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Abstract

Gene CA_C0816 codes for a serine hydrolase protein from Clostridium acetobutylicum (ATCC 824) a member of hormone-
sensitive lipase of lipolytic family IV. This gene was overexpressed in E. coli strain BL21and purified using  Ni2+–NTA affinity 
chromatography. Size exclusion chromatography revealed that the protein is a dimer in solution. Optimum pH and temperature 
for recombinant Clostridium acetobutylicum esterase (Ca-Est) were found to be 7.0 and 60 °C, respectively. This enzyme 
exhibited high preference for p-nitrophenyl butyrate. KM and kcat/KM of the enzyme were 24.90 µM and 25.13 s−1 µM−1, 
respectively. Sequence analysis of Ca-Est predicts the presence of catalytic amino acids Ser 89, His 224, and Glu 196, pres-
ence of novel GYSMG conserved sequence (instead of GDSAG and GTSAG motif), and undescribed variation of HGSG 
motif. Site-directed mutagenesis confirmed that Ser 89 and His 224 play a major role in catalysis. This study reports that 
Ca-Est is hormone-sensitive lipase with novel GYSMG pentapeptide motif at a catalytic domain.

Keywords Clostridium acetobutylicum · Esterase · Purification · Biochemical characterization · Kinetics

Introduction

Lipolytic enzymes (E.C. 3.1.1.x) include lipases and 
esterases that can hydrolyze the ester linkage and are also 
involved in the transesterification process [1–3]. Both 
enzymes share common α/β hydrolase structural fold and 
serine protease catalytic mechanism, but differ in substrate 
specificity. They are widely distributed in all life forms 
[4–6]. These lipolytic enzymes have a broad range of indus-
trial applications because of unique features such as high 
regio, enantio, stereoselectivity, broad substrate specificity, 

stability in organic solvents, aiding synthesis of biodegrad-
able compounds, and non-requirement of cofactors which 
also makes them attractive biocatalyst [7–11]. In bacteria, 
eight classes of lipolytic enzymes have been classified based 
on protein sequences and biochemical properties [4, 12]. Of 
these, the α/β hydrolase fold superfamily of proteins was 
categorized into four blocks namely C, H, L, and X which 
stands for carboxylesterases, hormone-sensitive lipases 
(HSL), lipases, and X stands for other proteins that has 
alpha–beta hydrolase fold [13, 14] by the ESTHER database.

In mammals, HSL plays major role in lipid metabolism, 
cholesterol metabolism, and steroidogenesis by stimulation 
of hormones such as catecholamines, glucagon, and adreno-
corticotropic hormones [15, 16]. Structurally, mammalian 
HSL consists of an amino-terminal domain that contrib-
utes to protein–protein interactions and carboxyl-terminal 
domain which is involved in catalytic function [17, 18]. This 
highly conserved catalytic domain is analogous to some of 
the microbial proteins which are referred to as microbial hor-
mone-sensitive lipase (HSL) [18, 19]. The catalytic domain 
consists of an alpha–beta hydrolase fold, with catalytic resi-
dues Ser-Asp/Glu and His that plays a major role in cataly-
sis. Catalytic serine residue is conserved in the G–X–S–X–G 
pentapeptide motif [20, 21]. Another short highly conserved 
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HGGG motif is present upstream to the highly conserved 
pentapeptide motif that stabilizes the oxyanion intermediate 
during the hydrolysis [22, 23].

Most of the microbial HSL are esterases rather than 
lipases [24]. Microbial HSL are categorized into two sub-
families viz. GTSAG and GDSAG based on the serine 
conserved around pentapeptide motifs [24, 25]. In several 
studies, microbial HSL have been reported from various 
microbes such as Salinisphaera sp. [26], Bacillus [23], Rhi-

zomucor [27], Archaeoglobusfulgidus [28], Mycobacterium 

tuberculosis [29], metagenomic source [30], Rheinheimer-

asp [31], Bjerkanderaadusta [32], and Lactobacillus plan-

tarumWCFS1 [33].
In our investigation, we found that the genome of 

Clostridiumacetobutylicum (ATCC 824) encodes numer-
ous ORFs encoding putative esterases/lipases. Amongst 
them, the gene CA_C0816 which is 729 nucleotides encodes 
lipase/esterase-related protein containing 242 amino acids. 
The crystal structure of this protein is available with PDB ID 
3E0X. However, the biochemical properties and functions of 
this enzyme have not been studied. Based on the sequence 
alignment, it was found that the Ca-Est belonged to lipolytic 
family IV of hormone-sensitive lipase. An effort has been 
made to study the overexpression, purification, biochemical 
characterization, and identification of catalytic serine residue 
in this study.

Materials and methods

Chemicals

Isopropyl thio-β- D-galactoside (IPTG), p-Nitrophenyl 
esters, phenyl acetate, α-naphtyl acetate, β- naphtyl ace-
tate, and 4-methyl umbelliferyl acetate were procured from 
SIGMA ALDRICH (USA). Ni–NTA resin for affinity chro-
matography was purchased from Qiagen, Germany. Standard 
proteins for size exclusion chromatography were purchased 
from Bio-Rad laboratories (USA). PCR primers were pro-
cured from Bio Serve, India. Other reagents and chemicals 
were procured from Himedia.

Sequence alignment

Amino acid sequence similarity and alignment were car-
ried with closely related homologs using the Clustal omega 
program.

Plasmid, bacterial strains, and maintenance

Escherichia coli DH5α possessing pMCSG7 contains the 
gene coding for lipase/esterase from Clostridium acetobu-

tylicum (ATCC 824). The clone (ID: caCD00398108) was 

procured from the DNASU plasmid repository. E. coli BL21 
(DE3) was used for the recombinant expression of the lipase/
esterase gene. Recombinant E. coli strains were maintained 
on ampicillin (100 µg/ml) containing LB agar media.

Overexpression and purification of recombinant 
Ca‑Est

Plasmid pMCSG7 harboring lipase/esterase gene from 
Clostridium acetobutylicum was isolated from E. coli DH5α 
using plasmid isolation kit (Qiagen). Isolated plasmid DNA 
was transformed into E. coli strain BL21 (DE3) and the 
transformed cells were selected based on their survival on 
LB media containing ampicillin (100 µg/ml). Recombinant 
strains were cultured overnight in LB media with ampicillin 
(100 µg/ml) at 37 °C, 180 rpm on a rotary shaker. For over-
expression of Ca-Est, cells were induced with 0.3 mM IPTG 
once  A600 of cells reached ~ 0.8. After induction, the effect 
of post-incubation temperature (15 °C, 22 °C and 37 °C) 
and post-incubation period (4, 6, 10, and 18 h) on protein 
expression were studied. Induced cells were harvested from 
media by centrifugation and were preserved at − 80 °C for 
further studies.

For extraction of recombinant protein, cells were resus-
pended in cell lysis buffer containing 0.05 M sodium phos-
phate buffer pH 7.0, NaCl 0.3 M, 1 mM PMSF, 1 mM 
EDTA, and 1 mM DTT. Cell lysis was carried out by soni-
cation (Vibrocell Ultrasonicator) on ice for 5 min at 37% 
amplitude with pulse 2 s on and 4 s off. The cell lysate was 
centrifuged at 4 °C for 45 min at 12,000 rpm to remove 
cell debris and inclusion bodies. The supernatant contain-
ing recombinant protein was loaded onto 2 ml of  Ni2+–NTA 
resin that was previously equilibrated with lysis buffer 
(0.05 M sodium phosphate buffer pH 7.0, 0.3 M NaCl). The 
column was placed on a rocker 4 °C for 3 h for efficient bind-
ing of the protein to the resin. Flow-through was collected, 
followed by a wash with 20 mM imidazole to remove the 
weakly bound unwanted proteins. The recombinant protein, 
that was bound to the resin, was eluted with 100 mM imi-
dazole [34]. To remove imidazole, the eluted recombinant 
protein was kept for dialysis. Concentration of protein was 
estimated by BCA method using BSA as standard and was 
preserved at − 80 °C. The This protocol was also used for the 
overexpression and purification of Ser89Ala and His224Ala 
mutants.

Determination of molecular mass and oligomeric 
state of the protein by size exclusion 
chromatography

Superdex 200 (GE Healthcare) column, previously equili-
brated with 0.05 M sodium phosphate buffer at pH 7.0, was 
injected with purified protein and eluted fractions were 
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collected at a flow rate of 0.75 ml/min. The molecular mass 
of protein was determined from the calibration curve using 
the standard proteins (Bio-Rad Catalog # 1511901).

Lipase/esterase assay

Lipase/esterase activity of recombinant protein was esti-
mated by measuring the continuous release of p-nitrophenol 
from p-nitrophenyl esters (p-NP esters) at 348 nm (isobestic 
point) in a UV spectrophotometer (Perkin Elmer Lambda 25 
UV/VIS spectrophotometer, USA). The reaction was done 
in 1 ml of reaction mixture containing 1 mM of (p-NPA) 
(stock was dissolved in acetonitrile) in 0.05 M of sodium 
phosphate buffer at pH 7.0 and the required amount of puri-
fied recombinant protein at 37 °C. 1 unit of enzymatic activ-
ity was defined as the amount of purified protein used to 
release 1 µmol of p-nitrophenol/min. The molar absorptivity 
of p-nitrophenol at 348 nm was experimentally determined 
to be 5.3 mM−1 cm−1 and the same was used for calculating 
enzyme activity. All the assays were carried out in triplicates 
for statistical significance.

Effect of the amount of enzyme, pH, 
and temperature on Ca‑Est activity

To determine the amount of an enzyme for optimum activity, 
assays were carried out with varying amounts of an enzyme 
such as 12, 25, 50, 100, and 500 ng at a constant temperature 
of 37 °C and pH 7.0 with 1 mM p-NPA as substrate. To iden-
tify optimum pH of the enzyme, experiments were carried 
out at constant temperature 37 °C using buffers of various 
pHs ranging from 4.5 to 9.0 [(citrate buffer pH 4.5–6.0), 
(sodium phosphate buffer pH 6.5–8.0), (Tris—HCl pH 
8.5–9.0)] with 25 ng of protein. To determine the tempera-
ture optimum for an enzyme, experiments were performed 
using 25 ng of protein at a constant pH 7.0 with temperatures 
ranging from 20 °C to 80 °C.

Thermal stability

Thermal stability of wild type Ca-Est was checked by incu-
bating the pure enzyme diluted with 0.5 M sodium phos-
phate buffer a pH 7.0 at various temperatures 30 °C, 60 °C, 
and 80 °C up to 6 h. At different time intervals, enzyme 
sample was taken and incubated at 4 °C and the residual 
enzyme activity was measured using p-nitrophenyl butyrate 
as substrate under optimized assay conditions.

Substrate specificity of wild Ca‑Est and mutants

To determine whether the recombinant Ca-Est belonged 
to esterase or lipase, substrate specificity was studied with 
substrates of varying acyl lengths such as para-nitrophenyl 

acetate (p-NPC2), para-nitrophenyl butyrate (p-NPC4), 
para-nitrophenyloctonate (p-NPC8), para-nitrophenyl-
decanoate (p-NPC10), para-nitrophenyldodecanoate (p-
NPC12), and para-nitrophenyl palmitate (p-NPC16). These 
substrates were dissolved in acetonitrile to obtain stock 
solution of 10 mM. Aryl esterase activity was determined 
using aromatic esters such as phenyl acetate, α-naphthyl 
acetate, β- naphthyl acetate, and 4-methyl umbelliferyl ace-
tate. Hydrolysis of α-naphthyl acetate, β-naphthyl acetate, 
4-methyl umbelliferyl acetate, and phenylacetate was carried 
out by measuring the absorbance of α-naphtol at 235 nm, 
β- naphtol at 330 nm 4-methyl umbelliferone at 340 nm, 
and phenol at 270 nm. Thioesterase activity was determined 
using phenyl thioacetate as a substrate. Hydrolysis of phenyl 
thioacetate was monitored by measuring the absorbance of 
2-nitro-5 thiobenzoate at 410 nm. 1 mM phenyl thioacetate 
was dissolved in ethanol containing 0.25 mM 2,2′-Dinitro-5, 
5′-dithiobenzoic acid (DTNB).

The reaction was performed in 1 ml of reaction mixture 
contains 0.5 mM of p-nitrophenyl esters in 0.05 M sodium 
phosphate buffer at pH 7.0 and 25 ng of purified protein 
at 60 °C at 348 nm. The substrate specificity of mutants 
Ser89Ala and His224Ala was estimated by similar protocol.

Kinetic parameters

Kinetic parameters of enzyme viz., KM, Vmax, and kcat/KM 
were investigated using p-NP acetate, p-NP butyrate 
and α-naphthyl acetate as substrates within the range of 
5–400 µM under optimized assay conditions (temperature 
60 °C and pH 7.0 with 25 ng of protein). The kinetic param-
eters Km, Vmax, and kcat/Km were analyzed using non-linear 
regression analysis with Graph Pad Prism 5.

Effect of amino acid modifiers, detergents, solvents, 
and metal ions on Ca‑Est

The effect of various amino acid modifying reagents on the 
activity of Ca-Est was tested in the presence of 10 mM of 
phenylmethylsulfonyl fluoride (PMSF) for serine, diethyl-
pyrocarbonate (DEPC) for histidine, phenyl glyoxal hydrate 
(PGH) for arginine, 1-(3-dimethylaminopropyl)3-ethyl car-
bodiimide hydrochloride (EDAC) for aspartic acid, and dith-
iothreitol (DTT) for thiol group. The activity was performed 
using p-NPB as substrate under optimized assay conditions.

To study the effect of various detergents on Ca-Est activ-
ity, enzyme assays were carried out with 1% (v/v) sodium 
dodecyl sulfate (SDS), sodium deoxycholate (SDC), Brij 
35, Triton X, Tween 80, and at Tween 20 in the assay mix-
ture. The activity was performed using p-NPB as a substrate 
under optimized assay conditions.

To determine the effect of organic solvents on Ca-Est 
activity enzyme assays were carried out with 10% (v/v) 
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ethanol, methanol isopropanol acetone, and DMSO under 
optimized assay conditions. The effect of various metals 
ions on Ca-Est activity was determined with 1 mM metal 
ions such as  Mn2+,  Cu2+,  Fe2+,  Ni2+,  Zn2+,  Mg2+,  Na+, and 
 K+ under optimized assay conditions. The activity was per-
formed using p-NPB under optimized assay conditions. In 
all cases, the activity of an enzyme in the absence of modi-
fiers, detergents, metal ions, and organic solvents was con-
sidered as control.

Identification of catalytic residues in Ca‑Est 
by site‑directed mutagenesis

To identify the catalytic residues in the Ca-Est, site-directed 
mutagenesis was carried out on the pMCSG7 vector carry-
ing the esterase gene using a PCR-based method. Amino 
acid serine positioned at 89 and histidine 224 were mutated 
to alanine. The following primers were designed to intro-
duced mutations: forward primers Ser89Ala: (5′ATT GGA 
TAT GCC ATG GGG GGAGC-3′) and Ser89Ala reverse prim-
ers: (5′CCC CCC ATGGC ATA TCC AAT TAA -3′) and His-
224Ala forward primers: (5′CCG GTA AGGCT TTC CTA TTA 
GTA GTAA-3′) and reverse primers: (5′ATA GGA AAGC 
CTT ACC GGT TTC AAAGA-3′). (position of the mutated 
codons are underlined). The mutant plasmid was generated 
by PCR with the following conditions: 98 °C for 60 s was 
kept for initial denaturation, amplification process for 30 
cycles (95 °C for 30 s, 56 °C for 45 s, 72 °C for 6 min), 
and 72 °C for 20 min, for final elongation. After amplifica-
tion, the product was digested with enzyme Dpn-I followed 
by transformation into E. coli DH5α. Positives clones were 
screened by Sanger’s method of DNA sequencing. Similarly, 
the mutants Ser89Ala and His224Ala were overexpressed 
and purified as that of wild type.

CD spectra studies

To determine secondary structure of the protein, CD spec-
tra were measured using JASCO J-810 spectro polarimeter 
(Easton, MD) with Peltier temperature control maintained 
at 20 °C and 60 °C. Far UV CD spectra was measured in the 
wavelength range of 200–250 nm with a scanning speed of 
10 nm/min. Sodium phosphate buffer at pH 7.0 was used as 
a blank for spectral correction. The concentration of protein 
used was 0.2 mg/ml for recording the spectra. The thermal 
denaturation of protein was analyzed by monitoring the 
changes in molar ellipticity at 222 nm using Jasco J-815 
spectropolarimeter. The protein was diluted 0.02 mg/ml in 
0.05 M sodium phosphate buffer at pH 7.0 and subjected 
to increase in temperature from 20 to 100 C at a scan rate 
of 10 nm/min. To calculate Tm fraction unfold was plotted 
against temperature and fitting the curve against Boltzmann 
sigmoidal equation using GraphPad Prism 6.

Statistical analysis

All the experiments were performed as at least three inde-
pendent experiments. Statistical significance was deter-
mined by Dunnett’s multiple comparison test using Graph 
pad prism. p < 0.05 was considered statistically significant.

Docking analysis

Molecular docking simulations were performed using Auto-
dock 4.2. The crystal structure of Ca-Est from Clostridium 

acetobutylicum (ATCC824) with a resolution of 1.45 A° 
(PDB ID:3E0X) was downloaded from Protein Data Bank 
and ligand (p-Nitrophenyl butyrate) from zinc data bank. 
p-Nitrophenyl butyrate was docked against canonical bind-
ing site of the protein.

Results

Overexpression and purification of Ca‑Est

The recombinant plasmid pMCSG7 harboring lipase/ester-
ase gene Clostridium acetobutylicum was overexpressed in 
E.coli BL21. It was found at 22 °C and 18 h maximum solu-
ble fraction of recombinant Ca-Est was obtained (data not 
shown) and these conditions were, therefore, designated as 
optimal for overexpression. The recombinant protein was 
purified using Ni–NTA affinity chromatography. 100 mM 
imidazole was used for elution of bound Ca-Est with theo-
retical molecular mass 27.14 kDa. The recombinant esterase 
appeared as a single band of 29 kDa on Coomassie brilliant 
blue-stained SDS PAGE (Fig. 1a). The native molecular 
mass and oligomeric state of protein were depicted as a sin-
gle elution peak with 49.67 kDa of molecular mass by size 
exclusion chromatography, suggesting that the protein exists 
as a homodimer (Fig. 1b, c).

Effect of amount of protein, temperature, and pH 
on Ca‑Est activity

The recombinant enzyme showed maximum specific activ-
ity when 25 ng (425 ± 13.86 U/mg) of purified protein 
was used in the assay (Fig. 2a). Hence, enzyme amount of 
25 ng was used as optimum amount in subsequent stud-
ies. Ca-Est activity was studied at various pH, and maxi-
mum specific activity (525 ± 23.02 U/mg) was obtained 
at pH 7.0. At pH 4.5 and 9.0, maximum specific activities 
retained were 26% and 60% of maximum activity, respec-
tively, at pH 7.0 (Fig. 2b). Similarly, the effect of tem-
perature was also studied and it was found that there was 
an increase in activity with temperature increase from 20 
to 60 °C and maximum activity (821 ± 34.49 U/mg) was 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jim
b
/a

rtic
le

/4
7
/2

/1
6
9
/5

9
9
6
9
3
1
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



173Journal of Industrial Microbiology & Biotechnology (2020) 47:169–181 

1 3

obtained at 60 °C (Fig. 2c). At 20 °C and 65 °C, the spe-
cific activity was 56% and 78% of its maximum activity 
at an optimum temperature of 60 °C. The specific activity 
dropped drastically beyond 65 °C. Thermal stability of 

wild-type Ca-Est suggested that the enzyme was stable at 
30 °C with t1/2 of 533 min. The t1/2of enzyme at 60 °C and 
at 80 °C was found to be 17.86 min and 1.39 min respec-
tively (Fig. 5b).

Fig. 1  Purification of Ca-Est 
from Clostridium acetobutyli-

cum. a 12% SDS PAGE analysis 
of recombinant lipase/esterase 
gene from Clostridium acetobu-

tylicum was overexpressed in E. 

Coli BL21 (DE3) cells purified 
by affinity chromatography 
with Ni–NTA matrix: Lane 
M: protein marker (Molecular 
weight in kDa) lane 1: induced 
whole cell lysate, lane 2: pel-
let, lane 3 supernatant, lane 5: 
Flow-through, lane 4:10 mM 
Imidazole wash, lane 6: 20 mM 
Imidazole wash and lane 
7:100 mM elution. Each lane 
contains 10 µL of the fraction. 
b Analysis of the oligomeric 
state of Lipase/esterase by gel 
filtration chromatography: Gel 
filtration chromatogram was 
obtained by plotting with A280 
versus with its correspond-
ing elution volume. c Semilog 
plot of molecular masses of 
the standards used versus with 
elution volume. The molecular 
mass and oligomeric state of the 
esterase were found using the 
slope and intercept of a standard 
plot

Fig. 2  Biochemical characterization of the recombinant Ca-Est. 
Effect of the a amount of enzyme b pH c temperature on the recom-
binant Ca-Est activity. The assay was performed using 1 mM p-nitro-

phenyl acetate as a substrate in 50  mM sodium phosphate buffer at 
pH 7.0. Results are the mean ± SD from triplicate experiments
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Substrate specificity of Ca‑Est and kinetic 
parameters

Using various acyl lengths of p-nitrophenyl esters, aro-
matic esters and phenyl thioacetate the substrate specific-
ity for wild-type Ca-Est was studied. It was observed that 
the maximum specific activity was towards p-nitrophenyl 
butyrate (C4). There was no detectable enzymatic activity 
towards p-nitrophenyldecanoate (pNPC10), p-nitrophenyl-
dodecanoate (pNPC12) p-nitrophenyl palmitate (pNPC16) 
and phenyl acetate. This showed that the recombinant 
enzyme has an affinity towards short-chain acyl length of 
p-nitrophenyl esters confirming that CA-C0816 encoding 
gene is an esterase (Fig. 3a) (Table 1). Kinetic studies on the 
Ca-Est followed simple hyperbolic MichaelisMenten kinet-
ics for the substrates p-NPA p-NPB, and α naphtyl acetate 
(Fig. 3b). Kinetic constants KM, Vmax, turnover number (kcat), 
and catalytic efficiency (kcat/KM) were calculated for various 
substrates by fitting the kinetic data on a non-linear regres-
sion by using Graph Pad Prism 5.0 (Table 2). It was found 
that the recombinant enzyme showed more affinity towards 
p-NPB (C4) than p-NPA (C2) and α naphtyl acetate.  

Effect of amino acid modifiers on Ca‑Est activity

The effect of various amino acid modifying agents such as 
PMSF for Serine, DEPC for histidine EDAC for aspartic 
acid, PGH for arginine and DTT for thiol group, on the 
recombinant Ca-Est was studied. The treatment of serine 
modifier results in loss of 78% esterase activity, whereas 
histidine modifier showed complete inhibition of esterase 
activity (Fig. 4a). The thiol modifier showed a 62% loss 
of activity and the arginine modifier showed a 40% loss of 

activity (Fig. 4a). Amongst all, aspartate modifier had least 
effect on enzyme activity (Fig. 4a).

Effect of various additives on Ca‑Est activity

Ca-Est activity was studied in the presence of various deter-
gents to be effective for stain removal on fabric and dish 
wash cleaning. On comparison with control, SDS showed 
that 23% of loss of inhibition was observed with SDS and 
loss in activity with Tween 80 and Triton X were 26% and 
28%, respectively (Fig. 4b). SDC and Tween 20 showed 13% 
and 19% inhibition, whereas Brij 35 had shown no effect 

Fig. 3  Determination of substrate specificity and kinetic parameters. 
a Substrate specificity of Ca-Est towards various p-nitrophenyl esters 
(0.5  mM) were assayed at 60  °C in the 50  mM sodium phosphate 
buffer at pH 7.0. No activity was detected for the acyl length of 16 
carbon. Results are the mean ± SD of three experiments done in trip-

licates. b Michaelis–Menten plots of a recombinant esterase from 
Clostridium acetobutylicum. Kinetic data are measured using a UV 
spectrophotometer using p-NPC2 (circle) and p-NPC4 (square). The 
assay was conducted at 50 mM phosphate buffer at pH 7.0 and 60 °C

Table 1  Biochemical assay for the Ca-Est using various substrates

Enzyme activities were determined at 60  °C in 50  mM sodium 
phosphate buffer (pH 7.0) using various substrates. Results are the 
mean ± SD of three independent experiments

ND not determined

Substrates Specific 
activity (U/
mg)

p-Nitrophenyl acetate 1386 ± 10.7

p-Nitrophenyl butyrate 2280 ± 20.8

p-Nitrophenyl octonate 326 ± 38.85

p-Nitrophenyl decanoate ND

p-Nitrophenyl dodecanoate ND

p-Nitrophenyl palmitate ND

α-Naphtyl acetate 770 ± 7.35

β-Naphtyl acetate 145 ± 15.11

4-Methylumbelliferyl acetate 202 ± 22.45

Phenyl acetate ND

Phenyl thioacetate 13 ± 0.00
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(Fig. 4b). Significant inhibition was observed with 10% iso-
propanol, acetone, and ethanol. DMSO showed 50% inhi-
bition of Ca-Est activity. However, methanol was found to 
enhance the esterase activity by 10% when compared with 
control (Fig. 4c). Metal ions such as  Na+ and  K+ showed 
negligible effect.  Mn2+,  Ni2+,  Zn2+, and  Mg2+ inhibited the 
enzyme activity (~ 20%). Interestingly,  Fe2+ showed ~ 75% 
loss of activity and complete inhibition of esterase activity 
was observed with  Cu2+ (Fig. 4d).

Secondary structure of Ca‑Est

The secondary structure of the Ca-Est was studied by cir-
cular dichroism spectra. The far UV spectra displayed a 
double peak at 208 and 222 nm, indicating that the protein 

has stable conformation of secondary structure at 25 and 
60 °C (Fig. 5c). The melting temperature of the protein was 
determined by plotting graph against fraction unfold and 
temperature fitted to Boltzmann curve and Tm was found to 
be 67.71 °C at 222 nm.

Catalytic activity of Ser89Ala and His224Ala mutant 
by using p‑NP esters

Based on the effect of amino acid modifiers, Ser89Ala and 
His224Ala mutants were generated and tested for enzyme 
activity towards various substrates similar to studies on 
wild type [35]. Interestingly, mutations of Ser89Ala and 
His224Ala showed complete inactivation of the enzyme 

Table 2  Kinetic parameters for 
p-NPA and p-NPB hydrolysis 
by Ca-Est

Enzyme activities were determined at 60 °C in 50 mM sodium phosphate buffer (pH 7.0) using p-nitrophe-
nyl acetate and p-nitrophenyl butyrate. Results are the mean ± SD of three independent experiments

Substrate Vmax (µmol min−1 mg−1) Km (µM) kcat  (s
−1) kcat/Km  (s−1 µM−1)

p-NPA 1561 ± 23.02 27.3 ± 0.64 754 ± 11.12 27.67 ± 0.88

p-NPB 24,066 ± 31.01 25.13 ± 2.31 1162 ± 14.9 46.91 ± 3.63

α-naphtyl acetate 779 ± 7.31 73.82 ± 2.85 375 ± 3.58 207 ± 0.2

Fig. 4  Effect of additives on 
recombinant Ca-Est. a ami-
noacid modifiers, b detergents, 
c solvents, and d metal ions 
on Ca-Est activity. Enzymatic 
activity was performed at 60 °C 
in 50 mM sodium phosphate 
buffer at pH 7.0 with p-NPC4. 
Results are the mean ± SD from 
three independent experiments. 
Asterisks (*) indicates p < 0.05
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(Table 3). This confirms that these amino acids are impor-
tant for enzymatic catalysis (Table 3).

Discussion

Hydrolases are the important class of enzymes in indus-
trial biotechnology. Among hydrolases, lipolytic enzymes 
are more important over proteases and amylases. Lipolyitc 
enzymes include esterases and lipases are more valuable 
because of broader applications in various fields such as food 
industry, pharmaceutical, biofuels, paper and pulp, environ-
mental bioremediation, and laundry industry, whose global 
market value was expected to reach $590.5 million by 2020 
[7]. Therefore, there is a need for the search of enzymes that 
can withstand harsh conditions such as temperature, pH, salt, 
and solvent tolerance for industrial applications. In search of 
novel enzymes, we selected industrially important organism, 
namely, Clostridium acetobutylicum (ATCC 824). It is an 
industrially important solventogenic microorganism for the 
production of acetone, butanol, and ethanol [36]. This organ-
ism encodes numerous putative lipase/esterases. It reacts to 

butanol stress without affecting the central metabolism by 
upregulating the heat shock genes and downregulating genes 
for glycerophosphodiester, phosphodiesterase and in particu-
lar hypothetical gene CA_C0816 [37]. Hence, we made an 
effort to characterize CA_C0816 gene that encodes lipase/
esterase from Clostridium acetobutylicum to explore its 
industrial applications.

Multiple sequence alignment of Ca-Est with the sequence 
of other family members showed that this protein consists 
of catalytic triad serine 89, histidine 224, and glutamic acid 
196 and the catalytic serine conserved around GYSMG pen-
tapeptide motif (Fig. 6). Another hallmark of HSL was short 
conserved HGGG motif upstream to the catalytic serine resi-
due and plays a major role in stabilization of the oxyanion 
hole intermediate during catalysis [38, 39]. This recombi-
nant Ca-Est exhibited HGSG instead of HGGG motif, which 
was generally found in HSL. Hence, Ca-Est forms a novel 
protein that belongs to lipolytic enzyme IV of hormone-
sensitive lipase. It shows the significant amino acid sequence 
similarity to the human HSL [4].

Human HSL plays an important role in hydrolysis of 
stored triacylglycerol in adipose tissue under the influence 
of hormones such as catecholamine, adrenocorticotropic 
hormone, and glucagon and also hydrolysis of cholesterol 
esters in steroidogenic tissue. The activity is regulated by 
reversible protein phosphorylation [19]. Human HSL con-
sists of amino-terminal domain, plays a role in protein–pro-
tein interactions and carboxyl-terminal domain consists of 
catalytic domain of α/β hydrolase fold with catalytic resi-
dues (ser, Asp, and His) conserved. Phosphorylation sites 
are present in between the amino and carboxyl domain called 
a regulatory module. Human HSL shows no sequence 
homology to other mammalian lipases [18, 19]. Carboxyl-
terminal domain is homologous to several other microbial 
proteins, hence called microbial HSL which indicated that 

Fig. 5  CD spectra recombinant Ca-Est. The CD spectra of recombinant Ca-Est were recorded at pH 7.0 and 25 °C and 60 °C

Table 3  Comparison of Ca-Est activity with wild type and mutants

Substrate specificity of the wild type was compared with its mutants, 
and the enzyme activity was carried out using 0.5 mMp-NPC2, p-
NPC4, and p-NPC8 at 60 °C and 50 mM sodium phosphate buffer at 
pH 7.0

Enzyme Specific activity (U/mg)

p-NPC2 p-NPC4 p-NPC8

Wild type 1386 ± 10 2208 ± 20 326 ± 38

Ser89Ala – – –

His224Ala – – –
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mammalian HSL are probably evolved from prokaryotic 
lipolytic family IV. However, the amino-terminal domain 
lacks similarity with other known proteins [18] (Fig.S1).

Microbial HSL has  two domains namely N-terminal 
CAP domain that contributes in major functions such as 
enzyme activity, substrate specificity, thermophilicity, 

Fig. 6  Multiple sequence alignment of amino acid esterases with 
other closely related esterases. The PDB codes are as follows 3E0X 
(from Clostridium acetobutylicum) 4XVC (Marine sediment genomic 
library), 1JKM (from Bacillus subtilis), 1JJI (from Archaenglobus-

fulgidus), 1EVQ (from Alicyclobacillusacidocaldarius), and 5H3H 
(Exiguobacteriumantarcticum). The catalytic amino acids are marked 
by an arrow mark
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regioselectivity, and thermostability [40] and C-terminal 
catalytic domain possesses the α/β hydrolase fold with 
conserved catalytic triad in loops plays important role in 
catalytic mechanism and HGGG motif upstream to the cata-
lytic serine residue, stabilizes the oxyanion intermediate. 
Recently, it was reported that this motif has the ability to 
hydrolyse tertiary alocohol esters, because it provides more 
space for the binding of tertiary alcohol esters [41]. The 
CAP domain is usually present above the α/β hydrolase 
fold. Microbial HSLs has been classified into two subfami-
lies, namely, GDSAG motif subfamily and GTSAG motif 
subfamily based on the conserved serine around the penta-
peptide motif [24]. Most of the microbial HSL esterases so 
far reported belongs to GDSAG subfamily and are capable 
of forming dimers or oligomers in solution. Oligomeriza-
tion involves hydrogen bonds and hydrophobic interactions 
involving antiparallel β8 sheets and preceding α helices of 
catalytic domain without the involvement of CAP domain 
[39, 42]. It was reported that in GDSAG subfamily dimeriza-
tion may not be essential for catalysis, because both substrate 
binding pocket and active sites are away from the dimeric 
interface [24, 39, 43].

In the case of hyperthermophlies Pest E, Est 1, and AF-
Est, the dimerization contributes to thermal stability [42]. 
In GTSAG subfamily, only one structure Est 25 (PDB 
ID:4Q05) has been reported. Dimerization pattern differs 
from the usual HSL oligomers that involve both the CAP 
and catalytic domain for dimerization. By site-directed 
mutagenesis at D224 in monomer B, it was confirmed that 
dimerization exerts its catalytic activity by correct position-
ing of the catalytic residue Asp 282 in the active site and 
also have partial effect on substrate binding [24]. In Ca-Est, 
the catalytic serine around the pentapeptide motif was not 
present either in GTSAG or GDSAG motif subfamilies of 
hormone-sensitive lipase [44, 45] that might belong to new 
member of microbial HSL.

A putative Ca_C0816 gene from Clostridium acetobutyli-

cum encoding for a protein with 242 amino acids was over-
expressed in E. Coli strain BL21 and purified with affinity 
chromatography using  Ni+2-NTA resin after IPTG induction. 
Microbial HSL esterases exhibits oligomeric state in solu-
tion from monomer to tetramer [24], and Ca-Est was found 
to be a homodimer with a subunit size of 29 kDa which is 
within the range of molecular weights (20–69 kDa) of other 
microbial esterases reported in the literature [24, 46]. Ca-Est 
exhibited optimum pH 7.0 which is typically observed in 
microbial HSL esterases [44, 47] and optimum temperature 
at 60 °C. Based on the secondary structural spectra by CD 
spectroscopy, the enzyme was found stable at 60 °C (Fig. 5) 
with specific activity of 2403 U/mg with p-NPB. It is an 
unusual finding, where a mesophilic protein recorded an 
optimum activity at a moderately high temperature of 60 °C 
and thermal denaturation at 65 °C. However, there have been 

cases of a mesophilic protein exhibiting high optimum tem-
perature [48]. The melting temperature of wild-type Ca-Est 
was found to be 67.9 °C from CD spectroscopy. Thermal 
stability data showed that Ca-Est has half-life of 17.86 min 
at 60 C°. Ca-Est showed hydrolase activity towards small-
to-medium acyl length of p-nitrophenyl esters from C2 to 
C8, but exhibited high activity for p-nitrophenyl butyrate, 
suggesting that this enzyme is an esterase rather than lipase 
[4, 45, 49, 50]. It also showed activity towards aryl esters 
such as α-naphthyl acetate, β- naphthyl acetate, and 4-methyl 
umbelliferyl acetate, but showed strict substrate preference 
towards α-naphthyl acetate over β- naphthyl acetate. In 
addition, no detectable activity towards phenylacetate and 
little activity towards thioesterase. Mostly HSL esterases 
showed high activity towards p-nitrophenyl butyrate due to 
the funnel-shaped substrate binding pocket [51] which cor-
relates with previously reported literature on esterase from 
other strains such as metagenomics library [45] Rheinhe-

imera sp. [31] and Est25 from marine metagenomics [24]. 
In our study, this Ca-Est showed high kcat for p-nitrophenyl 
butyrate when compared with other microbial esterases such 
as Archaeglobusfulgidus [52], Rhizomucormehei [27] and 
Lactobacillus plantarum [33]. Our data showed that Ca-Est 
was able to hydrolyse carboxylacidesters and arylesters.

The inhibitory effect of amino acid modifiers PMSF 
and DEPC confirmed that serine and histidine were very 
crucial for enzyme activity. The catalytic role of Ser89 and 
His224 was further confirmed by site-directed mutagenesis 
which confirmed that the serine conserved in a pentapeptide 
sequence GXSXG plays catalytic role in catalytic mecha-
nism as reported for rat HSL [53] and His acts as a base in 
catalysis [35].

The secondary structure prediction of PDB3E0X (Fig. 
S2) shows an α/β hydrolase fold. It has 13 helices with 7 
strands and 1 sheet. The interconnectivity of the protein 
is maintained by 21 beta turns and 3 gamma turns and 18 
helix–helix interactions. The uniqueness lies in the pres-
ence of a psi loop and a beta bulge of 6 amino acid length. 
The domain connectivity is depicted (Fig S1). The protein 
exists as a dimer, which was confirmed by gel filtration 
chromatography. The monomeric structure consists of two 
major domains, namely, catalytic and CAP domain. The 
catalytic domain consists of a typical alpha–beta hydrolase 
fold and is composed of seven β strands enclosed by nine α 
helices (α1–α4) and (α9–α13). The CAP domain consists of 
alpha-helices (α5–α8) as described [54]. Analysis of amino 
acid composition shows that the protein is Leu-rich protein 
(12.2%) followed by Lys (10.6%), Ile (9.0%), Val (7.8%) and 
Glu (7.8%) using pdbparam online webserver. p-NPB with 
Ca-Est showed that the substrate-binding pocket is majorly 
surrounded by Leu and other hydrophobic residues that 
facilitate the binding of hydrophobic substrate molecules 
using AutoDock software 2.0 (Fig S3). We hypothesized 
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that the Ca-Est might have funnel shape substrate-binding 
pocket, so it allows the entry of < 10 carbon p-nitrophenyl 
esters.

Tolerance of Ca-Est with different detergents and organic 
solvents was investigated for its industrial applications. 
Ca-Est exhibited inactivation with organic solvents such 
as isopropanol, acetone, and ethanol, because these water-
miscible organic solvents remove the water molecule around 
the enzyme, that eventually results in disruption of protein 
conformation and inactivate the enzyme activity. The Ca-Est 
activity was enhanced in the presence of 10% methanol; this 
might be due to the increase in the hydrogen bond inter-
actions between enzyme surface and water molecules that 
could enhance the stability of enzymes in organic solvents 
[55]. Hence, it can be used in the transesterification reaction 
for the production of biodiesel or organic synthesis that have 
industrial applications [56–58]. For lipolytic enzymes, both 
detergents and their concentration helps either to enhance 
activity by promoting the emulsification and mixed micelles 
that aids in conformational changes of the enzyme, so that 
active site is accessible or to reduce the enzymatic activity 
due to the formation of inactive enzyme surfactant or by 
impairing the active binding site of enzyme at the interface 
[59]. Ionic detergent such as SDS had an inhibitory effect 
on Ca-Est activity, as it modifies the tertiary structure of the 
protein, whereas non-ionic detergents were less effective at 
disrupting the protein aggregation [60]. The enzyme showed 
more inactivation with  Fe+2 and  Cu+2 as compared to other 
metal ions. The complete loss of esterase activity might be 
due to Cys 24 adjacent to its catalytic triad as reported in 
the literature [61].This effect has also been observed in other 
lipolytic enzymes [62]. It has been reported that some metal 
ions act as non- competitive inhibitors, destabilize the con-
formation of enzyme, and reduce the activity [63]. From 
the above findings, it can be concluded that this Ca-Est is 
a robust enzyme that withstands high temperatures and is 
active in the presence of methanol. These properties make it 
a valuable biocatalyst in the synthesis of biodiesel.

Conclusions

There is a high demand for the screening of novel microbial 
lipolytic enzymes with superior properties. In this study, 
Clostridium acetobutylicum esterase (Ca-Est) contains a 
novel sequence GYSMG and HGSG motif that appears to 
be a new member of lipolytic family IV of hormone-sen-
sitive lipase with catalytic serine found in GYSMG con-
sensus motif. Ca-Est is a mesophilic enzyme, but showed 
high specific activity at a moderately high temperature of 
60 °C. It also showed enhanced activity in the presence of 
methanol. Hence, this solvent tolerant esterase can prove to 

be an attractive biocatalyst in the synthesis of biodiesel and 
biopolymers.
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