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Abstract

Metagenomes often convey novel biological activities and therefore have gained consider-

able attention for use in biotechnological applications. Recently, metagenome-derived

EstDL136 was found to possess chloramphenicol (Cm)-metabolizing features. Sequence

analysis showed EstDL136 to be a member of the hormone-sensitive lipase (HSL) family

with an Asp-His-Ser catalytic triad and a notable substrate specificity. In this study, we deter-

mined the crystal structures of EstDL136 and in a complex with Cm. Consistent with the

high sequence similarity, the structure of EstDL136 is homologous to that of the HSL family.

The active site of EstDL136 is a relatively shallow pocket that could accommodate Cm as a

substrate as opposed to the long acyl chain substrates typical of the HSL family. Mutational

analyses further suggested that several residues in the vicinity of the active site play roles in

the Cm-binding of EstDL136. These results provide structural and functional insights into a

metagenome-derived EstDL136.

Introduction

Lipolytic enzymes hydrolyze triacylglycerols to produce fatty acids and glycerol [1]. Their pres-

ences are ubiquitous in most of living organisms including eukarya, bacteria and plant. Those

lypolytic enzymes gain considerable attention for use in biotechnological applications from

pharmaceutical and chemical industries [2,3]. Those enzymes are diverse, but can be classified

by their substrate specificities: carboxylesterases (EC 3.1.1.1) and lipases (EC 3.1.1.3). In gen-

eral, carboxylesterases hydrolyze partly water-soluble and small ester-containing molecules,

whereas lipases exhibit their substrate specificity to water-insoluble long ester-containing mol-

ecules [4]. Alternatively, lipolytic enzymes are also classified by their amino acid sequence and

the presence of conserved motifs. In this classification, enzymes can be divided into three

groups; C, L and H [5,6]. The C group consists of cholinesterases and many other fungal

lipases, and the L group includes lipo-protein lipases. The H group, also referred as hormone-

sensitive lipases (HSL), represents the family of enzymes whose sequences are homologus with

those of mammalian HSL [6,7]
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HSLs commonly exhibit substrate promiscuity and the identification of HSLs with specific

catalytic activities has been challenging. For this reason, metagenomic analyses, which often

identify novel biological activities, have gained considerable attention. Recent studies using a

metagenomic library from alluvial soil have characterized one enzyme related to the metabo-

lism of antibiotics [8,9]. In sequence analysis, enzyme EstDL136 was found to be a member of

the HSL family. EstDL136 exhibits two different activities for the catalytic metabolism of chlor-

amphenicol (Cm), a widely used, broad-spectrum antibiotic; it acts as both a Cm acetate ester-

ase (CAE) and a Cm hydrolase.

As a CAE, EstDL136 de-acetylates the C1 and/or C3 position of 1,3-diacetyl Cm (Fig 1A) [8].

Cm is continually challenged by antibiotic resistance, and 1,3-diacetyl Cm is found in antibiotic

resistance mechanisms. Among the many possible resistance mechanisms, bacterial Cm acetyl-

transferase (CAT)-dependent Cm inactivation is well characterized, in which CAT catalyzes acety-

lation of the hydroxyl group at the C1 and/or C3 position of Cm (Fig 1A). The resulting acetylated

Cm no longer binds to its target ribosome and is unable to act as an antibiotic [10]. An enzyme

with CAE activity could reverse CAT-dependent Cm inactivation. CAE activity has been reported

in most Cm-producing Streptomyces spp., but identification of the responsible enzyme or its cor-

responding gene has been elusive [11–14]. EstDL136 also acts as a Cm hydrolase, directly affecting

Cm metabolism and resistance. EstDL136 cleaves the amide linkage at C2 of Cm (Fig 1A) and

thereby confers Cm resistance to bacteria heterologously expressing the EstDL136 gene [9].

Sequence analyses have indicated that metagenome-derived EstDL136 contains an Asp-

His-Ser catalytic triad, a hallmark feature of the HSL family (Fig 1B), and it indeed shows high

esterase activity toward p-nitrophenyl acetate, but a much lower activity toward p-nitrophenyl

butyrate [8]. Therefore, EstDL136 exhibits relatively diverse activities, behaving as either a

CAE or a Cm hydrolase. This study describes the crystal structures of EstDL136 and in a com-

plex with a Cm, along with mutational analyses of active site residues. These results provide

both structural and functional insights into the enzymatic activity of EstDL136.

Materials and methods

Protein expression and purification

Many variants of EstDL136 were constructed for crystallization, but only one formed a crystal

suitable for structure determination. We therefore describe the expression, purification, and

crystallization of that particular variant of EstDL136, in which three internal residues Pro37,

Met38, and Pro39 were removed to facilitate crystallization. This strategy was suggested by the

program Xtal Pred [15] and the resulting deletion mutant is referred to as EstDL136(ΔPMP).

The gene encoding EstDL136 (NCBI Reference Sequence: HQ148666) was used as the tem-

plate for PCR amplification, together with mutagenic primers. The resulting PCR product of

EstDL136(ΔPMP) was introduced into the NdeI and XhoI sites of the pET-41b vector, produc-

ing the C-terminal His-tagged recombinant protein. EstDL136(ΔPMP) was expressed in

Escherichia coli BL21 (DE3) cells (Merck) grown at 37˚C in Luria-Bertani medium. Its expres-

sion was induced by the addition of 0.5 mM isopropyl-β-D-thiogalactopyranoside for 16 h at

20˚C once the OD600 of the bacterial cells reached 0.6. Cells were harvested and sonicated in

buffer A (50 mM Tris-HCl at pH 8.0, 500 mM NaCl, and 1 mM DTT), and the supernatant

was obtained by centrifugation at 30,000 × g for 1 h at 4˚C. The C-terminally His-tagged

EstDL136(ΔPMP) was then purified using an immobilized metal affinity column (GE Health-

care) equilibrated with buffer A, followed by elution with buffer B (buffer A plus 500 mM

imidazole). The eluted protein was dialyzed against buffer A and subjected to size-exclusion

chromatography on a Superdex 200 column (GE Healthcare) that had been pre-equilibrated

with buffer A.
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For subsequent structural and functional studies, additional EstDL136 mutants were also

constructed using the respective mutagenic primers, and the expression and purification of

these mutants were essentially identical as those described above, unless specified otherwise.

In particular, the EstDL136(ΔPMP/S156A) mutant, which contains an additional mutation at

the proposed catalytic residue Ser156, was also used for structural studies of the complex

formed between EstDL136 and Cm.

Crystallization and data collection

C-terminal His-tagged EstDL136(ΔPMP) and EstDL136(ΔPMP/S156A) in buffer A were con-

centrated to 15 mg/ml. Crystallization of both enzymes was performed by the sitting-drop

vapor-diffusion method at 295 K using a crystallization solution of 500 mM ammonium fluo-

ride (pH 6.5), 30% PEG3350, 5% glycerol, and 120 mM TCEP. The binding of the Cm to

EstDL136(ΔPMP/S156A) was achieved by soaking EstDL136(ΔPMP/S156A) crystals with 5

Fig 1. EstDL136 activity and sequence alignment with other HSLs. (A) The chemical structure of Cm is displayed. CAT activity allows

acetylation of Cm at the C1 and C3 positions. The two different catalytic functions of EstDL136, its CAE and Cm hydrolase activities, are

also illustrated. (B) The amino acid sequence of EstDL136 was compared with those of other HSLs by pairwise alignments. Three HSLs

were selected for their different substrate specificities: EstFa (PDB code 3WJ2) for p-nitrophenyl-butyrate [27], EST2(M211S/R215L)

mutant (PDB code 1QZ3) for p-nitrophenyl-hexanonate [26], and Sto-Est (PDB code 3AIK) for p-nitrophenyl-octanoate [28]. Highly

conserved residues are shown in red and boxed in blue, whereas strictly conserved residues are displayed with a red background.

Secondary structures are shown based on structural information from EstDL136(ΔPMP). Some residues that have possible roles in

catalysis (blue asterisk), as possible determinants of the active site pocket (red triangles), and in the Cm-binding site (black circles) are

indicated. This figure was prepared using ESPript [29].

https://doi.org/10.1371/journal.pone.0210298.g001
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mM Cm (Sigma) in the crystallization solution for 50 min. Cryoprotection was performed

using 20% (v/v) PEG400 for EstDL136(ΔPMP) and 3.5% (w/v) myo-inositol for EstDL136

(ΔPMP/S156A).

X-ray diffraction data were collected at 100 K in the Pohang Accelerator Laboratory

(Pohang, Korea). Data were processed using HKL2000 [16] and the details of the data collec-

tion are shown in Table 1.

Structure determination and refinement

Crystal of EstDL136(ΔPMP) and the EstDL136(ΔPMP/S156A)–Cm complex both belong to

the P21212 space group with two monomers in the asymmetric unit. Their structures were

Table 1. Data collection and refinement statistics.

Data set EstDL136(ΔPMP) EstDL136(ΔPMP/S156A)-Cm complex

PDB ID 6AAE 6IEY

Data collection

Wavelength (Å) 0.97933 0.97933

Resolution (Å) 50.0–1.64 (1.70–1.64) a 50.0–2.1 (2.18–2.10)

Unique reflections 100,067 (9,885) 46,963 (4,484)

Multiplicity 14.3 (13.1) 6.1 (5.6)

Completeness (%) 100 (100) 96.4 (94.1)

Mean I/sigma(I) 23.0 (1.2) 13.6 (2.1)

Wilson B-factors (Å2) 23.1 26.61

R-merge 0.11(0.12) 0.17(1.0)

CC1/2
b 0.998(0.581) 0.995(0.543)

Space group P21212 P21212
Unit cell a, b, c (Å) 118.9, 153.6, 44.2 118.5, 152.4, 44.1

α, β, γ (˚) 90, 90, 90 90, 90, 90

Refinement

R-workc 0.188 (0.290) 0.208 (0.261)

R-freed 0.216 (0.313) 0.256 (0.297)

No. of atoms

Macromolecules 4704 4643

Ligands 187 20

Water 487 211

RMS(bonds) (Å) 0.007 0.008

RMS(angles) (˚) 1.050 1.269

Ramachandran favored (%) 97.1 96.39

Ramachandran outliers (%) 0.0 0.49

Average B-factors (Å2)

Macromolecules 28.50 30.54

Ligands 44.25 48.39

Water 37.32 33.83

aNumbers in parentheses refer to data in the highest resolution shell.
bThe CC1/2 is the Pearson correlation coefficient (CC) calculated from each subset containing a random half of the

measurements of unique reflection
cRwork = S ||Fobs|-|Fcal||/ S|Fobs|
dRfree is the same as Robs for a selected subset (5%) of the reflections that was not included in prior refinement

calculations.

https://doi.org/10.1371/journal.pone.0210298.t001
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solved by molecular replacement using PHENIX [17]. Specifically, the monomeric structure of

carboxylesterase Est2 (PDB code 1U4N; sequence identity 45%) [18] was used as the search

model for molecular replacement. Manual model building and refinement were performed

using the COOT [19] and PHENIX programs [17], respectively, and the stereochemistry of the

final model was evaluated using MolProbity [20]. When the structure of EstDL136(ΔPMP)

was refined sufficiently, its monomeric structure was used as the search model for molecular

replacement of the EstDL136(ΔPMP/S156A)–Cm complex. Structural analyses were per-

formed using programs in the CCP4 suite [21], and the figures presented in this study were

generated using PyMol [22]. Details of the refinement are presented in Table 1.

EstDL136 activity assays

The enzymatic activity of EstDL136 using p-nitrophenyl acetate as a substrate was assayed

according to a previously published procedure [8]. Briefly, the esterase activity of EstDL136

was evaluated by monitoring an absorbance at 405 nm to detect the reaction product of p-

nitrophenol.

For the activity assay, wild-type full-length and various mutant forms of EstDL136 were

purified using an immobilized metal affinity column and a desalting column; 50 mM Tris (pH

8.0) buffer was used throughout the purification process. In the assay, the reaction mixture

containing 50 mM Tris (pH 8.0) and ~2 nM EstDL136 was incubated at 30˚C for 1 min, and

p-nitrophenyl acetate at the given concentration was added to the reaction mixture. We then

monitored changes in absorbance at 405 nm using a UV-visible spectrophotometer (Jasco,

Japan). The initial velocity was determined between 40 and 70 s, and calculated as the p-nitro-

phenol concentration produced per minute. The molar extinction coefficient of p-nitrophenol

at 405 nm is 16.8/mM cm, and Km and Vmax values were calculated using SigmaPlot (Systat

Software).

Results

Structure of EstDL136(ΔPMP)

A crystal of EstDL136(ΔPMP) contains two monomers per asymmetric unit (Fig 2A). Mono-

meric EstDL136(ΔPMP) consists of an N-terminal CAP domain and an α/β hydrolase domain

(Fig 2B). The α/β hydrolase fold acts as a core structure in which the central eight β-strands

form a concave β-sheet flanked by helices on both sides. Two helices, α3 and the C-terminal

α9, are positioned on the concave side of the β-sheet with their helical axes almost parallel to

the β-strands. Most of the remaining helices are on the convex surface of the central β-sheet.

In addition to the core α/β fold, the 40-residue segment at the N-terminus forms a helix-loop-

helix arrangement known as a CAP domain, in which α1 is almost orthogonal to α2 and pro-

trudes from the main α/β fold. The putative catalytic triad, Asp252-His282-Ser156, is located

at the C-terminal end of the central β-strands (Fig 2B).

A structure similarity search using DALI [23] indicated that the overall structure and rela-

tive location of the catalytic triad in monomeric EstDL136(ΔPMP) are similar to those of other

HSLs. Many HSL structures show Z-scores greater than 20, with EST2 (PDB ID: 1U4N) show-

ing the highest Z-score of 43.6 [18]. Despite the high degree of structural similarity, there are

noticeable differences in the size of the active site (Fig 3). EstDL136 has a relatively shallow,

pocket-shaped active site, consistent with its substrate preference for p-nitrophenyl acetate

over p-nitrophenyl butyrate [8]. Sequence and structural comparisons with other HSLs indi-

cate that the active site size corresponds to its substrate preference (Fig 3). Consistent with a

recent analysis in other HSLs [24], three residues in EstDL136 also appear to be major contrib-

utors in determining the active site size. Residues Trp86, Met211, and Trp215 are clustered at
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the bottom of the active site in EstDL136(ΔPMP) and possibly occlude the active site pocket

(Fig 3A). In other HSLs, one or two of those residues are replaced with residues bearing a

smaller side chain (Fig 1B). As a consequence, HSLs with a preference for substrates bearing

long acyl chains exhibit more extended active sites (Fig 3B, 3C, and 3D)

Under our crystallization condition, the dimeric conformation of EstDL136(ΔPMP) is

characterized. Two monomers in an asymmetric unit show a non-crystallographic, two-fold

symmetry (Fig 2A). Interestingly, the CAP domains of the two monomers are in a domain-

swap configuration in which the N-terminal helix α1 of the CAP domain almost intercalates

into the potential vacancy between α1� and the main α/β fold of the adjacent monomer. Note

that a superscript asterisk indicates the residue(s) or element(s) in the adjacent monomer. An

omitted Fo-Fc map at the region connecting the CAP domain and the main α/β fold further

validated a domain-swap configuration of the CAP domains (S1A Fig). As a result, the N-ter-

minal helices α1 and α1� are packed in an anti-parallel orientation in the dimer (Fig 2A).

Unlike the structural features of EstDL136(ΔPMP) as a dimer in crystalline state, size-exclu-

sion chromatographic analyses indicated three different forms of EstDL136 are all present in

solution as a monomer, including wild-type full-length EstDL136, EstDL136(ΔPMP), and

EstDL136 in the absence of the CAP domain (Met1–Asn36) (i.e., EstDL136(ΔCAP)) (S1B Fig).

Therefore, there is no possibility that the deletion of a hinge region (i.e., ΔPMP) used in this

study could cause the dimerization of EstDL136. Under these structural conditions, it is

unlikely that the dimer observed in crystalline EstDL136(ΔPMP) represents a biologically

Fig 2. Dimeric and monomeric structures of EstDL136(ΔPMP). (A) The two monomers in the asymmetric unit of the apo-

form EstDL136(ΔPMP) are shown in different colors. Note that the CAP domain of one monomer intercalates into the core α/β
fold of the adjacent monomer. (B) The monomeric structure of the apo-form EstDL136(ΔPMP) is shown, with an enlarged view

of the catalytic triad Asp252-His282-Ser156. Blue corresponds to the central β-sheet, green to α-helices, and magenta to the CAP

region. (C) Intersubunit-interacting residues within 5Å are indicated for those in the CAP domain and an α/β fold of adjacent

monomer. Note that the catalytic residue Ser156 is shown for the location of the active site.

https://doi.org/10.1371/journal.pone.0210298.g002
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relevant oligomeric conformation, but its structural features could still provide details on the

monomeric enzyme with the active site residues.

Structure of the EstDL136(ΔPMP/S156A) in a complex with Cm

The binding of Cm to EstDL136 was achieved using the EstDL136(ΔPMP/S156A) mutant (Fig

4A). The EstDL136(ΔPMP/S156A)–Cm crystal also contains two monomers in the asymmet-

ric unit. In the dimer, each monomer adopts a conformation essentially identical to that

observed in EstDL136(ΔPMP), with a root-mean-square-deviation of 0.91 Å for 300 Cα
atoms. Unlike other HSLs, which show ligand-induced conformational changes in the CAP

region, the CAP domain of the EstDL136(ΔPMP)–Cm complex remained identical to that of

the unliganded form. These structural behaviors could arise from extensive interactions

between two monomers and/or mutation we introduced. Previous structural analyses of HSLs

suggest that residues corresponding to the tri-peptide Pro37-Met38-Pro39 in EstDL136, which

was removed for crystallization, play an important role as the hinge region in an open-to-close

conformational transition of the CAP region [18]. There are also extensive intersubunit inter-

actions between the CAP domain and the α/β fold of the adjacent monomer (Fig 2A–2C). The

PISA analysis revealed that those intersubunit interactions include more than 100 hydropho-

bic interactions, 22 hydrogen bonds, and 11 salt bridges [25]. Therefore, in addition to deletion

of the potential hinge region in EstDL136(ΔPMP/S156A), it could be possible that extensive

intersubunit interactions affect conformational mobility of the CAP region.

Cm was bound to the active site of the EstDL136(ΔPMP/S156A)–Cm complex (Fig 4B).

Specifically, the p-nitro group of Cm is located near the entrance to the active site pocket, and

its C2 group points toward Ala156 located at the bottom of the pocket, a mutated residue for

Fig 3. Active site of EstDL136 and other HSLs with different substrate specificities. (A–D) EstDL136 (A) and three

other HSLs from Fig 1B are shown: EstFa (B), EST2(M211S/R215L) (C), and Sto-Est (D). All four structures are

superimposed and presented in an identical orientation. A surface representation of each enzyme is shown in the left panel.

Catalytic residues are shown in red, and the active site entrance is indicated with an arrow. In the right panel, a potential

position for the active site, calculated by the program PyMol, is indicated in blue, while catalytic histidine and aspartate

residues are shown in yellow. Three residues, Trp86, Met211, and Trp215, occluding the active site pocket in EstDL136 are

represented in green. Structurally equivalent residues in other HSLs are also indicated (see Fig 1B).

https://doi.org/10.1371/journal.pone.0210298.g003
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the catalytic residue Ser156. There are no obvious stacking interactions between the aromatic

ring of Cm and the active site residues. However, the presence of bulky side chains in the active

site, and in the CAP domain, appears to dictate the binding mode of Cm. In particular, the

CAP domain of the adjacent monomer interacts with bound Cm (Fig 4B and 4C). Residues

within 5.0 Å of the Cm-binding site include Phe34�, Ile88, His94, Asp155, Tyr205, Leu206,

Phe214, and Ser286.

We then performed mutational analyses of these active site residues using wild-type full-

length EstDL136 as a template. First, residues within 5.0 Å of Cm (Fig 4B and 4C), which pre-

sumably interact with Cm, were selected for mutagenesis, producing F34A, I88A, H94A,

Y205F, L206A, F214A, and S286A. Mutations of the catalytic triad were also constructed,

including S156A and H282A. Mutations of Asp252 and Asp155 were also constructed, but

mutants such as D252A, D252N, and D155A were expressed as inclusion bodies. The catalytic

activity of each mutant was qualitatively evaluated using thin-layer chromatography with Cm

as the substrate (Fig 4D). Most mutants were still active, but L206A, F214A, S156A, and

H282A were inactive. The Ser156 and His282 residues are members of the catalytic triad, and

thus the catalytic inefficacy of mutants S156A and H282A is readily justified. Therefore, hydro-

phobic interactions mediated by Leu206 and Phe214 appear to play a role in the activity of

EstDL136.

Further kinetic analyses of L206A and F214A were carried out using p-nitrophenyl acetate

as the substrate (Table 2 and S2 Fig). Three- and four-fold increases in Km were observed for

the L206A and F214A mutants, respectively, while their kcat values were similar to that of the

wild-type full-length enzyme. Those changes resulted in enzyme efficiencies, defined by kcat/

Km, of 31% and 26% that of the wild-type full-length enzyme. Consistent with our structural

analyses, those mutations largely affected the binding efficiency of the substrate.

Discussion

From sequence perspective, EstDL136 is a member of the HSL family, with a Cm-metabolizing

activity. Structural analyses in this study have validated that EstDL136 contains structural

Fig 4. Binding of Cm in the active site of EstDL136(ΔPMP/S156A) and thin-layer chromatographic analysis of

EstDL136 mutants. (A) The model of Cm is shown, with an electron density map. The overlaid map is an omitted Fo-
Fc map at 2.0 σ in the upper panel and a 2Fo-Fc map at 1.0 σ in the lower panel. (B) A stereo view of the active site of

EstDL136(ΔPMP/S156A) is shown with bound Cm. The different colors, brown and cyan, are used to represent the

hydrophobic and hydrophilic Cm-interacting residues, respectively. Note that α1� and α2� in the CAP domain is from

the adjacent monomer, and that the catalytic Ser156 residue has been replaced with alanine. (C) A schematic

representation shows the binding mode of Cm in the active site of EstDL136(ΔPMP/S156A) as shown in Fig 4B. (D)

Thin-layer chromatographic analyses of various EstDL136 derivatives are shown. Analyses were carried out, using

wild-type full-length and various mutant forms of EstDL136, according to a previously published procedure [8].

Various mutants of EstDL136 (25 μM) were incubated for 2 h at 30˚C in 4.25 mM Cm, and the resulting mixture was

applied to glass plates coated with silica gel 60 F254 (Merck) and developed using an acetone:chloroform ratio of 15:85.

Nine mutant enzymes were prepared: F34A, I88A, H94A, S156A, Y205F, L206A, F214A, H282A, and S286A.

https://doi.org/10.1371/journal.pone.0210298.g004

Table 2. Kinetic parameters of EstDL136 and its mutants.

Km

(mM)

kcat

(sec-1)

kcat /Km

(sec-1 mM-1)

WT 0.14 (0.016)a 622 (19.9) 4.4 × 103

L206A 0.40 (0.030) 547 (14.3) 1.4 × 103

F214A 0.55 (0.051) 641 (22.2) 1.2 × 103

aValues in parentheses are standard errors estimated by the program SigmaPlot.

https://doi.org/10.1371/journal.pone.0210298.t002
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features characteristic of the HSL family, with an α/β hydrolase fold and a CAP domain. We

also found that the active site of EstDL136 is relatively shallow and able to accommodate Cm

instead of substrates bearing long acyl chains, which are preferred more typically by HSLs

(Fig 3).

A closer view on the Cm-binding mode were characterized in a structure of the EstDL136

(ΔPMP/S156A)–Cm complex, along with mutational analyses. We found that Leu206 and

Phe214 play a role in Cm binding to the active site (Fig 4B–4D and Table 2). Based on loca-

tions of those residues near the C2 group of Cm, Leu206 and Phe214 possibly facilitate a cor-

rect orientation of the C2 group toward a catalytic serine residue. We, however, rule out that

Leu206 and Phe214 are structural elements essential for the Cm substrate specificity, given

that two residues are conserved in the HSL family (Fig 1B), suggesting that those residues play

a general or common role in the binding of substrates to the active site of the HSL family

(Table 2). Unfortunately, in this study we could not identify structural elements dictating the

Cm substrate specificity for the matagenome-originated EstDL136. However, from structural

and sequence perspective, Trp86, Met211, and Trp215 are possible candidates for the Cm sub-

strate specificity, given their sequence diversities among the HSL family (Fig 1B) and their

involvements in forming the active site pocket (Fig 3A). In the previous studies [24, 26],

replacement of the active site residues with smaller-chain residues resulted in significant

changes in substrate specificity. Interestingly, the mutated residues in these studies were local-

ized to the vicinity of the three residues, i.e., Trp86, Met211, and Trp215 in this study (Figs 1B

and 3). Further studies of those residues will provide details of the substrate specificity for the

matagenome-originated EstDL136.

Supporting information

S1 Fig. Domain-swap configuration of the CAP domain and size-exclusion chro-

matographic analyses of EstDL136. (A) An omitted Fo-Fc electron map contoured at 2.5 σ is

shown for the region (i.e., Leu 40 to Ala 47) connecting the CAP domain and the α/β hydrolase

domain. These observations further validate a domain-swap configuration of the CAP domain

observed in this study. (B) Size-exclusion chromatographic analyses are shown for the wild-

type full-length EstDL136 (black), EstDL136(ΔCAP) (red) and EstDL136(ΔPMP) (green).

Each protein, in the presence 10 mM PBS plus 500 mM NaCl, was eluted on a Superdex 200

column (GE Healthcare). Chromatograms were compared against 12–200 kDa molecular

mass markers (Sigma Chemical). Note that an eluted peak of all three proteins corresponds to

29.2 kDa of monomer.

(TIF)

S2 Fig. Steady-state kinetic analysis of EstDL136 enzymes. Km and kcat values were calcu-

lated using SigmaPlot (Systat Software). Enzyme assays were carried out as described in Sec-

tion 2.4.

(TIF)
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5. Hemilä H, Koivula TT, Palva I. Hormone-sensitive lipase is closely related to several bacterial proteins,

and distantly related to acetylcholinesterase and lipoprotein lipase: identification of a superfamily of

esterases and lipases. Biochem. Biophys. Acta.1994; 1210(2): 249–253. https://doi.org/10.1016/0005-

2760(94)90129-5 PMID: 8280778

6. Cousin X, Hotelier T, Giles K, Lievin P, Toutant JP. Chatonnet A., The alpha/beta fold family of proteins

database and the cholinesterase gene server ESTHER. Nucleic Acids Res. 1997; 25(1): 143–146.

https://doi.org/10.1093/nar/25.1.143 PMID: 9016525

7. Holm C, Kirchgessner TG, Svenson KL, Fredrikson G, Nilsson S, Miller CG, et al. Hormonesensitive

lipase: sequence, expression, and chromosomal localization to 19 cent-q13.3. Science. 1988; 241

(48729): 1503–1506 https://doi.org/10.1126/science.3420405 PMID: 3420405

8. Tao W, Lee MH, Yoon MY, Kim JC, Malhotra S, Wu J, et al. Characterization of two metagenome-

derived esterases that reactivate chloramphenicol by counteracting chloramphenicol acetyltransferase.

J. Microbiol. Biotechnol. 2011; 21: 1203–1210. https://doi.org/10.4014/jmb.1107.07034 PMID:

22210605

9. Tao W, Lee MH, Wu J, Kim NH, Kim JC, Chung E, et al. Inactivation of chloramphenicol and florfenicol

by a novel chloramphenicol hydrolase. Appl. Environ. Microbiol. 2012; 78: 6295–6301. https://doi.org/

10.1128/AEM.01154-12 PMID: 22752166

10. Shaw WV. Chloramphenicol acetyltransferase, enzymology and molecular biology. Crit. Rev. Biochem.

1983; 14: 1–46. https://doi.org/10.3109/10409238309102789 PMID: 6340955

11. Nakano H, Matsuhashi Y, Takeuchi T, Umezawa H. Distribution of chloramphenicol acetyltransferase

and chloramphenicol-3-acetate esterase among Streptomyces and Corynebacterium. J. Antibiot.

(Tokyo) 1977; 30: 76–82. https://doi.org/10.7164/antibiotics.30.76 PMID: 838634

12. Sohaskey CD, Barbour AG. Esterases in serum containing growth media counteract chloramphenicol

acetyltransferase activity in vitro. Antimicrob. Agents Chemother. 1999; 43: 655–660. https://doi.org/10.

1128/AAC.43.3.655 PMID: 10049283

13. Sohaskey CD, Barbour AG. Spirochaeta aurantia has diacetyl chloramphenicol esterase activity. J.

Bacteriol. 2000; 182: 1930–1934. https://doi.org/10.1128/JB.182.7.1930–1934.2000 PMID: 10714999

14. Sohaskey CD. Enzymatic inactivation and reactivation of chloramphenicol by Mycobacterium tuberculo-

sis and Mycobacterium bovis. FEMS. Microbiol. Lett. 2004; 240: 187–192. https://doi.org/10.1016/j.

femsle.2004.09.028 PMID: 15522506

15. Slabinski L, Jaroszewski L, Rychlewski L, Wilson IA, Lesley SA, Godzik A. XtalPred: a web server for

prediction of protein crystallizability. Bioinformatics, 2007; 23: 3403–3405. https://doi.org/10.1093/

bioinformatics/btm477 PMID: 17921170

16. Otwinowski Z, Minor W. Processing of X-ray diffraction data collected in oscillation mode. Methods

Enzymol. 1997; 276: 307–326. https://doi.org/10.1016/S0076-6879(97)76066-X PMID: 27799103

17. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, et al. PHENIX: a comprehensive

Python-based system for macromolecular structure solution. Acta Crystallogr. D. Biol. Crystallogr.

2010; 66: 213–221. https://doi.org/10.1107/S0907444909052925 PMID: 20124702

18. De Simone G, Menchise V, Alterio V, Mandrich L, Rossi M, Manco G, et al. The crystal structure of an

EST2 mutant unveils structural insights on the H group of the carboxylesterase/lipase family. J. Mol.

Biol. 2004; 343: 137–146. https://doi.org/10.1016/j.jmb.2004.08.014 PMID: 15381425

Protein three-dimensional structure of EstDL136 from a metagenome: A member of the hormone sensitive lipase

PLOS ONE | https://doi.org/10.1371/journal.pone.0210298 January 15, 2019 11 / 12

https://doi.org/10.2174/092986612799080400
https://doi.org/10.2174/092986612799080400
http://www.ncbi.nlm.nih.gov/pubmed/21933124
https://doi.org/10.1016/S0958-1669(02)00341-5
https://doi.org/10.1016/S0958-1669(02)00341-5
http://www.ncbi.nlm.nih.gov/pubmed/12323363
https://doi.org/10.1016/S0958-1669(02)00350-6
http://www.ncbi.nlm.nih.gov/pubmed/12482512
https://doi.org/10.1042/0264-6021:3430177
http://www.ncbi.nlm.nih.gov/pubmed/10493927
https://doi.org/10.1016/0005-2760(94)90129-5
https://doi.org/10.1016/0005-2760(94)90129-5
http://www.ncbi.nlm.nih.gov/pubmed/8280778
https://doi.org/10.1093/nar/25.1.143
http://www.ncbi.nlm.nih.gov/pubmed/9016525
https://doi.org/10.1126/science.3420405
http://www.ncbi.nlm.nih.gov/pubmed/3420405
https://doi.org/10.4014/jmb.1107.07034
http://www.ncbi.nlm.nih.gov/pubmed/22210605
https://doi.org/10.1128/AEM.01154-12
https://doi.org/10.1128/AEM.01154-12
http://www.ncbi.nlm.nih.gov/pubmed/22752166
https://doi.org/10.3109/10409238309102789
http://www.ncbi.nlm.nih.gov/pubmed/6340955
https://doi.org/10.7164/antibiotics.30.76
http://www.ncbi.nlm.nih.gov/pubmed/838634
https://doi.org/10.1128/AAC.43.3.655
https://doi.org/10.1128/AAC.43.3.655
http://www.ncbi.nlm.nih.gov/pubmed/10049283
https://doi.org/10.1128/JB.182.7.19301934.2000
http://www.ncbi.nlm.nih.gov/pubmed/10714999
https://doi.org/10.1016/j.femsle.2004.09.028
https://doi.org/10.1016/j.femsle.2004.09.028
http://www.ncbi.nlm.nih.gov/pubmed/15522506
https://doi.org/10.1093/bioinformatics/btm477
https://doi.org/10.1093/bioinformatics/btm477
http://www.ncbi.nlm.nih.gov/pubmed/17921170
https://doi.org/10.1016/S0076-6879(97)76066-X
http://www.ncbi.nlm.nih.gov/pubmed/27799103
https://doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
https://doi.org/10.1016/j.jmb.2004.08.014
http://www.ncbi.nlm.nih.gov/pubmed/15381425
https://doi.org/10.1371/journal.pone.0210298


19. Emsley P, Cowtan K. Coot: model-building tools for molecular graphics. Acta Crystallogr. D. Biol. Crys-

tallogr. 2004; 60: 2126–2132. https://doi.org/10.1107/S0907444904019158 PMID: 15572765

20. Chen VB, Arendall WB. 3rd, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, Murray LW, Richardson

JS, Richardson DC. MolProbity: all-atom structure validation for macromolecular crystallography. Acta

Crystallogr. D. Biol. Crystallogr. 2010; 66: 12–21. https://doi.org/10.1107/S0907444909042073 PMID:

20057044

21. Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, et al. Overview of the CCP4 suite

and current developments. Acta Crystallogr. D. Biol. Crystallogr. 2011; 67: 235–242. https://doi.org/10.

1107/S0907444910045749 PMID: 21460441

22. Delano WL. The PyMOL Molecular Graphics Systemml: http://www.pymol.org. DeLano Scientific, Palo

Alto, CA, USA; 2002. Available fromml: http://www.pymol.org.

23. Holm L, Rosenstrom P. Dali server: conservation mapping in 3D. Nucleic Acids Res. 2010; 38: W545–

549. https://doi.org/10.1093/nar/gkq366 PMID: 20457744

24. Yang S, Qin Z, Duan X, Yan Q, Jiang Z, Structural insights into the substrate specificity of two esterases

from the thermophilic Rhizomucor miehei. J. Lipid Res. 2015; 56: 1616–1624. https://doi.org/10.1194/

jlr.M060673 PMID: 26108223

25. Krissinel Evgeny, Henrick Kim. Inference of macromolecular assemblies from crystalline state. J. Mol.

Biol. 2007, 372: 774–797. https://doi.org/10.1016/j.jmb.2007.05.022 PMID: 17681537

26. De Simone G, Mandrich L, Menchise V, Giordano V, Febbraio F, Rossi M, et al. A substrate-induced

switch in the reaction mechanism of a thermophilic esterase: kinetic evidences and structural basis. J.

Biol. Chem. 2004; 279: 6815–6823. https://doi.org/10.1074/jbc.M307738200 PMID: 14617621

27. Ohara K, Unno H, Oshima Y, Hosoya M, Fujino N, Hirooka K, et al. Structural insights into the low pH

adaptation of a unique carboxylesterase from Ferroplasma: altering the pH optima of two carboxyles-

terases. J. Biol. Chem. 2014; 289: 24499–2451. https://doi.org/10.1074/jbc.M113.521856 PMID:

25043762

28. Angkawidjaja C, Koga Y, Takano K, Kanaya S. Structure and stability of a thermostable carboxylester-

ase from the thermoacidophilic archaeon Sulfolobus tokodaii. FEBS J. 2012; 279: 3071–3084. https://

doi.org/10.1111/j.1742-4658.2012.08687.x PMID: 22748144

29. Gouet P, Robert X, Courcelle E. ESPript/ENDscript: Extracting and rendering sequence and 3D infor-

mation from atomic structures of proteins. Nucleic Acids Res. 2003; 31: 3320–3323. https://doi.org/10.

1093/nar/gkg556 PMID: 12824317

Protein three-dimensional structure of EstDL136 from a metagenome: A member of the hormone sensitive lipase

PLOS ONE | https://doi.org/10.1371/journal.pone.0210298 January 15, 2019 12 / 12

https://doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765
https://doi.org/10.1107/S0907444909042073
http://www.ncbi.nlm.nih.gov/pubmed/20057044
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1107/S0907444910045749
http://www.ncbi.nlm.nih.gov/pubmed/21460441
http://www.pymol.org
http://www.pymol.org
https://doi.org/10.1093/nar/gkq366
http://www.ncbi.nlm.nih.gov/pubmed/20457744
https://doi.org/10.1194/jlr.M060673
https://doi.org/10.1194/jlr.M060673
http://www.ncbi.nlm.nih.gov/pubmed/26108223
https://doi.org/10.1016/j.jmb.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17681537
https://doi.org/10.1074/jbc.M307738200
http://www.ncbi.nlm.nih.gov/pubmed/14617621
https://doi.org/10.1074/jbc.M113.521856
http://www.ncbi.nlm.nih.gov/pubmed/25043762
https://doi.org/10.1111/j.1742-4658.2012.08687.x
https://doi.org/10.1111/j.1742-4658.2012.08687.x
http://www.ncbi.nlm.nih.gov/pubmed/22748144
https://doi.org/10.1093/nar/gkg556
https://doi.org/10.1093/nar/gkg556
http://www.ncbi.nlm.nih.gov/pubmed/12824317
https://doi.org/10.1371/journal.pone.0210298

