed in a 12.5% polyacrylamide gel using the Tris/ glycine buffer
system described by King and Laemmli [17]. The molecular mass of the subunit was
determined from its mobility relative to those of the standard proteins (10 - 60 kDa).

The apparent molecular mass of native enzyme was determined by gel-filtration on the
Sephadex G- 75 column (1x 40 cm), using phosphorylase b (94 kDa), bovine serum albumin
(67 kDa), ovalbumin (43 kDa) and carbonic anhydrase (30 kDa) as standards.

Determination of pH and temperature optimums

The effect of pH on enzyme activity was measured at various pH values within the
range of 4 to 11 by using 50 mM sodium acetate, 50 mM sodium phosphate and 50 mM
glycine buffer systems. The pH values equilibrated at 60° C.

The temperature dependence on hydrolase activity at pH 7.0 was investigated in the
range 20 — 90° C using thermojacketed cuvette. Prior incubation the enzyme and substrate
solutions were preincubated separately at the enzymatic reaction temperature for 10 min. The
relative activity was expressed as a percentage of maximum activity under these experimental
conditions.

The thermal stability was determined by incubating enzyme solution at 60° C for 75 min
under standard conditions.

Results and Discussion

Thermophilic bacteria are known to be versatile in degrading a wide variety of aromatic
compounds in natural environmental. Industrial interest in thermophilic Geobacillus species
has arisen from their potential applications in biotechnological processes.
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Geobacillus sp. G27 was grown at 60° C in growth culture medium containing peptone
and with the addition of sodium succinate, benzoic acid or 1- naphthol as the supplementary
sole carbon source for induction of lactone- hydrolyzing enzyme activity. A representative
growth profile is shown in Fig. 1.

0,8

0,7

o
)

e

o
)
H

—e— peptone+succinate
—— peptone+benzoic acid
—&— peptone+1-naphthol
—O— glucose

o
w

Bacterial growth (OD s90)
o
N

s
NS il
=

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (days)

Fig. 1 Growth kinetics of Geobacillus G27 in culture media containing succinate, benzoic
acid and 1- napthol.

During the course of studies on the medium growth on 1- naphthol, we found that
Geobacillus exhibits high aromatic- lactone- hydrolyzing enzyme activity (Table 1).

Bacterium grown on

Table 1. Specific activities of various enzymes in the cell-free extracts of Geobacillus sp. G27

Carbon source Enzyme activity (Umg protein™)
3.4-Dihydrocoumarin | Catechol 1.2- Protocatechuate 3.4-
hydrolase dioxygenase dioxygenase

Succinate 0 0 0

Glucose 0 0 0

Benzoic acid 0 0 1.85+0.04

1-Naphthol 0.4+0.03 0.71+0.05 0

benzoic acid or succinate had no lactonase activity. In 1- naphthol degradation pathway by
Geobacillus sp. G27 3,4-didydrocoumarin hydrolyzing enzyme activity was detected in cell-
free extract of the bacterium and further degradation of the resulting 3-(2-hydroxyphenil)
propionic acid via catechol connects this pathway to the central metabolism, allowing the
complete utilization of 1- naphthol. The bacterium was also found to utilize benzoic acid by a
protocatechuate pathway, but this pathway is different from that which degraded 1- naphthol
through catechol pathway.

The purification of the enzyme from Geobacillus sp.G27 is summarized in Table 2. The
pure 3.,4-dihydrocoumarin hydrolase with specific activity of 15.8 U/mg was obtained after
186- fold enrichment and a yield of 2.9 %. The yields ranging from 2 to 26 % were observed
from most purified lactonohydrolases.
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Table 2. Purification of 3.4-dihydrocoumarin hydrolase from Geobacillus sp. G27

Step Total protein | Total activity Specific Purification | Yield (%)
(mg) (U) activity fold
(Umg")
Cell-free 1290 110 0.085 1 100
extract
(NH4)2SO4 0.758 7.06 9.3 109 6.4
fractionation
DEAE- 0.423 5.71 13.5 159 5.2
cellulose
Sephadex 0.2 3.16 15.8 186 2.9
G-75

The purified enzyme preparation gave a single band on SDS/PAGE (Fig. 2) and gel-
chromatography gave a quite symmetrical peak (Fig. 3 A).

1 A 3 4 5 M

Fig. 2 SDS/PAGE of 3,4- dihydrocoumarin hydrolase from Geobacillus sp. G27. (M)
Molecular mass standards 1060 kDa. Lane 1-after Sephadex G-75, lane 2-after DEAE
cellulose chromatography, lane 3-after 80% ammonium sulfate fractionation, lane 4-crude
extract of Geobacillus sp. G27 and lane 5-after 40% ammonium sulfate fractionation. The
each lane contains 10ul of enzyme solution.

The molecular mass of the enzyme determined by gel- filtration on Sephadex G—75 was
70 kDa (Fig. 3B).A single band was observed in SDS/PAGE electrophoresis with 1 % SDS
and 10 mM 2 — mercaptoethanol. Therefore the relative mass of the subunit was estimated to
be 30 kDa (Fig. 2). The enzyme thus appears to be a dimmer consisting of identical subunits.
The purified 3,4-dihydrocoumarin hydrolase from Geobacillus sp. G27 is similar in its
molecular size, subunit composition to the lactonase from mesophilic bacteria Acinetobacter
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calcoaceticus [6] and Agrobacterium tumefaciens [15]. The molecular masses of subunits and
whole lactonohydrolase, purified from Fusarium oxysporum were twice larger [2]
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Fig. 3 (A). Sephadex G- 75 chromatography of 3,4- dihydrocoumarin hydrolase from
Geobacillus sp. G27. (B).Semilogarithmic plot molecular mass as a function of the
distribution coefficient K, (from left to right — phosphorilase b, 3,4- dihydrocoumarin
hydrolase, bovine serum albumin, ovalbumin, carbonic anhydrase).

The various lactone and ester compounds were examined to investigate the substrate
specificity of the enzyme. The enzyme was found through the screening for aromatic lactone
hydrolyzing enzymes and specifically hydrolyzes dihydrocoumarin. Aromatic lactones other
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that dihydrocoumarin, such as 2- coumaranone and gentisic acid lactone, also serve as
substrates, but their susceptibilities relative to that of dihydrocoumarin are quite low (Table
3). Aldonate lactones and linear ester compounds, which are good substrates for the F.
oxysporum lactonohydrolase, were not hydrolyzed. The following compounds were not
hydrolyzed by our lactonohydrolase: y-hexanolactone, e-caprolactone, D-galactono-y-lactone,
ethyl formate, ethyl acetate, ethyl benzoate, benzyl acetate and B-naphthyl acetate. These
results suggest that the lactonase from Geobacillus sp. G27 is highly specific for aromatic
lactones.

Table 3. Substrate specificity of the lactonohydrolase from Geobacillus sp. G27

Substrate Relative activity (%) Ky (mM) Vinax (U mg'l)
3,4-Dihydrocoumarin | 100 0.996 2320
Gentisic acid y-lactone | 0.75 0.660 1.29
2-Coumaranone 0.45 0.810 7.04

Benzyl acetate 0.05 0 0

The purified enzyme showed a plateau of maximal activity from pH 6.0 to 7.5 (Fig.
4A), but the activity rapidly decreased outside this range. The pK values from this curve were
found to be 5.8+ 0.1 and 8.4+ 0.1. These results imply that two ionizing groups are involved
in catalytic site of the enzyme, the lower pK value might to belong histidine and other —
belong to serine, cysteine or tyrosine. Dihydrocoumarin hydrolases from Acinetobacter and
Pseudomonas strains are the members of serine- enzyme family and contain a sensus motif,
Gly-Xaa-Ser-Xaa-Gly, around the active serine residue of the catalytic triad [11]. The optimal
temperature range for enzyme activity was 60° C (Fig. 4B). The all purified and characterized
lactonases from mesophyllic microorganisms displayed optimal activity at 30- 45° C [18, 19].
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Fig. 4 Effect of pH (A) and temperature (B) on the activity of 3,4- dihydrocoumarin hydrolase
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Fig. 5 Thermal stability of 3,4- dihydrocoumarin hydrolase at 60° C and pH 7

The thermal stability was analyzed at 60° C (Fig. 5). The enzyme activity was not
decreased by incubating at 60° C for 20 min. The half- life of the enzyme at this temperature
was 55 min. The inactivation rate constant calculated using linearized semilogarithmic scale
of residual activity (%) as function of time at optimal temperature (60° C) plot was 14.2 x 10~
min"'. The purified enzyme retained 100 % activity after 1 month storage at room temperature
(18° C). The temperature stability of the enzyme from Geobacillus sp.G27 was higher than
that of the lactonohydrolases from F. oxysporium and A. tumefaciens [18] and calcoaceticus
[19]. Lactonohydrolase from F. oxysporum retained 100 % activity 20 min (< 50° C, pH 7.4),
from A. tumefaciens 20 min (<50° C, pH 7.4) and A. calcoaceticus 30 min (< 55" C, pH
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7.0).Environment extreme for temperature is source of adapted organisms that often produce
proteins with unusual properties [20,21].

Conclusions

In conclusion, this enzyme is a unique lipolytic enzyme involved in the 1- naphthol
degradation pathway of thermophilic Geobacillus sp. G27 strain and is the first purified
dihydrocoumarin hydrolase from thermophilic bacteria. As expected for a thermophile-
derived enzyme, the temperature optimum and thermostability of the purified enzyme from
Geobacillus strain were significantly higher than values reported for mesophillic
dihydrocoumarin hydrolases. Further experiments are currently being performed in order to
characterize better the catalytic properties and substrate specificities of present enzyme.
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