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Esterases are a class of enzymes that split esters into an acid and an alcohol in
a chemical reaction with water, having high potential in pharmaceutical, food and
biofuel industrial applications. To advance the understanding of esterases, we have
identified and characterized E53, an alkalophilic esterase from a marine bacterium
Erythrobacter longus. The crystal structures of wild type E53 and three variants were
solved successfully using the X-ray diffraction method. Phylogenetic analysis classified
E53 as a member of the family IV esterase. The enzyme showed highest activity against
p-nitrophenyl butyrate substrate at pH 8.5–9.5 and 40◦C. Based on the structural
feature, the catalytic pocket was defined as R1 (catalytic center), R2 (pocket entrance),
and R3 (end area of pocket) regions. Nine variants were generated spanning R1–
R3 and thorough functional studies were performed. Detailed structural analysis and
the results obtained from the mutagenesis study revealed that mutations in the R1
region could regulate the catalytic reaction in both positive and negative directions;
expanding the bottleneck in R2 region has improved the enzymatic activity; and R3
region was associated with the determination of the pH pattern of E53. N166A in R3
region showed reduced activity only under alkaline conditions, and structural analysis
indicated the role of N166 in stabilizing the loop by forming a hydrogen bond with L193
and G233. In summary, the systematic studies on E53 performed in this work provide
structural and functional insights into alkaliphilic esterases and further our knowledge of
these enzymes.

Keywords: crystal structure, serine esterase, catalytic pocket, enzyme mutation, pH regulation

INTRODUCTION

Catalyzing the hydrolysis and synthesis of lipids, lipolytic enzymes are essential enzymes not
only in the scope of biological processes (Arpigny and Jaeger, 1999; Nardini and Dijkstra, 1999)
but also for industrial applications (Stergiou et al., 2013; Ferrer et al., 2016). Esterases can be
used as biocatalysts to separate enantiomers in a racemic mixture (Fotheringham et al., 1999;

Abbreviations: NP, Nitrophenyl; AAPB, Aerobic Anoxygenic Phototrophic Bacteria; PDB, Protein Data Bank; NCBI,
National Center for Biotechnology Information.
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Gonzalo et al., 2001; Monti et al., 2010; Kim et al., 2011; Jose et al.,
2016), to catalyze esterification and transesterification reactions
(Secundo et al., 2001; Yesiloglu and Kilic, 2004; Aouf et al., 2014),
as well as to hydrolyze reactions (Houde et al., 2004). Based on
substrate specificity, lipolytic enzymes can be classified into two
groups, the lipases (EC 3.1.1.3) that degrade long-chain esters,
and the esterases (EC 3.1.1.1) that degrade short-chain esters.
According to their conserved sequence motifs and the biological
properties, these enzymes could also be classified into 18 families,
family I-XVIII (Samoylova et al., 2018).

Family IV esterases, to which E53 belongs, are widely
distributed in microorganisms, plants, and animals, specifically
degrade short-chain esters (Pereira et al., 2017). The family IV
esterase can be characterized by the α/β-fold hydrolase group,
and contains two distinct structural domains: an N-terminal CAP
domain and a C-terminal catalytic domain (Mandrich et al.,
2005; Li et al., 2015). The catalytic reaction relies on the S-H-
D/E catalytic triad located in the catalytic domain. The serine
initiates the reaction by attacking carbonyl carbon of esters, while
histidine and aspartic acid/glutamic acid facilitate the proton
transfer from the serine to histidine residue (Li et al., 2014).
The family IV esterase contains two conserved motifs, GXSAG
and HGGG motif. The HGGG motif (H-G-G-G) is involved in
forming the oxyanion hole and plays a vital role in stabilizing the
tetrahedral intermediate of the reaction (Oh et al., 2016; Santiago
et al., 2018). The GXSAG motif contains the serine, one of the
catalytic triad of the enzyme. According to the amino acid residue
of X in the GXSAG motif, the family IV esterase can be further
classified into GTSAG, GDSAG, and GCSAG subfamily (Jeon
et al., 2011; Petrovskaya et al., 2016).

Enzymatic properties of esterases, such as substrate specificity
and stress tolerance, are considered as consequences of
environmental selection (Castilla et al., 2017; Martinez et al.,
2017; Park et al., 2019; Wang et al., 2020). Seawater is weakly
alkaline due to the hydrolysis of weakly acidic anions, and high
pH is the major characteristics of some marine environments.
Esterases obtained from the marine environment often present
alkaline adapted features (Huo et al., 2017; Gao et al., 2018).
Members of the genus Erythrobacter are widely distributed
in sea water or sediments environments. Some strains of
Erythrobacter contain bacteriochlorophyll A and are classified
as an essential group of aerobic anoxygenic phototrophic
bacteria (AAPB) (Garcia-Chaves et al., 2016; Xu et al., 2018).
Erythrobacter longus was first discovered in 1982 (Shiba and
Simidu, 1982) and to our knowledge, this is the first study
focused on the esterase from E. longus. The novel esterase, E53,
isolated from E. longus DSM 6997T in this work, exhibited an
alkaline pattern.

In previous studies, key amino acid residues for enzymatic
activity and stress tolerance in some esterases have been identified
by mutagenesis and structural analysis (Moreth et al., 2007;
Kobayashi et al., 2012). Ohara et al. (2014) has conducted
elegant work on the pH regulation of an acidic esterase
(EstFa) and an alkalophilic esterase (SshEstI): after making a
quadruple variant (N248A/P256Q/E257G/S283F of EstFa and
A241N/Q249P/G250E/F276S of SshEstI), the pH optimum was
reversed for the two esterases. However, relatively limited

information is available about the pH adaptation mechanism of
the alkaliphilic esterases. In this study, the crystal structure of
E53 was determined and the catalytic pocket was structurally
and functionally analyzed. Substrate specificity was determined
with different carbon chain lengths (C2–C16) p-nitrophenyl
(NP) esters and specific activities were observed for C4, C6,
and C8 substrates. The optimal reaction conditions were pH
8.5–9.5 at 40◦C. Structurally, the catalytic pocket of E53 could
be defined as three regions: the catalytic core region R1, the
pocket entrance channel R2 and the pocket end area R3. To
investigate the role of each region and identify the crucial amino
acid residues, we did structural alignment to other esterases
as well as conducted mutagenesis studies. Mutations in the R1
region up or down regulated the enzyme activity drastically,
demonstrating that the enzyme activity is sensitive to changes
in the R1 region. From the structure, a “bottleneck” could be
identified in the R2 region, and by broadening this bottleneck,
the enzyme activity was successfully improved. N166A variant
in the R3 region had a very interesting effect on the pH
pattern: while the activity at neutral pH remained the same
as the wild type (WT) E53, the activity at pH 9.0 decreased
nearly half. Taken together, our study has identified vital amino
acids for determining pH patterns and enzymatic activity of
E53, providing a basis for further exploration of its potential
biotechnological application.

RESULTS

E53 Is an Alkalophilic Esterase
Belonging to the Microbial Family IV
An alkalophilic esterase, E53, was identified and characterized
from a marine bacterium E. longus DSM 6997T. The amino
acid sequence of E53 was aligned with known esterases
available in GenBank and Protein Data Bank (PDB) database
(Supplementary Table 1). The amino acid sequence of E53
contained a conserved HGGG motif and a typical catalytic
motif (GXSAG), indicating its close relationship with microbial
family IV esterases (Figure 1). E53 and Erythrobacter sp.
esterase EAQ30367 (UniProt ID: A3WBQ5) share a sequence
identity of 81.1%. The classification of E53 as a new microbial
family IV esterase was verified by phylogenetic analysis
(Supplementary Figure 1).

Different carbon chain lengths (C2–C16) p-NP esters were
tested and E53 specifically catalyzed the hydrolysis of C4, C6,
and C8 substrates, demonstrating its function as an esterase
(Figure 2A). The optimum temperature of E53 activity was 40◦C
and the catalytic capability attenuated when the temperature was
higher than 45◦C (Figure 2B). The catalytic activity was observed
at a wide range of pH 5.0–10.0 (Figure 2C), and the optimum pH
was in the range of 8.5–9.5. The catalytic activity of E53 in NaCl
gradient was measured under pH 9.0 and 40◦C. E53 kept 91.0%
and 86.8% of enzyme activity in 1 M and 2 M NaCl, respectively.
The activity reduced to 59.5% in 3 M NaCl and 15.4% in 4
M NaCl, and was not detectable in 5 M NaCl (Supplementary
Figure 2). We have also explored the impact of divalent cations
and organic solvents on the activity of E53. Results suggested
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FIGURE 1 | Sequence alignment of E53 and its homologous proteins. Amino acids conserved in all sequences used for alignment were labeled with a red-colored
background. Comparative conserved amino acids were labeled with red color. The mutated sites in this study were labeled with green-colored frames.

that E53 exhibited good tolerance on several metal ions: activity
was retained to more than 50% in all tested cations (Ba2+, Ca2+,
Mg2+, Mn2+, Sr2+) and EDTA did not show any inhibition to the
enzymatic activity (Figure 2D). In organic solvents like DMSO,

DMF, glycerol, acetone and acetonitrile, E53 presented at least
35% activity. Methanol, ethanol and isopropanol were tested as
alcohol, and the activity level varied from 70% (in methanol) to
18% (in isopropanol). The relative activity in methanol, ethanol
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FIGURE 2 | Enzymatic features of E53 and the variants. (A) Substrate specificities of E53. The catalytic activity was measured under pH 9.0 and 40◦C. The catalytic
activity with the C4 substrate was defined as 100% activity. (B) Effect of temperature on the enzyme activity: the optimum temperature was 40◦C. The C4 substrate
was used for measurements (B–F). (C) Effect of pH value on the enzyme activity: optimum pH was in the range of 8.5–9.5. (D) Tolerance of E53 on EDTA and
different divalent cations. The reaction without ions was used as a control. (E) Effects of organic solvents on the enzymatic activity of E53. The reaction without any
organic solvent was used as a control. (F) Maximum velocity (Vmax ) of E53 and its variants. The catalytic assay was under pH 7.0 and pH 9.0 conditions, 40◦C. The
data are shown as mean ± SD (n = 3). ∗ Represents a significant difference from the WT E53 in the same conditions (t-test, p < 0.05). For some points, the error
bars would be shorter than the height of the symbol.

and isopropanol showed the same trend as the polarity of the
solvents. We have also measured the activity in the presence of
detergents, including SDS, TritonX-100, Tween 20 and Tween
80. As a mild detergent, about 30% activity was detected in
TritonX-100, while in the other three detergents the enzyme was
not functional (Figure 2E).

Structural Comparison of E53 and Other
Esterases
To understand the mechanism of this novel alkalophilic esterase,
we have determined the structures of the WT protein and three
variants: S162A, I256L, and S285G to 1.70–2.09 Å, all in the
presence of the C6 substrate (Table 1). The 3D structure of
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TABLE 1 | Data collection of E53 and its variants.

Item E53-WT E53-S162A E53-I256L E53-S285G

PDB No. 7W8N 7CI0 6KF5 7CIH

Data collection

Resolution
range (Å)

48.71–1.752
(1.815–1.752)

47.35–1.702
(1.763–1.702)

37.33–2.09
(2.17–2.09)

48.54–1.79
(1.85–1.79)

Space group P 21 2 21 P 21 2 21 P 21 2 21 P 21 2 21

Cell dimensions
(Å,◦ )

a = 70.58,
b = 129.84
c = 221.08,

α = β = γ = 90

a = 70.40,
b = 129.77,
c = 220.66,

α = β = γ = 90

a = 70.77,
b = 129.60,
c = 219.70,

α = β = γ = 90

a = 70.66
b = 129.69
c = 219.57,

α = β = γ = 90

Unique
reflections

203632
(20064)

221017
(21745)

119277
(11664)

189466
(18072)

R-merge 0.02979
(0.3273)

0.01532
(0.2582)

0.171
(1.043)

0.02048
(0.3826)

Mean I/σ (I) 14.20 (2.13) 20.16 (2.49) 17.40 (2.43) 18.53 (2.05)

Completeness
(%)

99.86 (99.44) 99.79 (98.94) 99.56 (98.83) 99.47 (95.93)

Wilson B-factor 26.03 27.09 27.20 30.11

R-pim 0.02979
(0.3273)

0.01532
(0.2582)

0.049 (0.298) 0.02048
(0.3826)

R-meas 0.04213
(0.4629)

0.02166
(0.3651)

0.178 (1.086) 0.02896
(0.541)

CC 1/2 0.998 (0.85) 1 (0.918) 1 (0.893) 0.999 (0.825)

Refinement statistics

Reflection used
in refinement

203632
(20064)

220838
(21718)

119096
(11664)

189423
(18072)

R-workc 0.1641
(0.2821)

0.1711
(0.2733)

0.1829
(0.2258)

0.1690
(0.3035)

R-freed 0.1786
(0.2932)

0.1908
(0.2919)

0.2139
(0.2595)

0.1901
(0.3254)

Total No. atoms 11006 10881 10291 10685

No. atoms
(protein)

9136 9128 9111 9196

No. atoms
(ligands)

439 392 138 238

No. water
molecules

1431 1361 1042 1251

RMSD

RMS bonds (Å) 0.011 0.010 0.08 0.012

RMS angles (◦ ) 1.14 0.99 1.21 1.41

Ramachandran
favored (%)

97.64 97.07 96.73 96.83

Ramachandran
allowed (%)

2.36 2.93 3.27 3.17

Ramachandran
outliers (%)

0.00 0.00 0.00 0.00

Clashscore 9.54 9.21 4.63 6.59

MolProbity
score

1.60 1.80 1.44 1.56

Average
B-factor

32.13 33.54 28.80 35.88

aStatistics for the highest-resolution shell are shown in parentheses.
bRmerge = 6 | Ii - < I > | /6 | I|, where Ii is the intensity of an individual reflection
and is the average intensity of that reflection.
cRwork = 6 | | Fo| —| Fc| | /6 | Fo|, where Fo and Fc are the observed and calculated
structure factors for reflections, respectively.
dRfree was calculated as Rwork using the 5% of reflections that were selected
randomly and omitted from refinement.

the enzyme was determined by molecular replacement using
the esterase Est8 (PDB: 4YPV) as a search model. The overall
E53 structure presents as a monomer, in agreement with the

oligomeric state in solution (Supplementary Figures 3, 4). The
WT E53 with 314 amino acids has a typical α/β-hydrolase fold.
It contains eight β-strand and nine α-helices (Figure 1). Two
α-helices (α1 and α2) at the N-terminal region form a CAP
domain, the conserved domain present in all microbial family IV
esterases (Figures 3A, 4A). The CAP domain covers the catalytic
site, providing structural integrity to the protein as well as playing
the role of the substrate entrance channel. The β-strands conform
parallel β-sheets in the order of β1, β2, β3, β4, β5, β6, β7, and β8,
with four α-helices (α1, α2, α3, and α9) on the one side and five
α-helices (α4, α5, α6, α7, and α8) on the other side. The oxyanion
hole was composed of G90 and G91 within the conserved HGGG
motif (amino acids No. 88-91) (Figure 3C). The catalytic triad
was composed of S162, D254, and H284. We have prepared
S162A, D254A and H284A variants (Supplementary Figure 5)
and mutating the three residues to alanine (S162A, D254A,
H284A) resulted in almost total loss of activity.

Though the crystallization of all four proteins was carried out
in the presence of the C6 substrate, the electron density of the
substrate molecule was only observed in the crystal structures
of E53, I256L, and S285G (Figures 3C–E), but not in the S162A
variant. The superimposed structures did not suggest significant
differences in global structure and catalytic center among WT
E53 and the three variants (Figure 3A). The distances among
the catalytic triad in WT and mutated E53 were 2.6–2.9 Å for
H284Nε2 to S162Oγ and 2.5–2.6Å for H284Nδ1 to D254Oδ2
(Figures 3C–E).

The catalytic pocket of E53 was formed by seven α-helices
(α1–α7) and four β-sheets (β5–β8). The catalytic pocket
presented a mirrored “L” structure, and the catalytic center was
located in the node of it (Figure 3B). In order to describe the
catalytic pocket in a concise way, three regions were defined:
R1—catalytic center region, R2—pocket entrance channel area
and R3—end area of pocket. The R1 region is encircled by two
α-helices (α3 and α7) and four β-sheets (β5–β8) containing the
catalytic center. The R2 region is the space between the CAP
domain and the catalytic domain. It is the entrance of the catalytic
pocket, giving access to substrates. The R3 region defined by
four α-helices (α4–α8) is an extensive area of the catalytic pocket
(Figure 3B and Supplementary Figure 6).

The C6 substrate was modeled based on the electron density
at the catalytic center of the pocket between the oxyanion hole
(G90 and G91) and two residues of the catalytic triad (S162 and
H284). The p-NP substrate was accommodated in the R3 region
while the carboxyl acid was pointing in the direction of the pocket
entrance. The catalytic reaction is achieved by the nucleophilic
attack from serine and histidine-mediated proton transfer. The
distance between S162Oγ to the carbonyl carbon of ester bond
was 4.6 Å in WT E53, 4.6 Å in E53-I256L, and 4.0 Å in E53-
S285G. Such distance could allow the catalytic process to happen
(Figures 3C–E).

Structural Comparison of E53 and Other
Esterases
To compare the catalytic pocket of E53 with other enzymes
from the same family, the structures of microbial family IV
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FIGURE 3 | The crystal structures of E53 and its variants. (A) The superimposed global structure of E53 (cyan), S162A (green), I256L (yellow), and S285G
(magenta). (B) The catalytic pocket of E53. The catalytic pocket was divided into R1, R2, and R3 regions. The mutated residues were shown as stick models.
Electrostatic surface is shown: red color represented negative potential and blue color represented positive potential. (C) The C6 substrate and the catalytic triad of
WT E53. (D) The C6 substrate and the catalytic triad of I256L. (E) The C6 substrate and the catalytic triad of S285G. All the electron density maps were contoured
to 1.0 σ at the 2Fo-Fc map. (F) The N166 and its interaction with L193 and G233.

esterases were collected from the ESTHER and PDB databases
(Supplementary Table 2). The crystal structures of 38 WT
esterases, including 16 bacterial esterases, 7 archaeal esterases,
3 fungi-originated esterases, and 12 metagenomic-originated
esterases, were analyzed. The structural comparison of E53 and
other esterases exhibited significant structural diversity in the
catalytic pocket. Only one third of these esterases (6 from
archaea, 3 from bacteria and 2 from fungi) had a similar R3
region (Supplementary Table 2 and Supplementary Figure 7).
Interestingly, these 12 esterases (including E53) have been
reported to be alkalophilic or acidophilic and were mostly isolated
from extreme pH or temperature environments (Manco et al.,
2000; Martinez et al., 2013; Ohara et al., 2014). Among the
12 esterases, the archaeal enzymes are all thermophilic: the
optimal temperature is between 80 and 90◦C (Palm et al., 2011;
Angkawidjaja et al., 2012). The pH pattern is more diverse: Sto-
Est from Sulfolobus tokodaii, SshEstI from Sulfolobus shibatae

DSM5389 and PestE from Pyrobaculum calidifontis have their
pH optimum in the range of 7.0–9.0 (Hotta et al., 2002; Palm
et al., 2011; Angkawidjaja et al., 2012; Ohara et al., 2014) while
EstFa_R from Ferroplasma acidiphilum is a slightly acidophilic
carboxylesterase and showed the highest activity at pH 5.0
(Ohara et al., 2014). The two fungal esterases share similar
optimal conditions: RmEstA from Rhizomucor miehei catalyzes
the reaction best at 50◦C and pH 7.5 while TmelEST2 from Tuber
melanosporum has its maximum activity at 68.3◦C and pH 7.0
(Yang et al., 2015; Cavazzini et al., 2017).

Mutagenesis Study of E53 Disclosed the
Function of R1, R2, and R3 Regions
To elucidate the function of the R1, R2, and R3 regions, we have
selected 9 residues covering all three regions and did thorough
functional studies.
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FIGURE 4 | Structures of E53 and Est8. (A) The 3D structure of E53, including the α/β-hydrolase fold (cyan), the carboxyl edge of the β-sheet (blue), and the cap
subdomain (red) (B) The 3D structure of Est8 (PDB: 4YPV), including the α/β-hydrolase fold (green), the carboxyl edge of the β-sheet (blue), and the cap subdomain
(red). (C,D) The surface contact potential of E53 and Est8, respectively. The catalytic triad was shown as stick models. Blue represents positive potential, and the red
represents negative potential.

Four amino acids in the R1 region: D161, F191, S285, and
N288, were mutated to varying residues. Amino acids at positions
191 and 285 were conserved in microbial family IV esterases
but not in E53 (Figure 1). The conserved tyrosine was replaced
by phenylalanine at position 191, while the conserved glycine
was replaced by serine at position 285 in E53 (Figure 1).
D161 is a conserved residue and part of the “GDSAG” motif,
while N288 shows much less conservation; both are located
adjacent to the catalytic center hence have been chosen for
mutagenesis study. In our work, F191 and S285 in E53 were
mutated to the conserved amino acids, and D161 and N288
were replaced with alanine. The variants, D161A, S285G, and
N288A, did not change the specificity but dramatically reduced
the enzymatic activity (> 90% loss of function) on p-NP ester
hydrolysis (Figure 2F), demonstrating their crucial roles in the
catalytic reaction. Interestingly, the F191Y variant improved the
enzymatic activity of E53 by around 30% and the Km value
decreased, suggesting a higher substrate affinity (Figure 2F and
Supplementary Table 3). This result showed that compared with
the conserved residue tyrosine, phenylalanine exhibited adverse
effects on enzymatic activity in E53.

In the R2 region, the crystal structure of the WT E53 exhibits
a structural bottleneck close to the entrance of the pocket,
determined by V211 and S216 (Figure 3B). With the intention
to expand the size of this channel, we made V211A and S216A
variants. As a result, V211A and S216A exhibited higher relative
activity comparing to the WT enzyme. In terms of enzyme
kinetics, a significant increase in Vmax and Km value under
both neutral and alkaline conditions was achieved (Figure 2F
and Supplementary Table 3). The higher Km values suggested
lower substrate affinity, which is particularly notable. This,
however, makes sense in this case, as the enlarged pocket would
allow the substrate binding in a looser manner. This clearly
proved that appropriate expansion of the entrance could enhance
the accessibility of substrates and thus facilitate the catalytic
capability of the enzyme.

The R3 region is an extended area of the catalytic pocket
in E53 (Figure 3B). The crystal structure of WT and mutated
E53 with the C6 substrate exhibited that the R3 region was not
directly involved in the substrate binding or catalytic reaction
(Figure 3B). To explore its role, three variants, N166A, A167L,
and I256L were prepared for the enzymatic analysis under
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neutral and alkaline conditions (Figure 2F). A167 and I256
were conserved in microbial family IV esterases but not in E53
(Figure 1). The mutation of alanine to conserved leucine at
position 167 resulted in 200–400% higher activity and lower
Km than the WT protein under neutral and alkaline conditions
(Figure 2F and Supplementary Table 3), indicating that the
residue had a great impact on the catalytic activity. On the
contrary to A167L, mutating the I256 to the conserved leucine of
this family did not change the activity nor the Km significantly.
So far, all the investigated variants showed the same trend
of impact in the enzyme activity under neutral and alkaline
conditions. Interestingly, N166A was an exception: it did not
affect the catalytic activity under the neutral condition (< 10%
discrepancy on activity), but inhibited 50% activity in the alkaline
condition; the Km was also more severely affected under the
alkaline condition (Supplementary Table 3). We analyzed the
effect of pH values on the N166A variant (Supplementary
Figure 8). The result disclosed that the N166A variant was
less sensitive to pH change: unlike the WT protein, there is
nearly a “plateau” from pH 7.5 to 9.0. The optimum pH was
shifted to 7.5, however much less pronounced than the WT
protein (Figure 2C and Supplementary Figure 8). In addition,
at pH 6.0, the WT protein retained about 25% of its maximum
activity while N166A had only 5%, but from pH 6.5 to 7.0,
N166A showed about 20% higher relative activity than the WT
protein, clearly indicating this variant is relatively more active
under neutral conditions. The loss of the amide on the side
chain of N166 might undermine its interaction with the carbonyl
oxygen of L193 and G233 (Figure 3F), thus weakening the
molecular stability under alkaline conditions. This is a strong
indication that N166 was one of the critical amino acids for pH
regulation (Figure 2F).

DISCUSSION

The R1 Region Had Significant Impacts
on Catalytic Activity, Revealed by
Mutagenesis Study and Detailed
Structural Comparison Between E53 and
Est8
As the esterase Est8 from metagenome exhibited the highest
amino acid sequence identity (43%) with E53 (Supplementary
Table 1), and shared similar enzymatic features, such as
pH optimum (7.0–9.0) and temperature optimum (25–45◦C)
(Pereira et al., 2017), we did structural and functional analysis
of these two proteins in more details. The overall structural
overview of the two proteins is shown in Figures 4A,B. The
main differences between the two enzymes were the structure
of the catalytic pocket and substrate specificity. Compared with
E53, there is much less space among four α-helices (α4 - α8)
in Est8. Moreover, the catalytic pocket of Est8 lacked the R3
region in E53 (Figures 5A,B). The catalytic pocket of E53
is composed of acidic, basic and neutral amino acids, and
the catalytic triad is mainly wrapped by neutral amino acids,
whereas the catalytic pocket of Est8 is mainly composed of

FIGURE 5 | The catalytic pockets of E53 and Est8. (A) The catalytic pocket of
E53. The catalytic triad, S162, D254 and H284 were located in the R1 region.
The D161, S285 and N288 were targets of mutagenesis in the R1 region.
(B) The catalytic pocket of Est8. S159, D253, and H283 were the
components of the catalytic triad. The M213 and F217 were mutated in the
previous study (Pereira et al., 2017).

basic and acidic amino acids, and the catalytic triad is in the
alkaline pocket (Figures 4C,D, 5A,B). The Est8 specifically
catalyzed the hydrolysis of C2 substrate (Pereira et al., 2017),
and E53 catalyzed the hydrolysis of C4, C6, and C8 substrates
(Figure 2A). The mutations of Est8, which aimed at expanding
the size of the pocket (M213A and F217A, both located close
to the catalytic pocket of Est8), did not change the substrate
specificity significantly but dramatically reduced the enzymatic
activity (90% loss of function) (Pereira et al., 2017). Similar to
the mutagenesis analysis in Est8, the mutation of E53-D161A,
E53-S285G, and E53-N288A at the R1- catalytic center region
significantly reduced catalytic activity, making the evaluation of
substrate specificity impossible.

Despite the fact that S285 is adjacent to H284, a residue
of the catalytic triad, the crystal structure of E53-S285G did
not exhibit obvious relocation of the catalytic triad (2.7Å for
H284Nε2 to S162Oγ, and 2.6Å for H284Nδ1 to D254Oδ2)
compared with WT E53 (2.9 Å for H284Nε2 to S162Oγ,
and 2.6Å for H284Nδ1 to D254Oδ2) (Figures 3C,E). D161,
S285, and N288 are all located close to the catalytic center,
and functional characterization of these variants disclosed
loss of enzymatic activity. As part of the “GDSAG” motif,
mutating D161 to A resulted in loss of function was not
surprising. In the case of N288A, replacing asparagine with
alanine could cause disruption to the local interaction network,
impairing the activity dramatically. The unexpected outcome
was S285G: most esterases have glycine at position 285; after
mutating the serine to the more conserved glycine, only
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20–30% of activity was detected. From the structure, the
shortest distance from S285 to the bound substrate is 3.0 Å,
suggesting S285 could be involved in the coordination of the
substrate. Substituting this serine with glycine could impede
this interaction, leading to the decrease of the activity. On
the contrary, the replacement of phenylalanine with tyrosine at
position 191 improved the catalytic activity under both neutral
and alkaline conditions, indicating that hydroxyl on tyrosine
residue might be involved in the catalytic activity of the enzyme.
The amino acid replacement did not change the size of the
residue dramatically but introduced an additional hydrogen bond
that improved the structural stability of the pocket area. It is
indicated that the non-covalent bonds at the R1 region and
stability of the catalytic center played key roles in the catalytic
activity of the enzyme.

The R3 Region Plays an Important Role
in the pH Pattern of E53
Few studies concerning the pH pattern of esterases have been
reported. The only related study is from an archaeal esterase,
an alkalophilic esterase SshEst (Ohara et al., 2014). Similar to
E53, the catalytic pocket of SshEst contains the R3-end region
of pocket. The secondary structures, α5 and α8 helices, were
involved in the constitution of the R3-end region of pocket in
both SshEst and E53 (Supplementary Figure 9). The replacement
of the amino acids at α8 helix of SshEst (Q249 and G250) changed
the optimum pH from 8.0 to 6.5 (Ohara et al., 2014).

In our study, three residues in the R3 region were selected
for structural and functional studies. A167L achieved higher
activity under both neutral and alkaline conditions. In the case
of I256L, the structure of WT E53 had hardly changed with
that of E53-I256L (Supplementary Figure 10). The distance
between the S162Oγ and the carbonyl carbon of the ester bond
in the p-NP substrate was 4.6 Å in both WT E53 and I256L.
The comparative distances among the catalytic triad were 2.6 Å
between S162Oγ to H284Nε2 and 2.5 Å between H284Nε2
to D254Oδ2 in both of them. As shown in the structures,
the I256L mutation did not have a significant effect on the
protein structure, especially at the catalytic area. While E53-
I256 was an exception in the sequence compared with other
microbial family IV esterases, it did not lead to the significant
discrepancy in either protein structure or activity of hydrolysis of
C6 substrate. However, the single point mutation (E53-N166A)
in the R3 region changed the pH pattern of E53. The N166 is
located at the α5 helix. It is neighbored to the SDSAG motif,
and is conserved in microbial family IV esterases with few
exceptions (Figure 1). Its mutation dramatically impaired the
enzymatic activity under alkaline conditions and an increased
Km value was observed under neutral and alkaline conditions
(Supplementary Table 3). The hydrogen bond established via
the side chain from asparagine with the amino acids L193
(2.9 Å between the amide and carbonyl oxygen) and G233
(3.0 Å between the amide and carbonyl oxygen) (Figure 3F)
may contribute to the stability of the enzyme under the
alkaline condition. It is indicated that both L193 and G233
were located at the loops that constituted the R3 region (the

loop between β6 and α6 for L193, and the loop between α7
and β7 for G233). The amide at the side chain of the N166
contributed to fixing the two loops with α5 helix, and thus,
stabilizing the R3 region of E53 (Figure 3F). The loss of the
side chain of the N166 will impair the molecular interactions
among the structural elements that were involved in the R3
region constitution and thus undermine catalytic activity in
alkaline conditions.

In conclusion, the R3-end region of the catalytic pocket might
play an essential role in pH pattern determination in a group
of microbial family IV esterases, while more studies focusing on
family IV esterases are needed to get a solid conclusion.

MATERIALS AND METHODS

Bacterial Cultivation and Recombinant
Plasmid Construction
Erythrobacter longus CGMCC 1.8459T (DSM 6997) was obtained
from the China General Microbiological Culture Collection
(CGMCC). The genome sequence accession number of E. longus
DSM 6997T is JMIW01000001 and the e53 gene is located in
the 562979–563923 region1. The amino acid sequence accession
code of E53 is WP_034957919. Cells were cultivated in marine
2216 medium (Difco, pH 7.5) at 30◦C. Escherichia coli BL21
(DE3) was cultivated in LB medium (pH 7.0) at 37◦C. Genomic
DNA of E. longus was extracted with a bacterial genomic
DNA purification kit (Thermo Fisher Scientific, United States).
The WT e53 gene was amplified by polymerase chain reaction
(PCR) with the primers listed in the supporting information
(Supplementary Table 4). The pSMT3 SUMO-tag system was
used in this study. The SUMO-tag contains six histidines at the
N-terminal region, which can bind with the Ni-NTA affinity
column. The PCR product and backbone of pSMT3 plasmid
were digested by BamHI and XhoI (New England Biolabs,
United States) at 37◦C for 1 h, and followed by kit-based
DNA purification (Thermo Fisher Scientific, United States)
and T4 DNA ligase-mediated ligation (New England Biolabs,
United States). The single amino acid mutation was introduced
via the kit-based mutation system (Fast Mutagenesis System,
TransGen Biotech) with the WT gene as a template. E. coli
BL21 (DE3) competent cells were transformed with the
constructed plasmid by heat-shock approach. The recombinant
E. coli BL21 (DE3) clones were selected on LB plates with
kanamycin (50 µg/ml). The inserts were confirmed by PCR
and DNA sequencing.

Protein Expression and Purification
The E. coli BL21 (DE3) cells were cultivated at 37◦C in
LB medium supplemented with kanamycin (50 µg/ml). The
expression of WT E53 and its variants was induced by
the addition of 0.5 mM isopropyl-β-D-thiogalactopyranoside
(IPTG) for 16 h at 20◦C (Angkawidjaja et al., 2012). Cells
were harvested and disrupted by an ultrasonic homogenizer

1https://www.ncbi.nlm.nih.gov/nuccore/JMIW01000001.1?from=562979&to=
563923&report=fasta
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(Scientz-IID, China). The lysates were subsequently purified
by Ni-NTA affinity chromatography (Thermo Fisher Scientific,
United States) using imidazole step elution. The washing buffer
contained 20, 50, 100, 250, and 500 mM of imidazole and
the target protein was eluted at 250 mM imidazole. The
pure E53 protein with SUMO-tag was eluted with NTA-250
buffer containing 20 mM Tris-HCl, pH 8.0, 100 mM NaCl,
250 mM imidazole. The elution was incubated with Ulp1 protease
(Thermo Fisher Scientific, United States) at a ratio of 1 µg of
Ulp1 per 2 mg protein at 16◦C for 1 h and the SUMO-tag was
removed by a reverse Ni-NTA affinity chromatography (Huo
et al., 2017). The SUMO-tag-free protein with an anticipated
molecular weight of 33.13 kDa and PI of 4.73 (calculated by
ExPASy (Gasteiger et al., 2003) based on amino acid sequence)
was injected onto a Superdex 200 16/600 column. The column
was equilibrated in 20 mM Tris-HCl, 100 mM NaCl, pH 8.0 prior
to the protein sample run. The purified protein was verified via
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using 12% polyacrylamide gels. The Superdex 200 16/600
GL (GE, United States) column was calibrated with protein size
markers, thyroglobulin (670 kDa), gamma globulin (158 kDa),
ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12
(1.35 kDa). The molecular mass (Mw) of the WT E53 was
experimentally determined based on Kav. Kav = (Ve − Vo)/(Vc
− Vo) where Ve = elution volume, Vo = column void volume,
Vc = geometric column volume. The protein concentration was
determined by the Bradford method.

Biochemical Characterization of E53 and
Its Variants
The substrates p-nitrophenyl (NP) acetate (C2), p-NP butyrate
(C4), p-NP caprylate (C8), p-NP decanoate (C10), p-NP
laurate (C12), p-NP myristate (C14), and p-NP palmitate (C16)
were purchased from Sigma-Aldrich (United States) and p-NP
hexanoate (C6) was purchased from TCI (Japan). The standard
reaction was carried out with 0.02–0.10 µg of purified E53 or its
variants (due to the difference of the activity among WT enzyme
and variants) in a 1.0 ml reaction mixture containing 100 mM
CHES-NaOH (pH 9.0) buffer and 1 mM p-NP butyrate esters.
The enzyme activity was determined at 40◦C at 405 nm using
DU800 UV/Visible spectrophotometer (Beckman, United States).
The absorbance values were measured every 15 s for 2 min. The
obtained rate of change is used for subsequent enzyme activity
determination. All experiments were performed in triplicate and
corrected for substrate autohydrolysis. The kinetic parameters
were obtained using p-NP butyrate as a substrate at different
concentrations ranging from 0.05 to 4.00 mM under 40◦C and
Tris-HCl buffer (pH 7.0 and pH 9.0). The kinetic parameters
were calculated by analyzing the slopes of the Michaelis-
Menten equation using GraphPad Software (GraphPad Inc.,
United States). The statistical analysis of t-test was calculated by
Quickcalcs of GraphPad Software2. The optimum pH for enzyme
activity was carried out with 100 mM citrate buffer (pH 3.0–
6.0), potassium phosphate buffer (pH 6.0–8.0), Tris-HCl buffer
(pH 8.0–9.0) and CHES - NaOH buffer (pH 9.0–10), respectively.

2https://www.graphpad.com/quickcalcs/

The reactions at different pH values were measured at 348 nm,
the pH-independent isosbestic wavelength of p-NP butyrate. The
optimum temperature for enzyme activity was measured over
a range of 15–60◦C with an interval of 5◦C. The NaCl pattern
was measured using p-NP butyrate as a substrate at optimum
condition (CHES-NaOH 9.0, 40◦C) with NaCl concentrations
ranging from 0 to 5.0 M. The effects of various metal ions and
the chelating agent ethylenediaminetetraacetic acid (EDTA) were
examined at a final concentration of 10 mM. The effects of various
organic solvents were examined at a final concentration of 5%
(v/v). The product was measured after 5 min of catalytic reaction
in the presence of NaCl, organic reagent, or ions under the
optimal buffer conditions.

Crystallization and Structure
Determination
The crystal of E53 protein was obtained using a hanging drop
method by mixing 1.0 µL of 20 mg/ml protein with 1.0 µL of
reservoir solution at 20◦C. The reservoir buffer contained 0.05
M CaCl2, 0.1 M Bis-Tris, pH 6.5, and 25% (v/v) PEG MME 550.
The crystals appeared overnight and grew to their maximum
sizes after 5–7 days. The crystals were soaked with 10 µM of
C6 substrate acetonitrile solution for 30 s before harvesting. The
crystal samples were tested in BL17U1 and BL19U1 beamlines at
the National Center for Protein Sciences Shanghai and Shanghai
Synchrotron Radiation Facility, China. The X-ray diffraction
datasets were integrated, scaled and merged by the HKL3000
program (Minor et al., 2006). Phases were obtained by molecular
replacement using Phaser (McCoy et al., 2007) with the esterase
Est8 PDB coordinates (PDB no. 4YPV) as the initial model. The
crystallographic structure refinement was carried out by Refmac5
(Murshudov et al., 2011; Kovalevskiy et al., 2018) in the CCP4
software suite (Winn et al., 2011) and Phenix (Adams et al., 2011;
Liebschner et al., 2019). The model was refined manually by Coot
(Emsley et al., 2010). Structural similarity search was carried out
with the DALI server (Holm and Laakso, 2016; Holm, 2020). All
the figures of structures were generated using PyMOL software
(DeLano, 2002; Schrödinger LLC, 2010)3.

Sequence Alignment and 3D Structure
Comparison
The amino acid sequence of E53 was analyzed by BLASTp against
both the National Center for Biotechnology Information (NCBI)
database4 and ESTHER database (Lenfant et al., 2012). Multiple
sequence alignment was performed by ClustalX version 2.0
(Larkin et al., 2007) and ESPript version 3.0 (Robert and Gouet,
2014). The corresponding phylogenetic tree was constructed
using the neighbor-joining method with MEGA version 7.0
(Kumar et al., 2015). The crystal structure data of family IV
esterases were obtained from the RCSB protein data bank5.
The structural comparison was conducted by PyMOL software
(DeLano, 2002; Schrödinger LLC, 2010).

3http://pymol.sourceforge.net
4https://blast.ncbi.nlm.nih.gov
5https://www.rcsb.org
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