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substrate, with p-nitrophenol caproate as the preferred one. 
Furthermore, the flexible cap domain and the high percent-
age of Gly, Ser, and Met may play important roles in the 
adaptation of Est12 to low temperature.
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Introduction

Lipolytic enzymes such as esterases (EC 3.1.1.1) and 
lipases (EC 3.1.1.3) represent a group of hydrolases cata-
lyzing both the hydrolysis and synthesis of ester bonds and 
are widely distributed in animals, plants, and microorgan-
isms. The lipolytic enzymes belong to serine hydrolysis 
superfamily. Therefore, the activities of these enzymes rely 
mainly on a catalytic triad usually formed by Ser, His, and 
Asp residues. The enzymes with valued features, such as 
broad substrate specificity, stability in organic solvents, and 
stereoselectivity, become one of the most important groups 
of biocatalysts for biotechnological applications [3, 28]. 
Most of the lipolytic enzymes used in industry are micro-
bial enzymes, which have been classified into eight fami-
lies by Arpigny and Jaeger [3]. Recently identified lipases 
and esterases such as LipG [35], EstA [6], and LipEH166 
[32] further enriched the families of lipolytic enzymes. 
Identification of novel esterases and lipases will increase 
the diversity of lipolytic enzymes and help in selection of 
suitable biocatalyst for challenging reactions [47].

Many attempts in the past have been made to find new 
lipolytic enzymes from culturable microorganisms of 
various environments. However, the culturable microbes 
account for only a tiny fraction of the microbial com- 
munity, therefore, limiting the spectrum of searching for  
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new enzymes. By contrast, more than 99  % of uncul-
tured microorganisms in most environments represent a 
large gene pool for biotechnological exploitation [2, 16]. 
Metagenomics, a cultivation-independent method to study 
microbial communities is one of the key technologies used 
to access and investigate the uncultured microorganisms 
[41]. This strategy has been successfully applied to isolate 
novel biocatalysts such as chitinases [7], amylases [58], 
protease [20], 4-hydroxybutyrate dehydrogenases [23], 
lipases and esterases [24, 36], nitrilases [11], and cellulase 
[56].

Marine environments including the deep-sea sedi-
ment are considered to be the largest ecosystems on 
the earth [39]. Microorganisms inhabiting in such envi-
ronment are exposed to extremes in pressure, salinity, 
temperature, and nutrient availability [31]. Therefore, 
it is believed that marine microbes are both taxonomi-
cally diverse and metabolically complex, providing a 
vast resource for mining novel genes and biocatalysts. 
Enzymes from marine microbes are likely to have a 
range of quite diverse biochemical and physiological 
characteristics that have allowed the microbial commu-
nity to adapt and ultimately thrive in these unfavorable 
conditions [52]. Recently, various novel lipases and 
esterases have increasingly been identified from seawa-
ter to marine sediment microbial community, for exam-
ple, cold-active lipase Lip1 from Pseudoalteromonas 
haloplanktis TAC125 [8], esterase EstA from seawater 
metagemomic library [6], low-temperature-active lipase 
h1Lip1 [21], cold-adapted alkaline esterase EM2L8 from 
deep-sea sediment metagenome [45], OLEI01171 from 
the oil-degrading marine bacterium Oleispira antarc-
tica, RhLip from Arctic marine bacterium Rhodococcus 
sp. AW25M09 [9] and EstB from marine microorganism 
Alcanivorax dieselolei B-5(T) [59]. Among these identi-
fied lipolytic enzymes, cold-adapted enzymes have been 
paid great attentions for their economic benefits through 
energy savings [5]. Since the marine sediments largely 
represent low-temperature environments, the presence of 
low-temperature-adapted bacteria with low-temperature-
active enzymes are highly expected [21].

In our previous study, we constructed a fosmid 
metagenomic library IMCAS-F003 from South China Sea 
marine sediment microbial DNA, and the genetic infor-
mation contained in the library was analyzed by large 
scale fosmid end sequencing [27]. In the present work, a 
novel low-temperature-active alkaline esterase Est12 was 
identified from this library, and the structure and function 
of Est12 were investigated. Our study sheds new lights on 
better understanding the lipolytic enzymes of marine ori-
gin and provides a potential biocatalyst for future indus-
trial application.

Materials and methods

Lipolytic activity clones screening

To screen for lipolytic activity clones, the library IMCAS-
F003 we previously constructed was plated on LB agar 
medium supplemented with 1  % tributyrin [45] and 
12.5 μg  mL−1 chloramphenicol. Lipolytic activity clones 
were identified by the formation of clear zones around col-
onies after incubation for 24–48 h at 30 °C.

Fosmid sequencing and sequence analysis

Fosmid pFL12 was purified by using Plasmid Mini Kit I 
(Omega, Doraville, GA), and mechanically sheared DNA 
of 1.5–3  kb was ligated to pUC118 vector for shotgun 
sequencing. The sequence coverage was above tenfold, 
and the resulting DNA sequences were assembled using 
Lasergene package, version 7.10 (DNA star, USA). After 
sequence assemblage, two contigs of 8.8 and 16.5  kb, 
respectively, were obtained. The gap between the two con-
tigs was closed by primer-walking method. Open reading 
frame (ORF) analysis was performed using Glimmer ver-
sion 3.02 [10]. The predicted function of ORFs was anno-
tated using BlastX search toward the NCBI nonredun-
dant protein database and finalized by manual inspection. 
Promoter prediction was carried out by using Softberry 
(http://linux1.softberry.com/all.htm) and NNPP version 
2.2 (http://www.fruitfly.org/seq_tools/promoter.html). The 
prediction of signal peptide was performed with the help of 
SignalP 3.0 server [4]. Multiple sequence alignments were 
carried out by Clustal X, version 1.83 [54]. Phylogenetic 
and molecular evolutionary analyses were conducted by 
the neighbor-joining method using MEGA version 4 [53]. 
Bootstrapping [15] was used to estimate the reliability of 
phylogenetic reconstructions (1000 replicates).

Expression and purification of Est12

For the overexpression of Est12, the full length of 
orf14 was amplified using the original fosmid pFL12 
as template with primers: 5′-GGAATTCCATATGGCG 
TTGTTTCAGTGCG-3′, 5′-CCCAAGCTTTCACGCAGGC 
GCTGTTCCCG-3′.

The Nde I and Hind III restriction enzyme sites were 
underlined in the forward and reverse primers. The PCR 
product was digested by Nde I and Hind III, and the prod-
uct was purified and cloned into an expression vector, pET-
28a (+), and the recombinant plasmid was transformed into 
E. coli BL21 (DE3) competent cells.

When cells were grown to an OD600 of 0.5 at 37 °C in 
LB medium containing 34  μg/mL kanamycin, 0.5  mM 

http://linux1.softberry.com/all.htm
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isopropyl β-d-1-thiogalactopyranoside (IPTG) was added 
to induce the recombinant protein. After further growth for 
3  h, the cells were harvested by centrifugation at 6500  g 
for 20 min at 4 °C. The cell pellet was then resuspended in 
lysis buffer (50 mM Na-phosphate pH 8.0, 300 mM NaCl, 
5 % glycerol (v/v), 2 mM 2-mercaptoethanol) and homoge-
nized by ultrasonication on ice. The lysate was centrifuged 
for 30  min at 12,000  g at 4  °C. The supernatant-contain-
ing soluble Est12 protein was then applied onto Ni–NTA 
resin (QIAgen) as described by Liu et al. [40]. The eluate 
of Est12 protein was further purified on a superdex 200 col-
umn by ÄKTA prime plus (GE) equilibrated with Tris–HCl 
buffer (50  mM Tris–HCl pH 7.8, 300  mM NaCl, 1  mM 
EDTA, 5 % glycerol (v/v), 2 mM 2-mercaptoethanol). The 
fraction-containing Est12 was concentrated to 100 mg/mL 
using an Amicon concentrator 10 kDa (Millipore), and the 
protein concentration was determined using Bradford assay 
with BSA as standard. Lastly, Est12 was stored at −80 °C 
prior to crystallization attempts.

Enzymatic activity assay

Activity was measured using p-nitrophenyl (NP) esters as 
substrates [38]. The standard reaction mixture contained 
0.01  mL of 10  mM substrate in acetonitrile and 0.98  mL 
of 50  mM of Tris–HCl (pH 8.0) buffer containing 0.1  % 
arabic gum and an appropriate amount of the enzyme in 
a final volume of 1  mL. Unless otherwise specified, the 
activity of enzyme was determined at 40 °C for 5 min by 
measuring the absorbance of liberated p-NP at 410 nm. The 
background hydrolysis of the substrate was deduced using 
a reference sample of composition identical to the reaction 
mixture but with no enzyme added. Measurements were 
carried out for at least three times. One unit (U) of enzyme 
activity was defined as the amount of enzyme required to 
release 1 μM of p-NP per minute under the assay condi-
tions. The kinetic constants Km and Vmax of Est12 using 
p-NP caproate as a substrate were calculated from the 
Lineweaver–Burk plot.

Biochemical properties of Est12

Substrate specificity was determined at 40 °C and pH 9.0 
toward p-NP esters with chain lengths ranging from C2 
to C16. The optimum temperature was investigated in the 
range of 5–65  °C with 5  °C intervals. The effects of pH 
on hydrolysis activity were examined over the range of 
pH 5.0–11.0, and the buffers used were citrate buffer (pH 
5.0–6.0), sodium phosphate buffer (pH 6.0–8.0), Tris–HCl 
buffer (pH 8.0–9.0), and sodium bicarbonate buffer (pH 
9.0–11.0). The thermostability of the esterase was exam-
ined by incubating the enzyme in 50 mM Tris–HCl buffer 
(pH 9.0) at 40, 50, and 60  °C, and the relative activities 

were measured every 10 min for 1 h for each temperature 
using the standard assay.

The effects of divalent metal ions on enzyme activity 
were determined using metal salts (CaCl2, CoCl2, CuCl2, 
ZnCl2, MnCl2, MgCl2, and NiCl2) at final concentrations 
of 5  mM. The effects of inhibitors on esterase activity 
were examined using diethyl pyrocarbonate (DEPC), phe-
nylmethylsulfonyl fluoride (PMSF), ethylene glycol-bis 
(β-aminoethyl ether)-N, N, N′, N′-tetraacetic acid (EGTA), 
ethylenediamine-tetraacetic acid (EDTA), 2-merchaptoe-
thanol (2-ME), and dithiothreitol (DTT) at final concentra-
tions of 5 mM. The effects of detergents on esterase activity 
were examined using sodium dodecyl sulfate (SDS), Tween 
20, Tween 80, cetyltrimethyl ammonium bromide (CTAB), 
and Triton X-100 at final concentrations of 0.2–5 %. The 
effects of organic solvents on esterase activity were exam-
ined using dimethyl sulfoxide (DMSO) and dimethylforma-
mide (DMF) at final concentrations of 1–10 %, methanol, 
ethanol, and acetone at final concentrations of 10–40 %. All 
the tests were performed using the standard assay, and the 
activity of the enzyme without additives added in the reac-
tion mixture was defined as 100 %.

Protein crystallization

The diffraction-quality crystals were obtained at 277 K by 
mixing 1.5 µl reservoir solution consisting of 0.3 M Mag-
nesium chloride hexahydrate, 0.1  M Tris hydrochloride 
pH8.5, 24 % w/v PEG4000 with an equal volume of 5 mg/
mL of the protein solution by the hanging drop. The crys-
tals were typically shaped like diamonds. The cry-protect-
ant solution was mother solution plus 15 % glycerol.

Data collection and structure determination

The diffraction data were collected using an MX225 CCD 
detector at 100 K on beamline BL17U1 of Shanghai Syn-
chrotron Radiation Facility (SSRF) of China. The raw data 
were reduced and scaled using the HKL2000 software 
package [44]. Data collection and reduction statistics are 
summarized in Table 1. The crystal belonged to the space 
group C2 with approximate unit-cell parameters a = 133.4, 
b = 63.8, c = 88.7 Å, α = 90, β = 127.1, γ = 90o. The 
structure was solved by molecular replacement by Phaser 
[42] from the CCP4 suite [57] with estA of Streptococcus 
pneumonia (PDB code 2UZ0) which had 40  % identity 
with Est12 as a search model. The estA structure contained 
two molecules in the asymmetric unit. After one round of 
rigid-body refinement with Phenix [1], manual rebuilding 
was performed in Coot [12]. Subsequently, further rounds 
of restrained refinement were performed and waters were 
added and adjusted. Figures containing protein structures 
were generated with PyMol (www.pymol.org).

http://www.pymol.org
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Nucleotide sequence and PDB entries

The nucleotide sequence of the fosmid pFL12 has been 
deposited in GenBank with an accession number of 
FJ483464. The PDB number of Est12 was 4RGY.

Results and discussion

Lipolytic activity‑based screening of fosmid library

The metagenomic fosmid library used for screening was 
constructed from deep-sea sediment community, South 
China Sea, with a water depth of 778.5 m. The in situ tem-
perature of the sampling sediment was around 4 °C; thus, 
cold-adapted enzymes were expected. Here, the library was 
screened for lipolytic activity on tributyrin agar plates, and 
a positive clone, pFL12, was selected. This clone showed 
relatively high hydrolysis activity on plate at low tempera-
ture compared to other clones. When stored at 4 °C for one 
week, the clear zone around the colony was about five to 
six times larger in size than that stored for three days (data 
not shown).

Genetic information on the pFL12 fosmid clone

The fosmid clone pFL12 was randomly shotgun sequenced. 
The sequencing result indicated that this clone contained 
a 26139-bp foreign DNA fragment with a relative high 
G + C content (65 %). A total of 17 ORFs were found out 
by using Glimmer (Electronic Supplementary Material 1), 
of which 9 proteins showed very low identity (less than 
35 %) with their hits, and only 3 proteins displayed higher 
identity of >50 %. The enzyme in the database that was the 
most similar (78 % identity) to our proteins (orf13) was a 
sulfatase from an uncultivated bacterial symbiont of the 
marine sponge Theonella swinhoei. Since the insert DNA 
did not carry any phylogenetic marker genes, its microor-
ganism of origin was not really known. However, consider-
ing the low identity of the genes on the DNA fragment, it 
is probably from a hitherto unknown or uncultured marine 
microorganism.

Interestingly, besides orf13, orf7 encoded another sul-
fatase with 32 % identity to that from Bacteroides thetaio-
taomicronVPI-5482. Sulfatases, belonging to hydrolase 
superfamily, catalyze the hydrolysis of a diverse range of 
sulfate ester substrates, including hydrophobic glucosi-
nolate, steroid, and thyronine sulfates. These enzymes in 
prokaryotes typically function as scavengers, removing 
sulfate groups from exogenous substrates to provide sulfur 
sources for their hosts, or as the first step in their minerali-
zation [22]. Therefore, we speculated that this DNA frag-
ment is originated from the microorganism involved in sul-
fur cycle in marine sediment environment.

One of these predicted ORFs encodes a 270-amino-acid 
protein (named Est12) showing the highest identity of 64 % 
with putative esterase from Geobacillus sp. Y412MC10. 
Further expression and characterization were focused on 
this protein.

Sequence analysis of Est12

A putative promoter region of Est12 by the presence of 
-35 region, GTGAAT, -10 region, TATACT, and a puta-
tive ribosomal binding site, AGGAGA, 8  bp upstream of 
the ATG initiation codon were identified. Analysis of RNA 
secondary structure indicated that a region downstream of 
the termination codon TGA tend to form stable stem-loop 
structure, which was probably a rho-independent transcrip-
tion terminator (Electronic Supplementary Material 2). The 
G + C content of this ORF was 66 %, which was almost 
identical to 65 % of the whole fosmid inserted DNA. No 
potential signal sequence was detected in this protein, as 
revealed by the SignalP program.

Lipases and esterases contain the conserved active site 
motif of the pentapeptide Gly-x-Ser-x-Gly with a serine acting 
as the catalytic nucleophile, a conserved aspartate or glutamate 

Table 1   Data collection and refinement statistics for Est12

X-ray statistics Est12

Data collection

 Space group C2

 Unit-cell parameters a = 133.4, b = 63.8, c = 88.7 Å
α = 90, β = 127.1, γ = 90 o

 Molecules in asymmetric unit 2

 Wavelength (Å) 1.0001

 Resolution (Å) 35.07–1.39

 Rmerge (%) 10.3 (48.6)

 Mean I/σ (I) 16.2 (3.1)

 Completeness (%) 99.8 (99.8)

 Multiplicity 6.7 (6.1)

Refinement

 No. of reflections 101,251

 Rwork/Rfree (%) 17.56/18.13

 No. of atoms

  Protein 3758

  Ligand/ion –

  Water 644

 R.m.s.d

  Bond lengths (Å) 0.007

  Bond angles (o) 1.19

 Ramachandran statistics (%) 96.7

  Allowed 3.3

  Disallowed 0
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and a histidine, together constituting a catalytic triad, organ-
ized in the hydrolase fold [3]. Sequence alignment revealed 
that Ser125, Asp215, and His244 of Est12 probably composed 
the typical catalytic triad Ser-Asp-His with the active site ser-
ine in the consensus sequence Gly-Leu-Ser-Met-Gly (Fig. 1).

A phylogenetic tree was constructed for Est12, and its 
closest blast matched members and representative mem-
bers of formerly reported eight lipolytic enzyme families, 
three new families [3, 6, 32, 35]. The result showed that 
Est12 and its closest members formed a separate group 

Fig. 1   Sequence alignment of 
Est12 with its closest mem-
bers and three representative 
members of family EstA. 
The aligned sequences are as 
follows: esterase Est12 (this 
study); putative esterase of 
Geobacillus sp. Y412MC10 
(GenBank accession no. 
ZP_03037670); putative ester-
ase of Salinispora arenicola 
CNS-205 (ZP_001537551); 
putative esterase of Geobacillus 
sp. Y412MC10 (ZP_03037773); 
putative esterase of Verrucomi-
crobiae bacterium DG1235 
(EDY84529); putative esterase 
of Chthoniobacter flavus 
Ellin428 (ZP_03129406); 
putative esterase of Victival-
lis vadensis ATCC BAA-548 
(ZP_01924087); tributyrin 
esterase of Listeria welshimeri 
serovar 6b str. SLCC5334 
(YP_850577); hypothetical pro-
tein lin2527 of Listeria innocua 
Clip11262 (NP_471857); 
tributyrin esterase of Lis-
teria monocytogenes str. 4b 
F2365 (YP_014993); hypo-
thetical protein lmo2433 of 
Listeria monocytogenes EGD-e 
(NP_465956); hypothetical 
protein B14911_15770 of 
Bacillus sp. NRRL B-14911 
(ZP_01172807); ester-
ase of Mesorhizobium loti 
MAFF303099 (NP_107485); 
esterase D of Agrobacte-
rium tumefaciens str. C58 
(NP_354481) and carboxy-
lesterase of Novosphingobium 
aromaticivorans DSM 12444 
(YP_498191). The putative 
catalytic triad (Ser125, Asp215, 
and His244) on Est12 deduced 
from the sequence alignment 
is indicated by  solid circle. 
Putative motif involved in the 
formation of the oxyanion hole 
is boxed. The alignment was 
obtained using the Clustal X 
program
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related to EstA family (Fig.  2). The relationship between 
Est12 and EstA as revealed by the comparisons of amino-
acid sequences showed that the former displayed a very 
low similarity with representative members of EstA with 
the highest identity of 26.5 and 25.7  % to esterase from 
Aurantimonas sp. SI85-9A1 (ZP_01228660) and Hoe-
flea phototrophica DFL-43 (ZP_02167917), respectively. 
Furthermore, the sequence patterns conserved around the 
putative active site residues as well as several other blocks 
of Est12 group were different from those of EstA repre-
sentative members. The remarkable difference between the 
two families was that a gap of 19 amino acids appeared in 
members of Est12, thus making them about 20 amino acids 
shorter in length than the EstA family. Based on these data, 
we proposed that Est12 together with its closest members 
represented a new family or subfamily of bacterial lypol-
ytic enzymes.

Substrate specificity of recombinant Est12

The complete ORF of Est12 was amplified by PCR and 
cloned into pET28a(+) using E. coli BL21 (DE3) as host, 
and the resulting protein was purified. The substrate speci-
ficity of the purified enzyme was investigated by using 
various chain lengths of p-NP esters (C2–C16) at 40 °C and 
pH 9.0 (Fig.  3a). The result showed that Est12 exhibited 
the highest activity toward p-NP caproate (212 ±  9.6 U/
mg). The kinetic constants of Est12 using p-NP caproate 
as a substrate were determined as Km  =  0.39  mM, 
kcat  =  3.35  ×  102 s−1, and kcat/Km  =  8.6  ×  102 mM−1 
s−1. High hydrolysis activity was also obtained with other 
short- and middle-chain p-NP esters, such as p-NP butyrate 
(approx. 80  %) and p-NP caprylate (approx. 40  %), but 
very low activity was observed with longer chain p-NP 
esters. Lipases, by definition, have the ability to hydrolyze 
long-chain fatty acids esters (≥C10), whereas esterases 
hydrolyze ester substrate with short-chain fatty acids esters 
(≤C10) [55]. The Est12 identified here preferred short- and 
middle-chain p-NP esters as substrate with the highest 
hydrolysis activity toward p-NP caproate (C6), which indi-
cated that Est12 was an esterase.

Optimum temperature, thermostability, and effects 
of pH on enzyme activity

Est12 displayed high activity in a temperature range of 
40  °C–55  °C with its highest activity at 50  °C by using 
p-NP caproate as substrate (Fig. 3b). This result revealed 
that esterase Est12 exhibited a relatively high optimum 
temperature, though it originated from the microbe in 
cold environment (deep-sea sediment). However, com-
paring with the maximal activity at 50  °C, the enzyme 
remained 48, 53, and 68  % activity at low temperatures 

5, 15, and 25 °C, respectively. Moreover, thermostability 
analysis indicated that the activity of Est12 decreased by 
more than 80  % after 60  min at 50  °C, and the enzyme 
was rapidly inactivated with only 12  % relative activity 
remained at 60  °C after 10  min (Fig.  3c). These results 
demonstrated that Est12 was low-temperature active and 
thermolabile, both of which were typical features of cold-
adapted enzymes [14]. Considering these, we suggested 
that Est12 was a low-temperature-adapted esterase. In 
addition, the optimum activity of Est12 occurred at an 
alkaline pH 9, which was about two times higher than 
that at pH 7.0 (Fig. 3d). This suggested that Est12 was an 
alkaline-tolerable esterase.

Recently, several novel esterases have been identified 
from metagenomic library of different marine environ-
ment such as surface sea water [6, 13], intertidal zone 
sediments [18], and deep-sea sediments [17, 26, 29, 46], 
which are summarized in Table 2. It is noticed that Est12 
has broad temperature tolerance ability, with a 50  % of 
optimal activity retained ranging from 10 to 60 °C. It is 
outstanding compared with other marine-derived ester-
ase, most of which can tolerant temperature variation of 
no more than 35 °C. The wide temperature compatibility 
of Est12 will broaden its application in terms of different 
process temperature required. In addition, Est12 appears 
to possess high alkaline tolerance, with 80 % of optimal 
activity maintained under pH up to 10, which is similar to 
EstF, another esterase originated from the same deep-sea 
marine sediment reported previously. While the majority 
of the marine-derived esterase works under a pH below 
9, Est12 and EstF are unique in terms of their alkaliph-
ilic property, which could be applied in many esterase-
associated industrial processes performed under alkaline 
environment [34].

Effects of metal ions and inhibitors on enzyme activity

The effects of metal ions and inhibitors on enzyme activ-
ity were determined by using various ions and inhibitors 
at a concentration of 5 mM (Table 3). It was shown that 
Est12 was sensitive to Cu2+ and Zn2+, and the enzyme 
activity was not significantly affected by Ni2+. The strong 
inhibitions by Zn2+ also exhibit in other esterase [18]. 
However, the structure basis for the inhibition has not 
been stated in previous literature and cannot be explained 
in our Est12 structure as well. Co2+, Ca2+, Mn2+, and 
Mg2+ increased the activity in different degrees, and 
Ca2+ was especially as an activator, increasing the activ-
ity to about 151 % compared with that without ions addi-
tion. The enzyme activity was inhibited by all inhibi-
tors used, and strongly inhibition was observed in the 
presence of EGTA as the chelator of Ca2+ (Table  4). 
This result further confirmed that the enzyme activity 
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Fig. 2   Phylogenetic tree of 
Est12 (solid circle) and other 
lipolyitc enzymes. The tree was 
constructed by using neighbor-
joining method for calcula-
tion using MEGA (version 4) 
software. Analysis was boot-
strapped, and the values higher 
than 50 are indicated at respec-
tive nodes (1000 replications). 
The enzymes belonging to dif-
ferent families were referred to 
published data [3] and retrieved 
from Genbank. Amino-acid 
sequences were aligned by 
Clustal X (version 1.83). The 
length of the branches indicates 
the divergence among the 
amino-acid sequences. Scale bar 
corresponds to 20 % estimated 
sequence divergence
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was dependent on Ca2+. Some Ca2+-dependent esterase 
identified had a Ca2+-binding GXXGXD motif in their 
sequence, which played an important role in enzyme 

activity and thermostability [48, 51]. However, there 
is not the Ca2+-binding motif in the sequence of Est12. 
Therefore, in the other hand, the mechanism of Ca2+ as 

Fig. 3   Biochemical features of esterase Est12. a Substrate specific-
ity of Est12. Hydrolytic activity was determined toward different 
chain length of p-nitrophenyl (NP) esters: acetate (C2), butyrate (C4), 
caproate (C6), caprylate (C8), caprate (C10), laurate (C12), myristate 
(C14), and palmitate (C16). The highest activity, observed with the 
caproate (C6), was 212 ± 9.6U/mg. b Effects of temperature on Est12 
activity. The enzyme activity was measured toward p-NP caproate 
at various temperatures at pH 9.0. c Effects of temperature on Est12 
stability. The enzyme was incubated at 40  °C (solid square), 50  °C 

(solid circle), and 60 °C (solid triangle) for the indicated periods of 
time, and residual activity was measured using the standard assay. 
Activity before incubation was defined as 100 %. d Effects of pH on 
the esterase activity of Est12. Buffers used were citrate buffer (solid 
square) for pH 5.0–6.0, sodium phosphate buffer (solid circle) for pH 
6.0–8.0, Tris–HCl buffer (square) for pH 8.0–9.0, and sodium bicar-
bonate buffer (solid inverted triangle) for pH 9.0–11.0. The Est12 
activities for (a), (b), and (d) were measured by incubating for 5 min

Table 2   Biochemical characteristics of esterase from different metagenomic libraries of different marine environments

a  The temperature range is the temperatures at which the activities are at least 50 % of the maximum activity
b  pH range is the pHs at which the activities are at least 50 % of the maximum activity
c  Substrates’ ranges are the p-nitrophenyl esters at which the activities are at least 50 % of the maximum activity

Enzyme Environment origin Temperature (°C)
(optimum)a

pH
(optimum)b

Substrate
(optimum)c

Reference

Est9x Surface seawater 50–75(65) 7.0–9.0(8.0) C2–C6(C2) Fang et al. [13]

EstB Surface seawater 35–50(45) 6.5–7.5(7.5) C4–C6(C4) Chu et al. [6]

Est_p1 Neritic sediments 25–45(40) 6–9(8.6) C4 Peng et al. [46]

EstF Deep-sea marine sediment 25–60(50) 8–10(9) C2–C4(C4) Fu et al. [17]

FLS18D Deep-sea marine sediment 30–50(50) 7–9(8) C4–C6 (C4) Hu et al. [27]

EstA Surface seawater 30–50(45) 5.5–7.5(6.5) C4–C6(C6) Chu et al. [6]

Est97 Intertidal zone sediment 20–45(35) 7–9.5(7.5) C4–C6(C6) Fu et al. [18]

Est12 Deep-sea marine sediment 10–60(50) 8–10(9) C4–C6(C6) This study
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an activator has one more probability. For instance, Kim 
et  al. [33] reported that Ca2+ ion in the EstA did not 
directly involve in the catalysis of the enzyme but played 
a critical role in maintaining its stability under physio-
logical condition. 

Inhibitors, DEPC, and PMSF markedly influenced the 
enzyme by reducing the activity to 34 and 25  %, respec-
tively, while EDTA and 2-ME gave a lower inhibition of 
the enzyme activity (Table  4). PMSF and DEPC are spe-
cific modifiers of serine proteases and histidine residues, 
respectively, suggesting the involvement of a histidine and 
a serine at the active site of the enzyme.

Effects of detergents and organic solvents on enzyme 
activity

The effect of detergents on Est12 activity was exam-
ined by addition of SDS, Tween 20, Tween 80, CTAB, 
and Triton X-100 with concentrations from 0.2 to 5  % 
(Table 5). Est12 was very sensitive to even low concentra-
tion (0.2 %, w/v) of SDS and CTAB. Addition of 0.2 % 
(w/v) Tween 20, Tween 80, and Triton X-100 decreased 
the enzyme activity to 84, 84, and 56 %, respectively. The 
enzyme activity was almost completely inactivated with 
5 % concentration of Tween 80 and Triton X-100. Based 
on these results, Est12 seemed not stable in the presence 
of most detergents tested. The effects of organic solvents 
on Est12 activity were determined using DMSO and DMF 
at concentrations of 1 to 10 %, and methanol, ethanol, and 
acetone at concentrations of 10 to 40  % (Table  6). The 

enzyme activity was not significantly affected in the pres-
ence of 1 to 5 % concentration of DMSO or 1 % concen-
tration of DMF, while with the concentration increased, 
the enzyme seemed more tolerable to DMSO than DMF. 
Moreover, in the presence of 10  % concentration of 
methanol, ethanol and acetone, 80, 53 and 61 % relative 
activity remained, respectively. Furthermore, Est12 exhib-
ited 14  % activity remained at even 40  % concentration 
of methanol; however, the same concentration of ethanol 
or acetone inactivated Est12 activity completely. Taken 
together, Est12 was relatively stable in low concentration 
of organic solvents, and it showed the best tolerance to 
methanol, which is an important property for industrial 
applications.

Overall structure of Est12

The 1.39  Å resolution crystal structure of Est12 was fur-
ther determined in space group C21 by molecular replace-
ment using the Streptococcus pneumonia estA (PDB code 
2UZ0) as initial model. The crystallographic statistics for 
data collection and structure refinement are summarized in 
Table 1. The R factor of the present model was 0.16, with 
an R free of 0.18. The asymmetric unit contained two iden-
tical molecules. Gel-filtration experiment showed that the 
protein purified had a molecular weight of approximately 
66 kDa against of which the monomer was about 30 kDa 
according to the amino-acid residues. Collectively, it can 
be concluded that Est12 is dimerized in the native state. 
Additionally, each monomer was perfectly superimposable 
and displayed a marginally ellipsoidal shape as shown in 
Fig. 4a.

The Est12 monomer had a large catalytic domain which 
exhibited a characteristic α/β hydrolase topology. The 
fold consisted of repeating motifs that form a central, pre-
dominantly parallel (except β2) eight-stranded β-sheet sur-
rounded on either side by α-helices. The prototypic cata-
lytic triad was further identified as Ser125, Asp215, and 
His244. Ser125 was located in the apex of nucleo-philic 
elbow between β5 and α5, within the conserved GXSXG 
motif, which was a signature sequence for the hydrolase 

Table 3   Effects of metal ions on the esterase activity of Est12

Metal ions Relative activity (%)

Co2+ 130 ± 8

Ca2+ 151 ± 12

Mn2+ 142 ± 6

Mg2+ 123 ± 9

Ni2+ 96 ± 6

Zn2+ 33 ± 4

Cu2+ 13 ± 3

Table 4   Effects of inhibitors on the esterase activity of Est12

Inhibitors Relative activity (%)

DEPC 34 ± 4

PMSF 25 ± 1

EGTA 29 ± 3

EDTA 82 ± 7

2-ME 70 ± 6

DTT 50 ± 3

Table 5   Effects of detergents on the esterase activity of Est12

Detergents Relative activity (%) at concentration (w/v) 
of (%)

0.2 1 5

SDS 2 ± 1 0 0

Tween20 84 ± 6 64 ± 6 25 ± 4

Tween80 84 ± 8 47 ± 3 7 ± 1

CTAB 0 0 0

Triton X-100 56 ± 4 47 ± 9 7 ± 3
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family. His244 was located on the loop between β8 and 
α9, and Asp215 was located between β7 and α8 (Fig. 4b). 
As shown in Fig.  4b, the three amino acids in the cata-
lytic triad were located in proximity. The hydrogen bond 
interaction network contributed to the stabilization of this 
conformation, with distances of 2.39  Å from Ser125 Oγ 
to His 244 Nε2 and 2.8 Å from His244 Nδ1 to Asp215 Oδ2 
(Fig. 4b).

Inspection of the solvent accessible surface revealed 
the presence of a long and narrow cavity, delimited by 
residues Gly50, Ser52, Asp53, Ile57, Arg61, Leu124, 
and Trp246, which spanned from the protein surface to 
the catalytic Ser125. The catalysis mechanism of Est12 
might be defined as the traditional esterase, in which 
Ser125 represented as the catalytic nucleophile, His244 
activates the serine, and Asp215 makes a hydrogen bond 

with His244 thus completing the catalytic triad. Dur-
ing the catalysis process, the oxyanion hole played an 
important role in ester hydrolysis through the activation 
of the substrate carbonyl group for attack and stabiliza-
tion of the negative charge of tetrahedral intermediate. 
After comparing the crystal structure of Est12 with other 
esterase such as estA and, OLEI01171, the oxyanion 
hole of Est12 might be composed of Leu51 and Met126 
(Fig. 4b).

Structure comparison with other esterases

A structural fold similarity search using DALI identi-
fied several proteins with structural homology to Est12 
[25]. The structure of Est12 was most similar to estA 
from Streptococcus pneumonia (PDB ID code 2UZ0; 
Z-score  =  34.2, r.m.s.d.  =  1.39 Å for 245 residues) 
[33] and OLEI01171 from Oleispira Antarctica (PDB 
ID code 3s8y; Z-score = 29.4, r.m.s.d. = 1.7 Å for 277 
residues) [37]. Structure-based sequence alignment 
showed that the sequence identities of Est12 with estA 
and OLEI01171 were 40 and 22 %, respectively, and 31 
residues are completely conserved, including the cata-
lytic residues of Ser125 and His244 (Fig.  5). Structure 
comparison indicated that Est12 resembles most parts of 
its structure to estA and OLEI01171, but the most strik-
ing difference between these proteins is the cap domain 
(Fig. 6a), which could play important roles in substrate 
specificity among these esterases. As shown in Fig.  6b, 
the cap domain of Est12 consists of an α-helix and a 
flexible region, which prefers p-NP with C6 and C4, 
though C8 as well as even C10 and C2 are also accessi-
ble (Fig. 3a). The cap domain of estA was composed of 
an α-helix and a 310 helix (Fig. 6c); thus, it could only 
hydrolyze p-NP with C4. Unlike Est12 and estA, the 
cap domain of OLEI01171 formed longer but narrower 

Table 6   Effects of organic solvents on the esterase activity of Est12

Organic solvents Concentration (v/v) (%) Relative activity (%)

DMSO 1 100 ± 5

5 98 ± 4

10 74 ± 5

DMF 1 101 ± 3

5 72 ± 7

10 43 ± 3

Methanol 10 80 ± 6

20 64 ± 9

40 14 ± 3

Ethanol 10 53 ± 3

20 27 ± 3

40 0

Acetone 10 61 ± 6

20 18 ± 4

40 0

Fig. 4   Structural characteriza-
tion of the Est12 protein. a 
The Est12 monomer structure. 
α-helices and β-sheets were 
shown in magenta and green, 
respectively, and Ser125, 
Asp215, and His244 were 
shown in sticks. b The catalytic 
site consisting of three residues 
Ser125, Asp215, and His244, 
as well as the oxyanion hole 
residues Leu51 and Met126, 
were shown in sticks
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channel (Fig.  6d), which resulted in a restrained sub-
strate accessibility so that only short acyl-chain (C2) 
was suitable [37]. It also suggests that the esterase could 
hydrolyze longer carbon chain when its cap domain was 
more expansive and flexible, which was consistent with 
previous reports [43, 49]. 

Cold-active enzymes could be more useful for food 
and agricultural applications than their counterparts 
because of higher catalytic abilities at lower tem-
peratures. The thermostability of lipolytic enzymes is 
regarded to be one of the most important characteris-
tics for biotechnological applications [30]. Est12 was 
identified as a new cold-active esterase, with 48  % of 
maximum activity retained at 5 °C (Fig. 3b). It has been 
known that cold-active enzymes have evolved many 
structural features that confer a high level of flexibility. 
For instance, the active catalytic triads are shielded by 
a mobile cap domain, whose open position determines 
the active conformation of the esterase [30]. This flex-
ible feature in cap domain was also observed in Est12, 
which might partly contribute to its cold adaption. Addi-
tionally, the increase of local mobility by Gly residues 
around the active site and more Ser and Met may con-
tribute to systemic cold adaptation. Gly residues, which 

are unconstrained in loops, increase conformational 
freedom of the native state and Ser residues can weaken 
hydrophobic clusters to increase flexibility. Met residues 
contribute to flexibility via their high degree of freedom 
and lack of branching and charge or dipole interactions 
[19, 50]. Here, in the case of Est12, the percentage of 
Gly (8.5 %), Ser (5.5 %), and Met (4 %) are relatively 
higher than those observed for other amino-acid resi-
dues. The flexible cap domain and relatively high per-
centage of Gly, Ser, and Met entitled Est12 to function 
under low temperature.

Conclusions

Est12 was a novel low-temperature-active, broad temper-
ature-compatible, and methanol and alkaline-tolerable 
esterase. The crystal structure of Est12 shows a typical α/β 
hydrolase domain as well as a flexible cap domain which 
may responsible for the relatively wide spectrum of sub-
strate and its cold-active feature. In addition, the relatively 
high percentage of Gly, Ser, and Met in Est12 may also 
contribute to its cold adaption. These results provide some 
structure–function relationship of esterase. Furthermore, 

Fig. 5   Sequence alignment 
of Est12 and other esterase. 
The catalytic triads (Ser125, 
Asp215, and His244) were 
shown as diamond and the 
oxyanion holes (Leu51 and 
Met126) were shown as trian-
gle. Sequence alignments were 
assembled using ClustalX2 
and visualized using ESPript 
software, both located on the 
ExPASy Proteomics Server 
(http://au.expasy.org/)

http://au.expasy.org/
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the biochemistry and structure characteristics of this ester-
ase have highly advantageous for its potential application 
as biocatalyst in commercial hydrolysis reactions which 
require alkaline, low temperature, and C6 substrate.
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