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Abstract Amidase from Bacillus sp. APB-6 with very

good acyltransferase activity was purified to homogeneity

with a purification fold of 3.68 and 53.20% enzyme yield.

The purified protein’s subunit molecular mass was deter-

mined approximately 42 kDa. Hyperactivity of the enzyme

was observed at pH 7.5 (150 mM, potassium-phosphate

buffer) and 50 �C of incubation. An enhancement in

activity up to 42% was recorded with ethylenediaminete-

traacetic acid and dithiothreitol. The kinetic parameter Km

values for substrates: acetamide and hydroxylamine-hy-

drochloride were 73.0 and 153 mM, respectively. Further,

the Vmax for acyltransferase activity was 1667 U/mg of

protein and the Ki for acetamide was calculated as

37.0 mM. The enzyme showed tolerance to various organic

solvents (10%, v/v) and worked well in the biphasic reac-

tion medium. The acyltransferase activity in presence of

solvents i.e. biphasic medium may prove highly favorable

for the transformation of hydrophobic amides, which

otherwise is not possible in simple aqueous phase.

Keywords Bacillus sp. APB-6 � Amidase �
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Introduction

Amidases belong to nitrilase-superfamily of enzymes that

facilitate hydrolysis of amides to ammonia and carboxylic

acid [1]. Based on their amino acid sequences, amidases

have been grouped into two types: aliphatic and signature

amidases. Aliphatic amidases contain a conserved nucle-

ophilic cysteine at their active site like the nitrilases and

other sulphydryl enzymes, forming either homo-tetrameric/

hexameric structure [2, 3]. The signature amidases contain

conserved catalytic motif (GGSS). In addition, some amino

acids (Gly, Asp and Ser) are located downstream from the

GGSS signature at positions 17, 19 and 23, respectively

[4].

Value-added organic acids such as acrylic acid,

p-aminobenzoic acid, and nicotinic acid have been pro-

duced by nitriles utilizing amidases in conjunction with

nitrile hydratases [3, 5]. Amidases are also used as catalysts

in the treatment of industrial effluents and wastewater

management [6–8]. Wide spectrum amidases exhibit

acyltransferase activity in the presence of hydroxylamine

(acyl group acceptor) and amide (acyl group donor) for

producing hydroxamic acids that are reported to be tumor

inhibitors and anti-cancerous agents [5, 9]. Some hydrox-

amic acids such as a-amino hydroxamate and acetohy-

droxamic acid are recommended for treatment of urea

plasma infections and are also being investigated for anti-

human immunodeficiency viral and anti-malarial activity

[5, 10, 11].

Biotransformation of readily soluble amides is easily

possible (aqueous conditions). Whereas, low solubility is
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associated for higher amides under normal conditions.

Therefore, organic solvents were used to improve their

solubility [12, 13]. Novel compounds in addition to bio-

logically active enantiomers which were difficult to syn-

thesize conventionally, are now possible to synthesize by

using enzymes in a solvent medium [13–15]. The stability

of enzymes as biocatalysts in the presence of solvents is

also an important factor for efficient biotransformation and

biotechnological applications [16–19].

Bacillus is generally regarded as safe and widely used in

the biotechnological applications such as antimicrobials,

biofuels, biopolymers and enzyme production [20–25]. The

synthesis of hydroxamic acids is known through chemical

and biological methods. Owing to high selectivity, bio-

logical methods are more promising over chemical syn-

thesis [1, 5, 10]. Recently, the synthesis of useful products

using enzyme catalysis in low-water (non-aqueous) media

is gaining more importance. Keeping in view the impor-

tance of enzyme reactions in biphasic (water-restricted)

medium and the potential applications of hydroxamic

acids, in present work, purification and characterization of

amidase (Bacillus sp. APB-6) with acyltransferase activity

was described. Further, we also report the acyltransferase

reaction in the biphasic system i.e. in presence of both

aqueous as well as solvents (organic).

Materials and Methods

Reagents, Microbial Strains and Culture Conditions

All the reagents and chemicals were of high purity and

molecular biology grade. Solvents were used of high-per-

formance liquid chromatography (HPLC) grade (Merck,

India). Culture media components and inorganic salts were

procured from HiMedia (Mumbai, India). Bacillus sp.

APB-6 was used as a nitrile metabolizing culture [10].

Briefly, N-methyl acetamide (70 mM) was added at 0, 24

and 30 h of intervals to the production medium for

induction of acyltransferase activity. After 36 h of incu-

bation, fully-grown culture was recovered by centrifuga-

tion and washed twice with potassium-phosphate (0.2 M,

pH 7.5) [10].

Acyltransferase Assay

Acyltransferase assay was performed spectrophotometri-

cally (500 nm) as described earlier [10]. Briefly, total 2 mL

of reaction with substrates, acetamide (300 mM) and

hydroxylamine-hydrochloride [HCl (800 mM)] and resting

cells was incubated at 45 �C for 5 min in the glycine–

NaOH buffer (0.1 M, pH 7.5). Thereafter, reaction was

stopped through addition of FeCl3 reagent [4.0 mL].

HPLC Analysis and Purification of Amidase

(Acyltransferase) Enzyme

HPLC analysis was performed as described earlier for the

estimation of product formed and the unchanged substrate

in the assay mixture [10]. Amidase showing very good

activity of acyltransferase (henceforth referred to acyl-

transferase) was purified using 1.0 mM of each [dithio-

threitol (DTT) and ethylene diamine tetra acetic acid

(EDTA)] in the buffer (0.2 M, pH 7.5) at 4 �C to study its

biochemical and molecular characteristics.

Preparation of Membrane-Free Crude Enzyme Extract

The cell slurry [25 mg of dry cell weight/ml] was disrupted

using BeadBeaterTM (BioSpec Products, Inc. Bartlesville,

USA). Cell suspension (30 ml) was added to the bead

beater chamber (50 ml capacity) half filled with 0.1 mm

zirconium beads. Cells were disrupted in 5 cycles (each of

1 min). The resulting suspension was centrifuged (30min,

4 8C) to remove the debris. The clear supernatant was fil-

tered through 0.45 lm polyvinylidene difluoride mem-

brane (using a vacuum pump) and collected as extract

without cell.

Ammonium Sulphate Fractionation

The extract was treated with different saturation/concen-

trations (10–100%) of ammonium sulphate. Protein esti-

mation (by Bradford method) and acyltransferase assay

were performed for each of the samples [10, 26]. Finally,

the protein of interest was precipitated and subjected to

anion exchange chromatography.

Anion Exchange Chromatography (DEAE)

Pre-packed DEAE-Sepharose column (HiPrepTM 16/10

DEAE FF, GE Healthcare, USA) connected to liquid

chromatography system (AKTA primeTM V2.00, GE

Healthcare, USA) was used for anion exchange chro-

matography. Briefly, protein fraction (7 ml) obtained after

ammonium sulphate precipitation was added to

column, pre-equilibrated by potassium-phosphate buffer

(0.1 M, pH 7.5) having NaCl (0.1 M). Loosely attached

proteins were removed using 100 ml of buffer, whereas

NaCl gradient (0.1–1.0 M) was used to elute the bound

proteins from the column. The length of the gradient was

200 ml with the flow rate and fraction size of 1.0 ml/min

and 2.5 ml, respectively. Eluted proteins were monitored

by absorbance at 280 nm using UV–Vis spectrophotometer

(Lambda 12, Perkin Elmer, Massachusetts, USA).
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Polyacrylamide Gel Electrophoresis (PAGE)

Protein fractions obtained after anion exchange chro-

matography were analysed by sodium-dodecyl sulfate

(SDS)–PAGE to assess the purification status and subunit

mass of the enzyme [27]. The protein markers (medium

range) used for molecular mass analysis of acyltransferase

of Bacillus sp. APB-6 were from Bangalore Genei Pvt. Ltd

(India). The Amersham high molecular weight-native

protein markers (GE Healthcare, UK) were used for the

native-PAGE of the protein.

Zymogram Analysis

Zymogram staining was performed to examine the activity

of enzyme in the gel. Briefly, after running the native-

PAGE, gel was sliced into two pieces. One piece was

stained with coomassie and then destained as usual. The

second gel piece was cleaned with distilled-water (twice)

and incubated for 15 min (60 �C) in the buffer (0.2 M, pH

7.5) with acetamide (0.3 M) and hydroxylamine-HCl

(0.8 M). After incubation, the gel was transferred to a fresh

container having FeCl3 reagent. The appearance of reddish-

brown band confirmed the presence of acyltransferase

activity.

Characterization of Purified Enzyme

Determination of Molecular Mass

Purified protein’s molecular weight was measured through

SDS–PAGE gel imaging system (Gel documentation sys-

tem, Alpha Innotech Corporation, USA).

Optimization of pH and Buffer Concentration

The activity of purified enzyme was assayed in 2.0 ml

reaction mixture of different pH (4.0–10.5) values buffer

(100 mM). Further, influence of buffer concentration

(50–400 mM) on the enzyme activity was evaluated at the

optimum pH.

Optimization of Temperature and Thermostability

The activity of acyltransferase was assayed at varying

incubation temperatures from 35 to 65 �C. Further, the

thermostability of the purified protein was investigated by

incubating 50 lg of purified enzyme in potassium-phos-

phate buffer (150 mM, pH 7.5) at various temperatures: 45,

50, 55 and 60 �C to measure the residual activity after

every 30 min intervals. Initial activity was considered as

100%.

Effects of Metal Ions, Inhibitors and Organic Solvents

Influence of metals ions and enzyme inhibitors (1 mM,

each), including FeCl3, MgCl2�6H2O, ZnSO4�7H2O, CoCl2,

CuSO4�5H2O, NaCl, AgNO3, BaCl2�2H2O, HgCl2, NaN3,

CaCl2�2H2O, CdCl2�H2O, Pb(NO3)2, MnCl2�2H2O, urea,

phenyl methyl sulphonyl fluoride (PMSF), DTT, EDTA,

and polyethylene glycol on activity of enzyme was inves-

tigated for incubation of 20 min (30 �C). Similarly, sol-

vents (10%, v/v), including 1,4-dioxan, acetone, benzene,

butanol, carbon tetrachloride, ethylene glycol, isoamyl

alcohol, propane-2-ol, methanol, and toluene were studied.

The residual acyltransferase activity was assayed at 50 �C.

Determination of Kinetic Parameters

Purified enzyme parameters (Km and Vmax) were measured

by varying the concentrations of acetamide (100–500 mM)

at various fixed concentrations of hydroxylamine-HCl

(200–1000 mM). The assay was performed in potassium-

phosphate buffer (150 mM; pH 7.5) for 5 min (50 �C) and
acetohydroxamic acid was quantified by HPLC.

Acyltransferase catalyzes a bi-substrate reaction. The

reaction occurs in the manner that substrate A combines

with enzyme obligatorily before substrate B, followed by

the departure of products in the order P followed by

Q (Eq. 1).

Aþ B$E Pþ Q ð1Þ

where E = enzyme, A = acetamide, B = hydroxylamine-

HCl, P = ammonia, and Q = acetohydroxamic acid.

If the concentration of B is held constant in the absence

of P and Q, and the velocities are measured at different

concentrations of A, Michaelis–Menten kinetics is often

followed so that ‘apparent’ values of KmA and Vmax can be

determined by the double reciprocal plot (plot 1/v vs 1/[A]).

Repetition of the measurements at a different fixed con-

centration of B yields different ‘apparent’ KmA and Vmax

values and a pattern of reciprocal plots is obtained.

If values (1/Vmax
app ) of intercept (first double reciprocal

plot) are plotted with 1/[B], the true values for KmB and

Vmax can be deduced (the intercept and slope of replot). A

second linear replot of slope values (Km
app/Vmax

app ) from the

first double reciprocal plot against 1/[B] yields KmA and

KiA from its intercept and slope, given the values of KmB

and Vmax from the first replot.
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Results and Discussion

Purification of Acyltransferase

The high specific activity (402 U/mg of protein) was

obtained after five beating cycles in the bead-beater. 26%

of the residual acyltransferase activity was recorded at the

end of the beating cycles from the disrupted cells. Cell-free

extract reported 74% of the total acyltransferase activity

and was subjected to different ammonium sulphate satu-

ration (10 to 100%). It was observed that although proteins

started precipitating from 10% saturation, no acyltrans-

ferase activity was recorded till 30% saturation. Protein of

interest started precipitating after 40% saturation and

maximum specific activity of acyltransferase (689 U/mg of

protein) was obtained with 80% saturation. Contaminating

proteins were precipitated out by an initial cut of 30%,

whereas the remaining supernatant was subjected to a final

cut of 80% to precipitate the protein of interest. Finally, the

precipitated protein was dissolved in 100 mM of potas-

sium-phosphate buffer (pH 7.5). Previously, ammonium

sulphate has also demonstrated for precipitating amidases

of Cupriavidus oxalaticus ICTDB921 and Paracoccus sp.

SKG [28, 29].

After dialysis, the ammonium sulphate precipitated

protein was loaded on to the DEAE Sepharose column for

anion exchange chromatography. The eluted fractions

(number 35–39) showed very high specific activity with

maximum (1553 U/mg of protein) being in the 37th frac-

tion. These fractions gave single band in SDS–polyacry-

lamide gel electrophoresis which represented the protein of

interest which later were pooled and concentrated by

lyophilization (Flexi-Dry MPTM, FTS, USA) for further

characterization of the purified enzyme. Native polyacry-

lamide gel electrophoresis was also performed along with

zymogram analysis (Fig. S1). Purification summary is

shown in Table 1. The purification strategies employed

resulted in the complete purification of the enzyme in two

steps. A similar purification approach for amidase from

Paracoccus sp. SKG has also adapted in two steps [29].

Characterization of Purified Acyltransferase

Determination of Molecular Mass

In SDS–PAGE the enzyme moved as one band of 42 kDa

(Fig. 1), comparing it with the band obtained in native

PAGE, it appears that the protein could be a homotrimer.

Amidases have molecular masses that range from 38 kDa

as in case of Stenotrophomonas maltophila [30] to 480 kDa

as observed in case of R. erythropolisMP 50 [31]. Majority

of the amidases are dimers and their sub-units varied from

1 to 8 [32]. Amidases are usually homomultimers but

amidase (Providencia rettgeri) exhibited heterodimer with

a-subunit (23 kDa) and b-subunit of 65 kDa (92 kDa) [33].

pH and Buffer Concentration

The purified acyltransferase exhibited broad pH (4.0–10.5)

activity with maximum (1362 U/mg of protein) at pH 7.5

(Fig. 2a). The influence of buffer molarity on enzyme

activity is shown in Fig. 2b. The maximum enzyme

activity of 1393 U/mg of protein recorded in the 150 mM

of buffer (potassium-phosphate, pH 7.5). Overall, purified

acyltransferase retained high residual activities of 1250 and

840 U/mg of protein at pH 10.5 and buffer concentration of

400 mM, respectively (Fig. 2). Pseudonocardia ther-

mophila amidase was reported active over at broad pH

range (4.0 to 9.0) with an optimum pH of 7.0 [34]. Simi-

larly, acyltransferase of Bacillus sp. APB-6 is active at a

much broader pH range. Also, production enhancement of

amidotransferase (Bacillus sp. ABP-6) was recorded with

optimum pH of 8.0 by using statistical experimental design

[35].

Temperature and Thermal Stability

A gradual increase in activity of enzyme was noted from

35 to 50 �C. Thereafter, activity declined significantly at

higher incubation temperatures. The optimum temperature

was observed 50 �C for purified enzyme activity

(Fig. 3a). The thermal stability study revealed the stability

of enzyme for 3 h at 45 �C with residual activity of 76%.

Table 1 Acyltransferase purification of Bacillus sp. APB-6

Purification

stagea
Volume

(ml)

Protein (mg/

ml)

Total Protein

(mg)

Specific activity (U/

mg)

Total activity

(U)

%

Yield

Fold

purification

CFE 30 2.4 72 401 28,872 100 1

ASF 7 3.6 25.2 702 17,711 61.3 1.75

AEC 12.5 0.83 10.4 1478 15,371 53.2 3.68

aCFE, Cell free extract; ASF, Ammonium sulphate fractionation; AEC, Anion exchange chromatography (DEAE)
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Whereas, activity decreased to 45% at incubation of

50 �C. At 55 and 60 �C of incubation temperatures, the

acyltransferase activity declined at a faster rate with a t1/2
less than 1 h and 30 min, respectively (Fig. 3b). Schar

et al. [36] studied the effect of a wide range of temper-

ature (20–80 �C) on the stability of N,N-dimethyl for-

mamidase from Pseudomonas DMF 3/3 and reported

rapid inactivation of activity above 40 �C. Whereas, no

activity was observed at 60 �C. In contrast, Pseudono-

cardia thermophile showed amidase activity at 60 �C
[24]. Thermostability and reusability in the biotransfor-

mation processes can be explored in future by immobi-

lizing the biocatalyst, including purified enzymes through

different approaches [37–42]. Also, the properties of

enzyme can be improved through protein engineering

approaches [27, 43, 44].

Metal Ions and Inhibitors

The residual activity of enzyme was significantly varied in

the presence of metal ions and inhibitors (Fig. 4). Metal

ions, CuSO4�5H2O substantially, and AgNO3 and HgCl2
strongly inhibited the acyltransferase enzyme activity as

compared with control. Whereas, DDT and EDTA, showed

an enhancement of 42 and 36%, respectively. Since, the

disulphide reductant DTT significantly increased the

enzyme activity and free thiol blocking reagents HgCl2 and

Fig. 1 SDS–Polyacrylamide Gel Electrophoresis of the purified

acyltransferase of Bacillus sp. APB-6 on 12% gel. Lane 1: Cell free

extract; Lane 2: ammonium sulphate fraction; Lane 3: pooled fraction

of DEAE and Lane 4: molecular weight standards—phosphorylase B

(97.4 kDa), bovine serum albumin (66.0 kDa) ovalbumin (43.0 kDa),

carbonic anhydrase (29.0 kDa) and soyabean trypsin inhibitor

(20.0 kDa)

Fig. 2 Activity of purified acyltransferase at different: pH (a) and

buffer concentrations (b)

Fig. 3 Purified acyltransferase activity at various temperatures

(a) and thermostability (b)
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AgNO3 completely inhibited the enzyme activity, it indi-

cates that free thiols are essential for enzyme activity. This

study showed the availability of sulphydryl groups (cys-

teine residues), at catalytic site as similar to amidases

(aliphatic), which are evolutionarily associated with nitri-

lases [1, 4]. Amidase of R. rhodochrous M8 showed

complete inhibition of enzyme activity by Fe2? and heavy

metal ions [45]. They also observed the * 1.5-fold

enhancement of amidase activity in DTT. Whereas o-

phenanthroline, EDTA, and serine protease inhibitor

(PMSF) did not affect activity.

Organic Solvents

Acyltransferase activity assay was also performed in water

restricted system (Fig. 5). Among the organic solvents

[10% (v/v)], the relative activity in carbon tetrachloride,

toluene, benzene, and ethylene glycol was 99, 98, 91 and

88%, respectively as compared to control. The high toler-

ance of this amidase towards carbon-tetrachloride and

toluene may prove beneficial for transformation of amides

(hydrophobic) to corresponding hydroxamic acids. Sol-

vents like acetone completely inhibited the acyltransferase

whereas butanol reported 6.7% relative activity. Doukyu

and Ogino [46] have demonstrated the tremendous poten-

tial of solvent tolerating enzymes for industrials applica-

tion. In future, we intend to use this enzyme (in presence of

solvents) for the biotransformation of aromatic and

hydrophobic amides to corresponding hydroxamic acids,

which are commodity chemicals having immense medical

applications.

Kinetic Parameters

Km and Vmax of acyltransferase was determined, by varying

the concentration of acetamide (A) at a different fixed

concentrations of hydroxylamine-HCl (B). A double

reciprocal plot of 1/v versus 1/[acetamide] was plotted and

the ‘apparent’ values of KmA and Vmax were obtained (Fig

S2a). Further, intercept values (1/Vmax) versus 1/[hydrox-

ylamine HCl] provided the true values of KmB and Vmax as

153 mM and 1667 U/mg of protein, respectively

(Fig. S2b). Finally, from slope values (Km
app/Vmax

app ) against

1/[B], the true values of KmA (73.0 mM) and KiA

(37.0 mM) were obtained (Fig. S2c). The Km values

obtained for the substrates indicated the higher enzymatic

affinity towards acetamide than hydroxylamine-HCl and

for successful acyltransfer reaction, the concentration of

hydroxylamine-HCl should be almost twice as that of

acetamide in the reaction mixture. Rhodococcus sp. R312

amidase (acyltransferase activity) reported a Km of 70 mM

for acetamide [9]. Our enzyme shows similar Km and is

also solvent tolerant, so it could prove an efficient biocat-

alyst to synthesize different pharmaceutically vital

hydroxamic acids.

Conclusion

This study demonstrated the acyltransferase is active at a

broad pH range. DTT enhances activity indicating the

availability of free sulphydryl groups (cysteine residue) on

catalytic site. It seems the enzyme belongs to class of ali-

phatic amidases related to nitrilases. Further, the enzyme is

tolerant to many organic solvents (10%, v/v) and can be

Fig. 4 Influence of metal ions and inhibitors on purified acyltrans-

ferase activity

Fig. 5 Purified acyltransferase activity in various organic solvents
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used for the hydroxamic acids synthesis from hydrophobic

amides. As per our literature search and knowledge, this is

the new report demonstrating the acyltransfer reaction in

presence of organic solvents. In future, we would like to

immobilize this enzyme for biotransformation applications

in organic solvents.
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