Extremophiles (2021) 25:115-128
https://doi.org/10.1007/500792-021-01215-2

ORIGINAL PAPER q

Check for
updates

Characterization of a carboxylesterase with hyper-thermostability
and alkali-stability from Streptomyces lividans TK24

Xin Chang' - Shuang Wu' - Jie Chen' - Shengqi Xiong' - Peng Wang" - Xueqin Shi' - Ao Wang? - Baojuan Wang'

Received: 18 December 2019 / Accepted: 6 January 2021 / Published online: 30 January 2021
© The Author(s), under exclusive licence to Springer Japan KK part of Springer Nature 2021

Abstract

A gene (estA’, 804 bp) from Streptomyces lividans TK24 was artificially synthesized and successfully overexpressed as a
6His-tagged fusion protein in Escherichia coli. It encoded a carboxylesterase (EstA) that composed of 267 amino acids with
a predicted molecular weight of 28.56 kDa. Multiple sequence alignment indicated that EstA has typical characteristics of
esterases, including a catalytic triad (Ser93-Asp194-His224) and a conserved pentapeptide motif (Gly91-Leu92-Ser93-
Met94-Gly95). Simultaneously, phylogenetic analysis indicated that EstA belongs to family VI. Biochemical characterization
displayed its optimum enzyme activity was at 55 ‘C and pH 8.5. Additionally, EstA exhibited higher activity towards short
carbon substrates and showed the outstanding catalytic efficiency for pNPA2 with k_, /K, of 2296.14 +10.35 s~ mM~..
Notably, EstA has hyper-thermostability and good alkali stability. The activity of EstA did not change obviously when
incubated at 50 and 100 “C for 337 and 1 h, independently. Besides, by incubating at 100 °C for 6 h, EstA remained about
half of its initial activity. Moreover, EstA showed stability at pH ranging from 8.0 to 11.0, and about 90% residual enzyme
activity was reserved by being treated at pH 8.0 or 9.0 for 80 h, especially. Such multiple features prepare EstA for a potential
candidate in the field of biological catalysis of some industrial applications under harsh conditions.
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Abbreviations SDS-PAGE Sodium Dodecyl Sulphate—PolyAcrylamide

pNP p-Nitrophenol Gel Electrophoresis

pNPA2 p-Nitrophenyl acetate BSA Bovine Serum Albumin

pNPB4 p-Nitrophenyl butyrate EDTA Ethylenediaminetetraacetic acid

pNPC6 p-Nitrophenyl hexanoate PMSF Phenylmethylsulfonyl fluoride

pNPC8 p-Nitrophenyl caprylate DMSO Dimethyl sulfoxide

pNPC10 p-Nitrophenyl decanoate DMF Dimethylformamide

pNPL12 p-Nitrophenyl laurate SDS Sodium Dodecyl Sulphate

IPTG Isopropyl-B-D-thiogalactopyranoside CTAB Cetyltrimethylammonium bromide
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with long-chain (> 10 carbons) fatty acids (Bornscheuer
2002). Traditionally, Arpigny and Jaeger proposed dividing
esterases into eight representative families depended mainly
on their fundamental biological properties and the differ-
ence among their amino acid sequences (Arpigny and Jaeger
1999). As more and more microbial esterases were identi-
fied, the classification of esterases has been extended to 18
families (Samoylova et al. 2018). Furthermore, according
to our recent study, the classification of esterases has been
expanded to 19 families (Wang et al. 2020). As an important
group of biocatalysts, esterases display more unique char-
acteristics: high stereo-, region-, and chemo-selectivity;
Besides, there is usually no cofactor required during the
reaction process (Bornscheuer 2002; Ramnath et al. 2017).
These advantages make esterases are widely used in bio-
chemical, industrial, pharmaceutical and biotechnological
applications (Javed et al. 2018; Panda and Gowrishankar
2005).

Most industrial processes where enzymes are utilized
undergo severe conditions, for instance, high temperature
and alkaline conditions. Affected by harsh reactive situa-
tions, limited ability to remain stable of enzymes with high
catalytic activity has aroused demand that searching robust
enzymes possessing special traits such as good thermosta-
bility and alkali stability (Bora et al. 2013; Dumorne et al.
2017). Traditionally, new enzymes have been discovered by
screening cell extracts with suitable substrates (Tesch et al.
1996; Xin and Hui-Ying 2013; Yong et al. 2016). Now, com-
panying the progressively completed genome-sequencing
database and developments of bioinformatics, searching
and discovering enzymes with desired properties from the
predicted gene becomes an important method in industrial
biocatalysts (Brault et al. 2012; Li et al. 2018; Shestakov
2012; Soror et al. 2007).

Although existing in almost all living organisms, carbox-
ylesterases originated from microbial sources show greater
importance in industrial applications than from others.
Streptomyces is a kind of spore-forming and Gram-positive
bacteria in soil, which have active secondary metabolisms
and are also responsible for producing numerous commercial
antibiotics and biocatalysts (van Keulen and Dyson 2014).
Esterases, as the representative secondary metabolites
existed widely and abundantly in Streptomyces, have been
researched gradually. For example, an extracellular esterase
was characterized from S. diastatochromogenesa (Tesch
et al. 1996), two cold-active esterases EstB and EstC were
isolated and characterized from S. coelicolor A3(2) (Brault
et al. 2012; Soror et al. 2007), a thermostable lipase MAS1
was screened and characterized from marine S. sp. strain
WO007 (Yuan et al. 2016), two thermostable esterase EstW
and EstC were identified from S. lividans (Wang et al. 2016,
2020) and so forth. To our knowledge, S. lividans TK24
contained at least 59 open reading frames (ORFs) encoded
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for putative esterase according to the search result in the
GenBank database. However, none of these putative esterase
genes but EstC with hyper-thermostability and good alkali
stability has been cloned and characterized so far (Wang
et al. 2020). Therefore, S. lividans TK24 will be an ideal
resource for esterases equipped with desirable characteris-
tics with further researches. In this study, a carboxylesterase
(EstA) from S. lividans TK24 was classified by analysis of
the phylogenetic tree and constructed to a structural model
based on the template found in the PDB database. In addi-
tion, our study demonstrated successful expression of EstA
in E. coli, purification using Co>* affinity chromatography,
and identification for industrial applications.

Materials and methods
Strains, plasmids and chemicals

S. lividans TK24, Escherichia coli (E. coli) DH5a, Rosetta
(DE3), as well as the expression vector pET-28b( +) were
maintained at — 80 °C. The recombinant plasmid, pET-estA’,
was synthesized artificially by Genscript (Nanjing, China).
PrimeStar™ Max DNA polymerase and Co>* metal affin-
ity resin were obtained from TaKaRa (Dalian, China). Pro-
tein molecular weight standards and restriction enzymes
were purchased from Thermo Fisher Scientific (Shanghai,
China). Gel extraction kit and plasmid miniprep kit were
gained from Axygen (California, USA). Kit of bacteria
DNA was purchased from TIANGEN (Beijing, China). The
pNP and pNP esters of different acyl chain lengths (pNPA2,
pNPB4; pNPC6; pNPC8; pNPC10; pNPL12) were acquired
from Sigma-Aldrich (St. Louis, MO, USA). Isopropyl-f-p-
thiogalactopyranoside (IPTG) and bradford protein assay
kit were bought from Sangon (Shanghai, China). All other
chemicals were analysis reagents and used with no more
purifying. Ultrapure water whose resistivity greater than
18.25 MQ-cm was utilized by a Milli-Q Academic system
(MA, USA) throughout this study.

Sequence comparison and phylogenetic analysis

Amino acid sequences of EstA with other esterases were
downloaded from the National Center for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/gorf/gorf.
html). Similarity searches of amino acid sequences were
completed by protein BLAST (http://blast.ncbi.nlm.nih.
gov/) against the public GenBank database and the SignalP
4.0 server (http://www.cbs.dtu.dk/services/SignalP/) was
used to predict whether EstA had a signal peptide. Multiple
alignments based on secondary structure were performed by
Clustal W within BioEdit and further depicted by ESPript
3.0 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi).
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Mega 7.0 constructed the phylogenetic tree with 1000 repli-
cates’ bootstrap test by the Neighbor-Joining (NJ) method.
The protein structure of EstA was predicted and simulated
with the SWISS-MODEL (http://swissmodel.expasy.org/).
Subsequently, PyYMOL was used to analyze the generated
three-dimensional structural model.

Construction of plasmid and strain

Containing two restriction sites: Ndel (forward primer
underlined) and Xhol (reverse primer underlined), a pair
of homologous primers: EstA-F’ (5'- GGAATTCCATATG
ATGTCAGTGTTACCGGGTGC -3') and EstA-R’ (5'- CCG
CTCGAGAACCGCCGCCGGCGQ -3"), was designed to
amplify estA (Locus SLIV_RS27090) by PCR based on the
S. lividans TK24 genomic DNA. PCR-amplification was as
follows: 94 °C for 5 min, 35 cycles (94 °C for 30 s, 56 °C for
30, 72 °C for 1 min), 72 °C for 10 min. To construct pET-
estA, the PCR purification digested by Nde I and Xho I was
inserted into pET-28b(+). Then, pET-estA which verified
using DNA sequencing was transformed into E. coli Rosetta
for the heterologous expressing.

In addition, the gene named estA’, encoding the same
amino acid sequence as estA, was synthesized by artificial
optimization and was constructed to the plasmid pET-estA’.
Further, pET-estA’ was transformed into E. coli Rosetta and
was expressed as well.

Protein expression and purification

For heterologous expression, E. coli Rosetta (DE3) cells
encompassing recombinant plasmids (pET-estA or pET-
estA’) were inoculated in the 100 mL (LB) with chloromy-
cetin (25 pg mL~!) and kanamycin (30 pg mL~!) added. The
culture was spun at 225 rpm and 37 °C until ODy, reached
0.5. Then, 0.1 mM IPTG was put into the culture following
further culturing for 20-24 h at 20 ‘C and 180 rpm. Next,
cells harvest lasted 5 min by centrifugation method at 4 C
and 5000 rpm. Harvested cells were broken with a Xingzhi
SM-1000D ultrasonic wave cell pulverizer (Ningbo, China)
on ice. In the process of cells breaking, the buffer that we
selected is the mixture of 300 mM of NaCl and 50 mM of
NaH,PO, (pH 8.0). Subsequently, the crude enzyme liquid
was centrifugated at 10,000 rpm for 20 min at 4 ‘C followed
by the obtaining of the target protein (EstA) by purification
of supernatant with Co** affinity chromatography. Finally,
the purified protein was analyzed by 12% SDS-PAGE and
determined on concentration using the Bradford method
with BSA as the standard.

Determination of EstA’s activities

To study EstA’s activities, monitoring quantities of p-nitro-
phenol (pNP) discharged through esterase-catalyzed hydrol-
ysis in 5 min at the OD,, using spectrophotometry. The
assay of standard enzymatic activity was proceeded under
the following conditions: at 25 °C, within 1 mL volume
including 10 pL diluted enzyme (0.02 mg mL~"), 980 pL
50 mM Tris—HCl buffer (pH 8.5), and 10 pL. 50 mM pNPB4.
Correspondingly, the mixture contained identical composi-
tion except for the enzyme was considered as a control to
determine the spontaneous hydrolysis of the substrates. It is
described as one enzyme unit (U) to require a certain quan-
tity of enzymes for producing 1 pmol of pNP per minute at
pH 8.5 and 25 “C. All measurements were independently
performed in triplicate.

Specificities of substrates and kinetics
measurements

EstA’s specificities of substrates were measured at standard
reaction conditions with different pNP esters (C2—C12) as
substrates. The kinetic parameters of EstA towards pNPA2,
pNPB4 and pNPC6 were analyzed by measuring the pNP
release rate using different final concentrations of substrates
within a range of 0.01-1 mM under the condition of standard
assays. The standard curve of pNP release was generated
by the change of absorption value with different concentra-
tions of pNP at 410 nm. On this basis, the value of V.
and the value of K, were calculated with the employment
of the Lineweaver—Burk plots by a fitted non-linear regres-
sion transform of the initial velocity of pNP release versus
substrate concentration. Equation &k, =V, /[E], where [E]
stands for the molar concentration of EstA, was employed to
determine the catalytic rate constant k_,, (s™').

Influences of pH and temperature on EstA

To identify the optimal pH of EstA, the study monitored
enzymatic activities at a range of pH 6.0-10.5 within the
following conditions: 50 mM sodium acetate, pH 6.0-7.0;
50 mM Tris-HCI, pH 7.0-9.0; and 50 mM KH,PO,-KOH,
pH 9.0-10.5. An optimal temperature was acquired within
the range of 10-65 °C using pNPB4 as the substrate for
every interval of 5 C.

Thermostability and pH stability of EstA

The thermostability of EstA was detected after independent
incubations of EstA at various temperatures of 10-100 C for
1 h. What’s more, residual activities were determined after
the pre-incubation of EstA at 50 and 100 °C for various peri-
ods, respectively, under standard conditions. Subsequently,

@ Springer


http://swissmodel.expasy.org/

118

Extremophiles (2021) 25:115-128

to examine the pH stability under standard assay conditions,
the residual activity of EstA was measured after incubation
for a while at the pH range from 8.0 to 11.0 and 4 °C. In all
calculations, the activity of EstA without pre-incubation was
100% by default.

Impacts of metal ions and various chemical reagents
on EstA

Impacts of metal ions (KT, Fe?*, Mn**, Ca?*, Na*, Zn**,
Mg?*, AP, Cu?*, Co*t, Cr**, Hg?*, Ni**) and inhibitors
(PMSF; EDTA) on EstA were analyzed with different ulti-
mate concentrations which are 1 and 10 mM. Further, the
influences of organic solvents (DMSO, methanol, ethanol,
isopropanol, DMF, acetonitrile, acetone) and detergents
(Triton X-100, SDS, CTAB, Tween-80, Tween-20) were
determined at a volume percentage (v/v) of various final
concentrations of 0.1 or 1.0%, and 15 or 30%, separately.
Each of reactions was performed three times independently
under the optimal pH at 25 °C and the activity of EstA with-
out treatments was 100% by default.

The circular dichroism (CD), fluorescence and UV-Vis
absorption spectroscopies

To identify the effects of temperature on enzyme structure,
three states of EstA, including EstA without any treatment
and EstA treated, respectively, at 100 °C for 2 and 6 h, were
analyzed by CD, fluorescence and UV—Vis spectra. Far-UV
CD spectra of EstA were recorded by the Jasco-810 Cir-
cular dichroism spectrometer (Tokyo, Japan). All protein
concentrations were adjusted to 0.2 mg mL~! in the buffer
which is a mixture of 20 mM NaH,PO, and 75 mM Na,SO,
(pH 7.5). At 50 nm/min scan speed and a 1 nm bandwidth,
the data were collected at room temperature from 190 to
280 nm using the quartz cuvette with 1 mm path length.
Each sample was measured in triplicates and the mean resi-
due ellipticity ([0], deg cm? dmol~!) was calculated by the
equation as follow:

mdeg
l-c-N

[0] = 1000 x

Where mdeg represents for the measured CD data, / is the
path length of quartz cuvette (1 mm), ¢ stands for the pro-
tein molar concentration (mM), N represents the number of
amino acid residues and the constant number 1000 stems
from the conversion of the unit.

Fluorescence analysis was measured by a Shimadzu RF-
5301PC spectrofluorometer (Tokyo, Japan). For monitoring
changes of fluorescence, EstA was scanned at the excitation
wavelength of 280 nm. The spectra were recorded in a range
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of 290450 nm, excited at a slit width of 5 nm and emitted
at that of 10 nm.

A UV-Vis spectrophotometer, Shimadzu UV-1700
(Tokyo, Japan), was the facility for acquiring the UV—Vis
spectra of EstA. The absorbance of EstA was recorded
between 200 and 800 nm according to the reading of 50 mM
Tris—HCI buffer as the baseline.

Results
Sequences analysis of estA and estA’

The estA from S. lividans TK24 is an open reading frame
(ORF) in a length of 804 bp. It exhibits a relatively high GC
content (72.5%) which agrees with the former study that
the genomic DNA of Streptomyces had a high GC content
(Ruckert et al. 2015). Although the gene was cloned and
the recombinant engineering bacteria Rosetta (DE3) pLysS/
pET-estA was constructed successfully, the soluble expres-
sion of the estA in E. coli had not been completed due to
the high GC content. For more conducive to the realiza-
tion of the expression of the gene in E. coli, a gene named
estA’, was synthesized by artificial optimization and had
been registered in the GenBank with an accession num-
ber: MN194168. Under the premise that the total length of
the optimized gene sequence and the sequence of encoded
amino acid remained consistent with estA, the artificial
optimization of estA’ was carried out by replacing the rare
codons with the preferred codons of E. coli and decreasing
the GC content from 72.5 to 54.0% (Supplementary Fig. S1).

The protein EstA which was encoded by estA or estA’
has 267 amino acids. Calculated molecular weight and pre-
dicted isoelectric point of EstA was 28.56 kDa and 6.71,
respectively (http://isoelectric.org/calculate.php). The result
of signal peptide prediction showed that the sequence did
not have any kind of signal peptide. The BioEdit analy-
sis revealed that EstA shared sequence identities of 82.3,
76.8, 62.6 and 47.6% with esterases from S. olindensis
(KDN75141), S. filamentosus NRRL 15998 (EFE73899),
S. sp. DJ (PLW72091) and Blastococcus sp. CCUG 61487
(TKJ30472) in the GenBank database, respectively (Supple-
mentary Table S1). Hence, the multiple sequence alignment
analysis based on the secondary structure was performed
with the above esterases from other bacteria (Fig. 1). The
result showed that EstA contained a conserved catalytic triad
consisted of Ser93, Asp194 and His224, and the active site
Ser93 residue was located within the conserved pentapep-
tide motif (Gly91-Leu92-Ser93-Met94-Gly95), which is a
typical characteristic commonly found in esterases (Jaeger
et al. 1999).

To explore the evolutionary relationship between EstA
and other known esterases, the phylogenetic analysis was
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Fig. 1 Multiple sequence alignment of EstA and other related pro- 61,487. The alignment was carried out with Clustal W and rendered
teins. GenBank accession numbers represent as follows: 4KEA, by ESPript 3.0. Red triangles indicate amino acids forming the cata-
lipase from Bacillus sp. H-257; KDN75141, esterase from Strep- lytic triad and the conserved pentapeptide motif was boxed by a black
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mentosus NRRL 15,998; PLW72091, esterase from Streptomyces represented by “a”, “f”, “n”, and “T”, respectively
sp. DJ; TKJ30472, carboxylesterase from Blastococcus sp. CCUG
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carried out according to Arpigny and Jaeger’s classical clas-
sification (Arpigny and Jaeger 1999). After alignments of
EstA with the five enzymes mentioned above and other fam-
ily members, the constructed phylogenetic tree demonstrated
that EstA was classified as family VI (Supplementary Fig.
S2). Esterases, belonging to family VI, are one of the small-
est ones known and possess molecular mass ranging from 23
to 26 kDa in most cases according to Arpigny (Arpigny and
Jaeger 1999). Additionally, to further clarify the relationship
between EstC and family VI enzymes, another neighbor-
joining phylogenetic tree was constructed using five of fam-
ily VI bacterial esterase amino acid sequences proposed in
the original Jaeger’s paper and seven of that which had been
identified and grouped in family VI to date. As depicted in
Fig. 2, EstA and the five enzymes mentioned above were
clustered with MHlip from Antarctic soil metagenome, once
again demonstrating that EstA was a new number of this
family. As shown in Table S2 in the supplementary, in terms
of biochemical properties, except for R-est6, EstA and other
identified family VI bacterial esterases displayed substrate
specificity towards that with short carbon chains, which was
consistent with the fact that all family VI esterases have the

Fig.2 Phylogenetic relation-
ship of EstA (closed triangle)
and other proteins of family VI. 99
"*" means the experimentally

characterized enzymes. The tree 85
based on the Neighbor-Joining
method was constructed by
Mega 7.0 with a bootstrap test 82 100
of 1000 replicates. Except for
EstA, other protein sequences

maximum activities with the small fatty acid chain esters
and do not hydrolyze the long fatty acid chain esters (Soni
et al. 2016). Besides, all of them severally exhibited maxi-
mum activity at a pH range of 6.5-9.0 and a temperature
range 30-60 °C. Unlike others, however, EstA showed supe-
rior thermostability and pH stability as it remained about
half of its initial activity after incubation at 100 ‘C for 6 h
and reserved about 90% residual enzyme activity by being
treated at pH 8.0 or 9.0 for 80 h, respectively.

Structural model of EstA

A lipase (PDB code: 4KEA) used as a template was selected
to create a homology model of EstA. As the Fig. 3 showed,
the deduced structure adopted an a/f folding core and a
partly cap region. In this whole 3D-structure of EstA, the
central B-sheet composed of seven p-strands was surrounded
by seven a-helices to form a spherical protein, and Ser93,
Asp194, His224 gathering spatially to develop a catalytic
triad positioned in a groove on the surface of the model.
The other striking feature in the structure of EstA was a
small ‘a-helix cap’, formed only four amino acid residues

100 Pseudomonas sp. CR-611 (AJ971713, EstA6)*
Pseudomonas fluorescens (S79600)
Shewanella sp (WP_123116211, Esth)*

Synechocystis sp. (D90904)

Spirulina platensis (S70419)

were retrieved from GenBank
and the accession numbers 94

Rickettsia prowazekii (Y11778)

of the sequences are stated in
brackets after each enzyme.

Pelagibacterium halotolerans B2" (KF544956, PE8)*

The number near every branch
indicates the reliability percent-

Methylococcus capsulatus (WP 010959447, R-est6)*

age in the bootstrap test of this

55

Chlamydia trachomatis (AE001287)

branch

Ochrobactrum anthropi YZ-1 (JQ045333, PytZ)*

Bacillus velezensis (MK617184, BaCEs04)*

72

Antarctic soil metagenome (GU550075, MHlip)*

Bacillus sp. H-257 (P82597, 4KEA)*

55 ——— Blastococcus sp. CCUG 61487 (TKJ30472)

81 Streptomyces sp. DJ (PLW72091)

0.2
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Streptomyces filamentosus NRRL 15998 (EFE73899)
86 AEstA

Streptomyces olindensis (KDN75141)
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(His123, Gly124, Val125 and Alal26), located above the
catalytic triad and covered the active site (Fig. 3a). Addition-
ally, the electrostatic potential surface of EstA was shown
(Fig. 3b). The blue areas representing the positive charges
and the red areas representing the negative potential almost
cover equally the surface of the protein.

Expression and purification of EstA

Soluble expression of estA from S. lividans TK24 in E.
coli Rosetta (DE3) had not been completed and the estA’
gene synthesized artificially was successively heterogene-
ous expressed as a 6His-tagged fusion protein. Moreover,
the homogeneity of protein was purified using Co*" affinity
chromatography from the crude enzyme liquid. The puri-
fying on cell lysate using His-tag produced a purification
of 4.11-fold and a 92.78% yield of activity (Supplementary
Table S3). Subsequently, the purified protein exhibited a sin-
gle band between 25 and 35 kDa on coomassie brilliant blue
G-250 stained SDS-PAGE (12%) (Fig. 4). That proves the
molecular mass of purified protein was close to the predicted
one which is 28.56 kDa.

Determination of substrate specificities and kinetic
parameters

The substrate specificity and kinetic parameters of EstA
were measured using pNP esters with various lengths of
acyl chain (C2-C12) (Table 1). The results showed that
EstA displayed higher activity towards substrates with
short carbon chains, such as pNPA2 (47.9+0.7 U mg_l),
pNPB4 (31.7+0.8 U mg™') and pNPC6 (16.1+0.3 U
mg~"). Meanwhile, K values of EstA were decreased with
acyl chain length (C2—C6) increasing, which corresponded

kDa M 1 2 3

116.0  wes :
. e .3"_

66.2 wm S

35.0 | M TR

=5-

=
G e
25.0 w—
18.4 °
14.4

Fig.4 SDS-PAGE analysis of EstA. Lane M: standard marker pro-
teins; lane 1: cell lysate; lane 2: supernatant of cell lysate; lane 3:
purified EstA after affinity chromatography

with the results of substrate specificities. In addition, EstA
displayed the outstanding catalytic efficiency for pNPA2
and pNPB4. Kinetic parameters (K, V..o k../Ky,) for

pNPA2 were 0.34+0.01 mM, 16.4+0.5 pM min~! and
2296.1+10.4 s™' mM™!, respectively.

Impacts of pH and temperature on the EstA
Effects of pH on EstA were studied at 25 °C with the sub-

strate of pNPB4. EstA displayed a maximum of its activity
at pH 8.5 while maintained greater than 50% compared with

Fig.3 The predicted structure and surface electrostatic potential anal-
ysis of EstA. a The EstA 3D model predicted by SWISS-MODEL
with 4KEA as the template. The overall structure was composed
of two main domains: an o/f hydrolase folding core and an o-helix
cap. The alpha helix, beta sheet and random coil were colored in red,
yellow and green, respectively. The cap region was represented in

orange. The catalytic triad consisting of Ser93, Asp194 and His224
was indicated in stick representation. b The surface electrostatic
potential of EstA analyzed by PyMOL. The cool color areas repre-
sented the positive charges and the warm color represented the nega-
tive charges
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Table 1 Specific activities and

o Substrates  Specific activity K., Vinax ket kel K

kinetic par?meters of EstA (Umg™")+SD (MmM)+SD (WM min™)+SD  (s"))+SD (s~ mM~)+SD

toward various substrates
pNPA2 47.9+0.7 0.34+0.01 16.4+0.5 780.6+24.7  2296.1+104
pNPB4 31.7+0.8 0.53+0.05 153+0.8 729.4+36.5 1376.2+13.6
pNPC6 16.1+0.3 0.72+0.09 6.2+04 297.2+18.2 412.8+3.5
pNPC8 6.1+0.6 - - - -
pNPC10 44+04 - - - -
pNPLI12 3.8+0.2 - - - -

«

means no detectable

its original enzyme activity within a range of pH 7.5-9.5
(Fig. 5a). Influences of temperature on EstA were performed
by detecting the hydrolysis of pNPB at 10-65 °C. When con-
ducting reactions at 45-65 °C, EstA showed more than 70%
of its highest activity while the highest activity was observed
at 55 °C. Additionally, under the temperature of 10 ‘C, EstA
maintained more than 20% of its highest activity (Fig. 5b).
The thermostability and pH stability of EstA were
also determined. Surprisingly, EstA displayed hyper-
thermostability and good alkali stability. Incubation at

[

100
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40-

Relative activity (%)

100+

P (=) =]
= (=) (=
L L L

Residual activity (%) o
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Time (h)

Fig.5 Effects of pH and temperature on enzyme activity. a Effects of
pH on EstA. The enzyme activity was measured in the following buft-
ers at different values of pH from 6.0 to 10.5: 50 mM sodium acetate
buffer (pH 6.0-7.0, black square), 50 mM Tris—HCl bufter (pH 7.0—
9.0, red circle) and 50 mM KH,PO,-KOH buffer (pH 9.0-10.5, blue
triangle). b Effects of temperature on EstA. The optimum temperature
was measured from 10 to 60 °C in 50 mM Tris—HCl buffer (pH 8.5)
and the maximum activity was defined as 100%. ¢ Thermostability of
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the temperature ranging from 10 to 100 °C for 1 h and
50 °C for 337 h hardly altered the activity of EstA (Supple-
mentary Fig. S3). Furthermore, after incubation at 100 C,
EstA maintained over 90% of the original activity for 2 h
and it reached a half-life for about 6 h (Fig. 5c). Moreover,
EstA kept good stability at a wide range of pH (from 8.0 to
11.0). This indicated that it was an alkali-stable enzyme.
The enzyme activity of EstA was not changed with pre-
incubated at pH 8.0-11.0 for 12 h, and it retained over 70%
residual activity after 24 h. Furthermore, after incubation
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EstA at 100 °C for 8 h. The enzyme was incubated at 100 “C for the
indicated time and the residual activity was measured with the activ-
ity before incubation as 100%. d pH stability of EstA. The enzyme
was incubated in various buffers with pH range from 8.0 to 11.0 (pH
8.0, black square; pH 9.0, red circle; pH 10.0, blue triangle; pH 11.0,
green star) for 110 h, the activity of enzyme without any treatment
was defined as 100%
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for 110 h at pH 9.0 (Tris—HCI buffer), it still held almost
50% of its initial activity (Fig. 5d).

Impacts of various additives on EstA

Impacts of different metal ions and inhibitors on EstA were
determined under standard assay conditions (Table 2).
EstA’s activity was improved in the presence of 1 mM K*
(153.3%), Fe>* (148.6%), Mn** (144.2%), Na* (121.8%),
Ca®* (109.9%) and inhibited by 1 mM Hg?* (73.4%) or
Ni?* (70.2%). When the concentration of ions was 10 mM,
the activity of EstA was still stimulated by Kt (111.5%),
Fe** (115.2%), Mn** (118.4%), Ca** (129.8%) or Mg**
(109.2%) and was dramatically inhibited by Zn** (35.2%),
Cu?* (34.4%) or Ni** (10.2%). The activity of EstA had little
effect by EDTA (1 and 10 mM) or PMSF (1 mM), but it was
inhibited 27.4% by PMSF at 10 mM.

Additionally, EstA was slightly affected by all detected
detergents at 0.1% concentration and strongly inhibited at
1.0% concentration by Span-20 (30.8%), SDS (35.6%) and
CTAB (44.2%) (Table 3). Furthermore, the reaction mixture
was added with various organic solvents to assess their influ-
ence on enzyme activity with a final concentration of 15 or
30% (Table 4). EstA was relatively stable in DMSO, ethanol,
methanol, DMF, and was inhibited obviously in the presence
of 30% acetone (48.3%) or acetonitrile (29.6%).

Table 2 Effects of metal ions and inhibitors on the activity of EstA*

Compounds Relative activity Relative activ-
(% +SD) ity (% +SD)
(1 mM) (10 mM)
Control 100.0+0.5 100.0+0.5
K* (KCl) 153.3+3.1 111.5£2.5
Fe* (FeSO4) 148.6+2.0 1152422
Mn?* (MnCl,) 144.2+53 118.4+3.2
Na* (NaCl) 121.8+4.1 100.9+2.3
Ca®* (CaCly) 109.9+4.7 129.8+3.1
Zn** (ZnS0O,) 103.7+£4.3 352+4.4
Mg>* (MgCl,) 100.3+1.2 109.2+1.7
Cu** (CuS0,) 93.4+1.1 344+1.9
AP (AICLy) 89.5+2.3 55.8+2.6
Co** (CoCly) 88.7+5.7 54.8+2.8
Cr** (CrCly) 822+ 1.4 54.4+2.1
Hg?* (HgCly) 73.4+1.6 50.7+1.7
Ni?* (NiSO,) 70.2+0.8 102+1.5
EDTA 99.5+4.7 96.0+3.6
PMSF 97.42+3.2 72.6+5.6

Effects of metal ions on EstA were determined in the standard
system with various metal ions of different concentrations (1 and
10 mM). The control was treated in the standard system without the
addition of any metal ions

Table 3 The diverse sensitivities of EstA on different detergents®

Detergents Relative activity (% +SD) Relative activ-
(0.1% (v/v)) ity (% +SD)
(1.0% (vIv))
Control 100.0+0.5 100.0+0.5
Span-20 97.3+2.7 30.8+1.9
Tween-20 113.0+£3.6 107.4+49
SDS 104.4+2.0 35.6+1.1
Triton X-100 101.0x2.1 82.2+2.0
Tween-80 90.8+4.6 84.3+6.2
CTAB 89.7+0.7 442+24

*Effects of detergents on EstA were measured in the standard sys-
tem with various detergents of different concentrations (0.1 and 1.0%
(v/v)). The control was treated in the standard system without the
addition of any detergents

The analyses of CD, fluorescent changes
and variations of UV-Vis spectra

Effects of temperature on EstA’s structure were examined
by measuring the changes of CD, fluorescence and UV-Vis
spectroscopies. As for CD spectrums of untreated EstA,
there was a positive peak at 193 nm and two negative spikes
at 208 and 220 nm separately, which signifies a typical
mixed o/p folding structure (Batumalaie et al. 2018). After
incubation at 100 °C for 2 h, there was no significant change
in the direction of the curve and peak positions, indicat-
ing that the native structural conformation and functionality
were retained. However, when incubation time increased to
6 h, an obvious reduction of signal intensity occurred at
193 nm. In addition, two spikes of negative ellipticity were
observed to shift to 200 and 215 nm, respectively (Fig. 6a).

Table 4 The influences of different organic solvents on the enzyme
activity of EstA®

Organic solvents LogP® Relative activity ~ Relative activ-
(% +SD) ity (% +SD)
(5% (vIv)) (30% (vIv))
Control - 100.0+0.5 100.0+0.5
DMSO -1.22 100.8 +1.7 96.6+5.2
Ethanol - 031 91.7+7.7 74.1+7.9
Methanol —0.76 88.0+0.9 73.1+2.3
DMF - 1.01 87.2+6.0 853+3.9
Acetonitrile -0.33 67.4+0.9 29.6+0.8
Acetone -0.23 63.9+0.3 48.3+8.2

#Effects of organic solvents on EstA were tested in the standard sys-
tem with various organic solvents of different concentrations (15 and
30% (v/v)). The control was treated in the standard system without
the addition of any organic solvents

b LogP, the logarithm of the partition coefficient, is represented as a
quantitative measure of the polarity
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Fig.6 Structural analysis of
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These results indicated that there was an apparent alterna-
tion of the secondary structure of EstA after heat treatment
at 100 °C for 6 h compared to the intrinsic CD spectra,
which was consistent with the conclusions of thermostabil-
ity measurements.

For fluorescence and UV—-Vis spectra, the absorption
peaks are caused by individual amino acids. The maximum
intensity on fluorescence and UV—Vis spectroscopies were
detected at 340 and 280 nm when EstA in the native state,
respectively. After incubation at 100 “C for 2 or 6 h, lit-
tle shift of 4,,,, and a decline of intensity on fluorescence
spectra were observed (Fig. 6b), on the other hand, the
UV-Vis spectra also showed no changes in intensity and
Amax (Fig. 6¢). Hence, as the heating time increased, the
structure of EstA may be damaged to some extent, but the
amino acid sequence as the primary structure remained
stable.

Discussion

In our research, estA from S. lividans TK24 was success-
fully optimized and overexpressed in E. coli. The encoded
protein (EstA) was characterized on substrates specificity,
thermostability, alkali stability and influences of various
additives, respectively. On the performance of substrates,
EstA showed the highest affinity towards pNPA2 with a K
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of 0.34 mM and the affinity for substrates declined along
with the increase of carbon chain length by degrees. Beyond
that, there was almost no enzyme activity detected when the
length of carbon chains was greater than 10. So, we defined
EstA as a carboxylesterase instead of a lipase.

The effects of various additives on EstA may be due to
the fact of their binding to the certain binding sites which
are on the surface of the molecular and changing catalytic
property of the enzyme itself (Guncheva and Zhiryakova
2011). As for metal ions, EstA was activated by several
metal cations such as K*, Fe2*, Mn?* or Ca*, in which K*,
Fe?* and Mn?" exhibited higher increases. Similar enhance-
ment of K* and Mn?* were observed in the Est903 located
in a metagenomic library of paper mill sludge (Jia et al.
2019) and the lipase from Bacillus sp. VITL8 (Balaji and
Jayaraman 2014), respectively. In most studies, Fe** was
found to inhibit enzyme activities. Nevertheless, there are
also a few esterases that can be activated in the presence
of Fe**. For instance, the enzyme activities of EstAS from
activated sludge metagenome (Zhang and Han 2010) and
EstUT1 from Ureibacillus thermosphaericus (Samoylova
et al. 2018) were increased up to 104% by 1 mM Fe?* and
152% by 10 mM Fe?*, respectively. Generally, Ca** was
reported to be critical for enzyme activity. For example, the
activities of lipase from Bacillus sp. strain L2 (Sabri et al.
2009) and LipS2 from Chromohalobacter canadensis (Ai
et al. 2018) were increased fivefold and 57% in the presence
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of Ca®", independently. For metal chelator, EstA is not a
metal ion-dependent enzyme, as proven by that EDTA had
few inhibitions on enzyme activity, corresponding with the
fact that cofactors are not required in catalysis of EstC and
EstW (Wang et al. 2016, 2020). Organic solvents and deter-
gents which were detected in this study almost inhibited the
activity of EstA in different degrees. This feature varies from
that of lipase, which is usually switched on by detergents
or organic solvents through enhancing access between the
substrate and the hydrophobic binding site (Priyanka et al.
2019).

In terms of the predicted structure, the protein core of
EstA employed a representative o/f hydrolase fold. Unlike
a canonical fold composed of eight parallel B-strands, the
central B-sheet of EstA only consisted of seven f-strands.
There are analogous deviations that come from the canonical
o/p hydrolase fold existing in LipA from Bacillus subtilis
(van Pouderoyen et al. 2001) and MASI1 from S. sp. strain
WO007 (Yuan et al. 2016). A serine residue as a common
feature of most esterases usually locates at the enzyme’s
binding site, which causes enzymatic activities can be
affected by serine inhibitors such as PMSF. Nonetheless,
in this study, due to the presence of the ‘a-helix cap’, EstA
was only slightly inhibited by PMSF even at a concentration
of 10 mM. In fact, the cap region may keep the inhibitor
from the enzyme’s active site, and this mechanism has been
reported from a Pseudomonas aeruginosa lipase (Gaur et al.
2008) and a marine sediment esterase Lip3 (De Santi et al.
2016).

Generally, thermostability esterases have a broad pros-
pect on applications with the basis of longer working life
and better tolerance even in an extreme environment. In this
study, the optimal temperature of EstA was 55 ‘C and the
enzyme activity not only had no significant change after
incubated at 50 °C for 337 h, but about 80% relative activity
can also be maintained after the incubation at 100 C for
4 h. Compared with some recently reported thermostabil-
ity esterases (Table 5), the performance of EstA was bet-
ter than E34Tt from Thermus thermophilus HB27 (Fucifios
et al. 2011), EstDZ?2 from a hot spring (Zarafeta et al. 2016),
two lipases (ThLip1 and ThLip2) from Thermoanaerobac-
terium thermosaccharolyticum (Li et al. 2018), Est5250
from Bacillus thermocloaceae (Yang et al. 2019), EstW
from S. lividans TK64 (Wang et al. 2016) and EstC from
S. lividans TK24 (Wang et al. 2020). Additionally, many
industrial applications are also performed under alkaline
conditions. The most commercially important application
of esterases is their addition to detergents due to their abil-
ity to remove fat stains and oil or fatty deposits from clothes
in alkaline conditions. Simultaneously, esterases employed
in the leather industry are mainly attributed to their ability
to remove fats and grease from skins and hides in alkaline

conditions. Consequently, for esterases, the alkali-stability
is an especially important feature for their applications in
the detergent and leather industry. In this study, EstA was
highly active at pH 8.5 and showed good tolerance against
alkaline conditions. The enzyme remained steady at the pH
from 8.0 to 11.0. Furthermore, it even maintained over 90%
activity compared with the original one after incubating for
80 h at pH 9.0, which was superior to most reported alkali-
stable esterases, such as Est700 from Bacillus licheniformis
(Zhang et al. 2018) and AMSS from Antarctic Pseudomonas
(Ganasen et al. 2016). Notably, compared with other ester-
ases that are both thermostable and alkali-stable, EstA also
had an advantage over MAS1 from Streptomyces (Yuan
et al. 2016), an extracellular esterase from Bacillus cereus
strain AGP-03 (Ghati and Paul 2015), Est903 from paper
mill sludge (Jia et al. 2019) and EstC from S. lividans TK24
(Wang et al. 2020).

Furthermore, high catalytic efficiency is also essential for
esterases on industrial applications. The specific activity of
EstA towards short-chain esters (C2, 47.9 U mg_l; C4,31.7
U mg™'; C6, 16.1 U mg™') was greater than that of most
thermostable esterases, such as Est-XG2 from the metagen-
omic library (Shao et al. 2013) (C2,39.6 U mg_'; C4,17.7
Umg™'; C6, 12.2 U mg™") and EstW from S. lividans TK64
(Wang et al. 2016) (C2,7.6 Umg™'; C4,4.7Umg™"; C6, 1.1
U mg~!). Additionally, k., /K, value represents the catalytic
efficiency of an enzyme at low substrate concentrations, it
is generally used to objectively compare the catalytic effi-
ciency of different enzymes. In this study, kinetic param-
eters of EstA were performed using the following substrates:
pNPA2, pNPB4 and pNPC6, and the k_, /K, of EstA showed
the highest value towards pNPA2 (2296.1 s~ mM™!), which
was consistent with the substrate specificity results. The
value was also higher than most of thermostable esterases,
such as EstC (1923.4 s™' mM™' for pNPA?2) from . lividans
TK24 (Wang et al. 2020), Est5250 (1004.3 s™' mM~! for
pNPA2) from Bacillus thermocloaceae (Yang et al. 2019)
and Est903 (914.6 s! mM~! for pNPB4) from a metagen-
omic library of paper mill sludge (Jia et al. 2019).

In conclusion, a carboxylesterase EstA from S. liv-
idans TK24 being a member of family VI was success-
fully expressed and characterized. Under the condition of
55 °C and pH 8.5, EstA displayed maximum activity. On
performances of substrates, EstA displayed outstanding
catalytic efficiency for short-chain pNP esters (C2-C6),
especially for pNPA2. Notably, EstA showed some attrac-
tive properties including hyper-thermostability and good
alkali stability. The enzyme activity of EstA did not sig-
nificantly fail after being incubated at 50 ‘C and pH 9.0 for
337 and 80 h, respectively. Such characteristics make EstA
potential for various basic researches as well as industrial
applications.
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