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Intracellular mobilization of fatty acids from triacylglycerols

in mammalian adipose tissues proceeds through a series of

lipolytic reactions. Among the enzymes involved, hormone-

sensitive lipase (HSL) is noteworthy for its central role in

energy homeostasis and the pathogenic role played by its

dysregulation. By virtue of its broad substrate specificity, HSL

may also serve as an industrial biocatalyst. In a previous

report, Est25, a bacterial homologue of HSL, was identified

from a metagenomic library by functional screening. Here, the

crystal structure of Est25 is reported at 1.49 Å resolution; it

exhibits an �/�-hydrolase fold consisting of a central �-sheet

enclosed by �-helices on both sides. The structural features of

the cap domain, the substrate-binding pocket and the dimeric

interface of Est25, together with biochemical and biophysical

studies including native PAGE, mass spectrometry, dynamic

light scattering, gel filtration and enzyme assays, could provide

a basis for understanding the properties and regulation of

hormone-sensitive lipase (HSL). The increased stability of

cross-linked Est25 aggregates (CLEA-Est25) and their

potential for extensive reuse support the application of this

preparation as a biocatalyst in biotransformation processes.
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1. Introduction

During nutrient deprivation or enhanced demand for energy,

lipolysis releases fatty acids and glycerol from triacylglycerols

stored primarily in adipocytes. In this metabolic process,

hormone-sensitive lipase (HSL; EC 3.1.1.79) mediates the

hydrolysis of triglycerides to diglycerides and of diglycerides

to monoglycerides, whereas monoacylglycerol lipase (MGL;

EC 3.1.1.23) catalyzes the breakdown of monoglycerides to

glycerol and fatty acids (Lafontan & Langin, 2009; Holm,

2003). Its pivotal role in lipolysis has drawn attention to HSL

as a potential pharmaceutical target, because fatty-acid levels

influence the pathogenesis of type II diabetes, obesity and

cardiovascular diseases (Cascio et al., 2012; Karpe et al., 2011).

The human HSL gene (hHSL) encodes a polypeptide of

775 amino acids (�84 kDa), whereas human MGL (hMGL) is

composed of only 303 amino acids (�33 kDa). The deduced

amino-acid sequence of hHSL is approximately 80% identical

to those of corresponding proteins from other mammalian

species. However, the lack of significant homology to any

other mammalian protein indicates that this enzyme family

is very distantly related to other lipases and esterases in

mammals. Sequence analysis suggests that mammalian HSLs

are composed of two distinct domains: the N-terminal and

C-terminal domains (Holm, 2003; Osterlund, 2001). While

the N-terminal domain interacts with other proteins such

as adipocyte lipid-binding protein (ALBP), the C-terminal
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domain exerts hydrolytic activity on lipid substrates. Inter-

estingly, the C-terminal domain of mammalian HSL shares

regions of sequence and conserved motifs with the bacterial

lipolytic IV family (Arpigny & Jaeger, 1999). Therefore,

biochemical studies of the lipolytic IV family enzymes may

provide insight into the structure and function of HSL.

Compared with the lipolytic IV family proteins, the C-terminal

domain of HSL contains an additional domain of �150 amino

acids, known as a regulatory module, which influences the

intrinsic activity of HSL through serine phosphorylation and

protein–lipid interactions. To date, high-resolution structures

of mammalian HSL-family members have not been available

owing to the size and complex organization of these proteins;

however, structures have been reported of several bacterial

lipolytic IV family members, including Sto-Est from

Sulfolobus tokodaii (Angkawidjaja et al., 2012); PestE from

Pyrobaculum calidifontis (Palm et al., 2011); EstE1 and EstE7

from metagenomic libraries (Byun et al., 2007; Nam et al.,

2009); HerE from Rhodococcus sp. (Zhu et al., 2003); AFEST

from Archaeoglobus fulgidus (De Simone et al., 2001); EST2

from Alicyclobacillus acidocaldarius (De Simone et al., 2000)

and BFAE from Bacillus subtilis (Wei et al., 1999).

Interestingly, HSL-family proteins have a broader substrate

specificity than other lipases and esterases (Manco et al., 2012;

Rodriguez et al., 2010). Specifically, HSL can hydrolyze all

types of acylglycerols, cholesteryl esters, retinyl esters, fatty-

acid esters and steroids, as well as other lipid substrates. In

contrast, MGL only hydrolyzes a select group of mono-

acylglycerols. The broad specificity of the HSL-family

members increases the potential utility of these proteins as

biocatalysts in environmental and industrial applications, in

a similar way to the P450 cytochromes and glutathione

S-transferases (Podust & Sherman, 2012; Chronopoulou &

Labrou, 2009). In addition, the discovery of novel HSL-family

enzymes using the metagenomic approach further expands the

potential range of enzymatic functions to be applied.

In previous reports, a new bacterial homologue (Est25) of

the HSL family was identified from an uncultured bacterium

and was characterized as a member of the type IV lipolytic

enzymes (Kim et al., 2006, 2007). In this study, we analyzed the

structure and function of Est25 in order to obtain a broader

understanding of the HSL-family enzymes and to investigate

the potential uses of Est25 as a biocatalyst.

2. Materials and methods

2.1. Bacterial strains, enzymes and reagents

The cloning and expression steps were performed using

Escherichia coli XL1-Blue (Qiagen, California, USA).

Enzyme substrates, antibiotics and LB broth were obtained

from Sigma–Aldrich (Seoul, Republic of Korea). PD-10 and

Ni–NTA columns were obtained from GE Healthcare Bio-

sciences (Pennsylvania, USA). All other chemicals were of

reagent grade and were obtained from other commercial

sources.

2.2. Sequence analysis and phylogenetic tree

To identify related enzymes in the HSL family, the NCBI

protein-sequence database was searched for sequences similar

to the primary sequence of Est25 (GenBank ID DQ025532)

using PSI-BLAST (Jones & Swindells, 2002). All of the amino-

acid sequences were retrieved in FASTA format. Multiple

sequence alignments were performed with Clustal Omega

(Sievers et al., 2011) and the results were rendered using

ESPript (Gouet et al., 2003). A phylogenetic tree was built

using the Molecular Evolutionary Genetics Analysis (MEGA)

software v.5.0 and the neighbour-joining method with 5000

iterations to calculate bootstrap confidence levels (Tamura et

al., 2011).

2.3. Expression, purification and characterization of Est25

The molecular cloning and purification of Est25 have been

described previously (Kim et al., 2006, 2007). In brief, trans-

formed cells were grown in LB medium containing ampicillin

(100 mg ml�1) at 310 K and were induced with 1 mM isopropyl

�-d-1-thiogalactopyranoside (IPTG). After 4 h, the cells were

harvested, resuspended and sonicated in buffer A consisting of

50 mM sodium phosphate pH 8.0, 300 mM sodium chloride,

10 mM imidazole. After sonication, the crude cell extract was

centrifuged at 15 000 rev min�1 for 20 min and the super-

natant was loaded onto Ni–NTA resin and washed with 20 mM

imidazole. The Est25 protein was then eluted in buffer B

containing 250 mM imidazole with buffer A and desalted with

phosphate-buffered saline (PBS) pH 7.4 using a PD-10

column. The purity of the Est25 protein was confirmed by

SDS–PAGE and concentrations were determined using the

Bio-Rad Protein Assay kit with bovine serum albumin (BSA)

as a standard. The purified protein was concentrated to

10 mg ml�1 using an Amicon Ultrapure-15 centrifugal filter

(Millipore, Massachusetts, USA). Selenomethionyl (SeMet)

protein was purified using the same method as that used for

the native Est25. The purified native and SeMet Est25 proteins

with a His tag at the N-terminus were used for crystallization

without further cleavage.

For activity staining, native PAGE was performed using a

discontinuous gel system with a 4% stacking gel and an 8%

resolving gel. The gels were rinsed three times with distilled

water and the separating gel was soaked in 20 mM Tris–HCl

pH 8.0 containing 10 mM 4-methylumbelliferyl (4-MU) acetate

for 5 min at 295 K. The fluorescence of 4-methylumbelliferone

was visually detected in a UV-incubation box (Intron

Biotechnologies, Seoul, Republic of Korea). Matrix-assisted

laser desorption/ionization time-of-flight mass spectrometry

(MALDI-TOF MS) was performed in the positive-ion mode

using a Voyager DE STR system (Applied Biosystems,

National Collaborative Inter-University Research Facilities,

Seoul, Republic of Korea). Dynamic light-scattering (DLS)

profiles were measured using a Zetasizer Nano S system

(Malvern Instruments, Malvern, England). Est25 preparations

were passed through a 0.1 mm filter before dilution and were

allowed to equilibrate to 293 K prior to DLS measurements

at the same temperature. Multiple data-set replicates were
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analyzed using the DTS 5.10 software supplied by the manu-

facturer. The calculated hydrodynamic radius was corrected to

standard solvent conditions.

2.4. Protein crystallization and data collection

Initial crystallization trials were performed at 295 K using

the microbatch crystallization method (Chayen et al., 1990)

under a thin layer of Al’s oil with the

Index (Hampton Research, California,

USA) and Wizard (Jena Bioscience,

Germany) screening kits. Each drop was

prepared by mixing 1 ml reservoir solu-

tion and 1 ml protein solution and the

drop was then covered with oil using

Nunc MiniTrays (Nalge Nunc Interna-

tional, New York, USA). Crystallization

conditions for diffraction experiments

were optimized by changing various

parameters. Diffraction-quality crystals

were obtained using 2.4 M sodium

malonate pH 7.0 as the reservoir solu-

tion. Crystals were transferred into a

cryosolvent consisting of 2.4 M sodium

malonate pH 7.0, 30% glycerol before

being flash-cooled in a cold nitrogen

stream.

All diffraction data were collected on

beamline NW12 at the Photon Factory,

Tsukuba, Japan using an ADSC

Quantum 210 detector. The native data

were collected to 1.49 Å resolution at a

wavelength of 1.0000 Å. MAD data

were collected to 2.02 Å resolution from

an SeMet-derivative crystal at three

wavelengths (peak, 0.97888 Å; inflec-

tion, 0.97917 Å; high-energy remote,

0.96395 Å; Table 1). The peak and

inflection-point wavelengths were

determined by recording an X-ray

fluorescence spectrum. The native and

SeMet-derivative data were indexed, integrated and scaled

using HKL-2000 (Otwinowski & Minor, 1997).

2.5. Structure determination and refinement

The structure of the SeMet-derivative protein was deter-

mined using the multi-wavelength anomalous diffraction

(MAD) method. SOLVE (Terwilliger & Berendzen, 1999) and

RESOLVE (Terwilliger, 2001) were used to locate and refine

the selenium sites. Phases were calculated and used to produce

a 2.02 Å resolution electron-density map. After phasing,

density modification was performed using RESOLVE. Auto-

mated model building was performed using ARP/wARP

(Langer et al., 2008). The regions that were not automatically

constructed were manually built using Coot (Emsley &

Cowtan, 2004). The model was refined against the SeMet-

derivative data using REFMAC (Murshudov et al., 2011). The

refined SeMet-derivative model was then used as an initial

search model for molecular-replacement solution of the native

data set using MOLREP (Vagin & Teplyakov, 2010). The

model was refined over many steps using REFMAC and

PHENIX (Adams et al., 2010). The quality of the final model

was evaluated with PROCHECK (Laskowski et al., 1993).

Structural features were visualized and analyzed using
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Table 1
Data-collection and refinement statistics for Est25.

Values in parentheses are for the last resolution shell.

SeMet derivative

Native Peak Inflection Remote

Data collection
Space group C2 C2
Unit-cell parameters (Å, �) a = 197.76, b = 95.21,

c = 99.42,
� = � = 90,
� = 97.05

a = 198.87, b = 95.27, c = 99.27,
� = � = 90, � = 97.38

Molecules in asymmetric unit 4 4
Wavelength (Å) 1.0000 0.9789 0.9792 0.9640
Resolution (Å) 50.00–1.49 50.00–2.02 50.00–2.02 50.00–2.02
Rsym or Rmerge† (%) 5.0 (31.6) 8.9 (29.6) 8.7 (29.9) 7.8 (26.8)
Mean I/�(I) 27.83 (3.6) 16.59 (3.6) 16.50 (3.5) 17.06 (3.8)
Completeness (%) 96.2 (90.1) 99.5 (99.9) 99.6 (100) 99.6 (100)
Multiplicity 3.5 (3.3) 3.8 (3.6) 3.8 (3.6) 3.8 (3.6)

Refinement
Resolution (Å) 28.55–1.49
No. of reflections 285892
Rwork‡/Rfree§ (%) 14.34/16.95
No. of atoms

Protein 10560
Ligand/ion —
Water 2111

R.m.s.d.}
Bond lengths (Å) 0.006
Bond angles (�) 1.18

Ramachandran statistics†† (%)
Favoured 97.0
Allowed 3.0
Disallowed 0.0

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the the ith measurement of the intensity of

reflection hkl and hI(hkl)i is the mean intensity of reflection hkl. ‡ Rcryst =
P

hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj, where Fobs

is the observed structure factor and Fcalc is the structure factor calculated from the model. § Rfree is calculated in
the same manner as Rcryst using 5% of all reflections, which were excluded from refinement. } Root-mean-square
deviation. †† Calculated by MolProbity.

Figure 1
Structural organization of human HSL (hHSL) and Est25. hHSL is
composed of an N-terminal domain and a C-terminal domain. Note that
the C-terminal domain harbours the catalytic triad (Ser-Asp-His) and the
conservative HGGG motif. Est25 is also divided into Est25N and Est25C
with a regulatory module of hHSL as a boundary.



PyMOL (Schrödinger). The coordinates and structural factors

of Est25 have been deposited in the Protein Data Bank with

accession code 4j7a.

2.6. Enzyme assays

The hydrolase activity of Est25 was determined by

measuring the amount of p-nitrophenol released during

hydrolysis at 405 nm using a VersaMax Bio-Rad 680 micro-

plate reader (Kim et al., 2012; Hwang et al., 2010). The

substrates containing p-nitrophenyl groups were p-nitro-

phenyl acetate (C2; p-NA), p-nitrophenyl butyrate (C4; p-NB),

p-nitrophenyl octanoate (C8; p-NO), p-nitrophenyl decanoate

(C10; p-NDe), p-nitrophenyl dodecanoate (C12; p-NDo) and

p-nitrophenyl phosphate (p-NP). The naphthyl-group deriva-

tives 1-naphthyl acetate (1-NA), 2-naphthyl acetate (2-NA),

1-naphthyl butyrate (1-NB) and 1-naphthyl phosphate (1-NP)

were also used. The standard assay solution contained 0.9 ml

0.3 mM substrate solution in 20 mM Tris–HCl pH 8.0 and

30 mg Est25 protein. The reaction mixture was incubated for

5 min and its absorbance was determined at 310 nm. For the

hydrolysis of tertiary alcohol esters (TAEs), 100 mg Est25 was

added to the substrate-mixture solutions containing phenol

red (2 mg ml�1) and 25 mM t-butyl acetate, linalyl acetate or

�-terpinyl acetate in 20 mM Tris–HCl pH 8.0 buffer.

2.7. Cross-linked enzyme aggregate (CLEA) preparation

To prepare CLEAs, purified Est25 (500 mg) was precipi-

tated with 80% ammonium sulfate in 25 mM Tris–HCl pH 8.0.

Glutaraldehyde (final concentration 0.1 mM) was then added

to cross-link the aggregates, followed by incubation for 12 h

at room temperature with gentle agitation (Kim et al., 2012;

Taboada-Puig et al., 2011). The suspension was centrifuged

at 15 000g and 277 K for 10 min. The pellet (CLEAs) was

resuspended and washed repeatedly until enzyme activity was

no longer detected in the supernatant. The resulting CLEAs

were resuspended and stored at 277 K for further use. The

activities of free Est25 and CLEA-Est25 were determined by

monitoring the hydrolysis of p-nitrophenyl acetate (C2). The

surface morphology of CLEA-Est25 was examined using a

SUPRA 55VP (Carl Zeiss, New York, USA). Images were
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Figure 2
Overlay activity assay and molecular-weight analysis of Est25. (a) Native PAGE analysis was performed, followed by Coomassie staining (left). The gel
was soaked in 4-MU acetate solution for 5 min and fluorescence was observed under UV light (right). (b) MALDI-TOF mass spectrum of Est25. The
[M + H]+ and [M + 2H]2+ ion peaks were at m/z values of 39.8 and 19.7 kDa, respectively. (c) Dynamic light-scattering results for Est25. Note the single
peak for Est25. (d) Size-exclusion chromatography of Est25 against standard marker proteins. (c) and (d) indicate that Est25 exists as a dimer in solution.



taken at an accelerating voltage of 2 kV at various magnifi-

cations ranging from 10 000� to 200 000�. For chemical

stability analysis, the effects of several chemical compounds on

the enzymatic activities of CLEA-Est25 and free Est25 were

determined. The enzymatic activity in the buffer-only condi-

tion was defined as 100%. Stabilities were determined by

measuring the residual activity of the enzyme after 1 h incu-

bation at 298 K. All experiments were repeated at least three

times. For the reusability study, CLEA-Est25 was used for an

additional nine cycles. After each cycle, the pellet was resus-

pended and washed repeatedly (usually three times) until

enzyme activity was not detected in the supernatant.

3. Results and discussion

3.1. Phylogenetic and sequence analyses of Est25

Phylogenetic analysis was performed to clarify the evolu-

tionary relationship of Est25 to bacterial lipolytic families.

As shown in Supplementary Fig. S11, Est25 was clustered in a

branch of the family IV group that shared 26.3 and 24.6%

sequence identity with LipP from Pseudomonas sp. strain

B11-1 (AAC38151) and EstA from A. fulgidus DSM 4304

(AAB89533), respectively. In contrast, Est25 shared �10%

sequence identity with members of the neighbouring family VI

and VII groups, including an esterase from Spirulina platensis

(AAB30793), EstB from P. fluorescens (AAC60403), PnbA

from B. subtilis (P37967) and a phenylcarbamate hydrolase

from Arthrobacter oxydans P52 (Q01470). Sequence analysis

using the Pfam protein databases identified an �/�-hydrolase

fold (Pfam07859) that spans the full length of Est25. Est25 has

a conserved catalytic triad Ser201–Asp303–His333 and the

nucleophilic Ser201 is located in the characteristic Gly191-X-

Ser201-X-Gly203 pentapeptide motif.

Est25 also showed sequence similarity to the C-terminal

catalytic domain of hHSL, except for a region comprising a

regulatory module (residues 450–642). We divided Est25 into

two domains, Est25N (residues 1–250) and Est25C (residues

251–362), based on the location of the regulatory domain

(Fig. 1). A significant degree of similarity between the primary

sequences of the C-terminal domains of HSL and Est25

supports a common evolutionary origin of these proteins. The

most essential residues for the structural framework and
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Figure 3
Substrate specificities, regiospecificities and tertiary alcohol ester-
hydrolysis assay of Est25. (a) Substrate specificities of Est25 were
determined using p-nitrophenyl esters of various chain lengths. (b)
Regiospecificities of Est25 were determined for 1-naphthyl acetate,
2-naphthyl acetate, 1-naphthyl butyrate and 1-naphthyl phosphate. (c)
The hydrolysis of tertiary alcohol esters (TAEs) by Est25 was measured
using a pH-shift assay for acetate esters (A, p-nitrophenyl acetate; B,
1-naphthyl acetate; C, linalyl acetate; D, tert-butyl acetate; E, �-terpinyl
acetate). The reaction times were 1, 5, 30 and 120 min from top to bottom.
At each stage, the first and second rows included buffer and Est25,
respectively.

1 Supplementary material has been deposited in the IUCr electronic archive
(Reference: MN5032). Services for accessing this material are described at the
back of the journal.



catalytic activity are well conserved between mammalian

HSL-family members and Est25. For example, a catalytic

serine (Ser201) in Est25N and the other two catalytic residues

(Asp303 and His333) in Est25C could be perfectly matched to

corresponding residues in proteins within the HSL family.

In addition, the 124HGGG127 motif that contributes to the

formation of the oxyanion hole in close proximity to the active

site is also highly conserved among HSL members and Est25.

In this sense, the structural and functional studies of Est25

may yield information that is relevant to the function and

reaction mechanism of HSL.

3.2. Biochemical characterization of Est25

The recombinant Est25 was purified to near-homogeneity

by affinity chromatography. As shown in Fig. 2(a), a single

band representing Est25 was observed by native PAGE after

Coomassie Brilliant Blue (CBB) staining. After purification,

the hydrolytic activity of Est25 was determined by activity

staining using 4-MU acetate as a substrate. High fluorescence

owing to the formation of 4-methylumbelliferone was

observed at the position corresponding to the protein on the

zymogram. Mass-spectrometric analysis gave a major peak

(m/z) at 39.6 kDa corresponding to the molecular weight of

Est25 (Fig. 2b). The hydrodynamic radius (Rh) of Est25 was

found to be 3.4 � 0.2 nm based on DLS, indicating a uniform

shape and dimeric state of Est25 (Fig. 2c). The molecular mass

of Est25 was estimated to be 78.5 kDa from the elution profile

of Est25 on size-exclusion chromatography (SEC), confirming

that Est25 exists as a dimer in solution (Fig. 2d).

The substrate specificities of Est25 towards p-NP esters of

various chain lengths and esters of naphthyl derivatives were

analyzed in 25 mM Tris–HCl buffer pH 7.5 at 293 K (Figs. 3a

and 3b). The substrates included p-NP esters of acetate (C2),

butyrate (C4), octanoate (C8), decanoate (C10) and do-

decanoate (C12) at 1 mM. As shown in Fig. 3(a), Est25 showed

a strong preference towards short-chain esters such as p-NA

(C2) or p-NB (C4). In contrast, little activity was observed

towards long-chain esters such as p-nitrophenyl dodecanoate

(p-NDo; C12). Specifically, the hydrolytic activity towards

p-NDe (C10) was only 12% of that measured towards p-NA

(C2). When naphthyl derivatives were used as substrates,

the highest activities were obtained with 2-naphthyl acetate

(2-NA) followed by 1-naphthyl acetate (1-NA) and 1-naphthyl

butyrate (1-NB). However, Est25 was unable to hydrolyze

p-nitrophenyl phosphate (p-NP) or 1-naphthyl phosphate

(1-NP).

The GGG(A)X motif present in the oxyanion hole of the

lipases and esterases has recently been proposed to be

responsible for the ability of these enzymes to hydrolyze TAEs

(Rehdorf et al., 2012; Herter et al., 2011). Taking into account

the presence of a 124HGGG127 motif in Est25, the ability of

Est25 to hydrolyze TAEs was tested using tert-butyl acetate,

linalyl acetate and �-terpinyl acetate as substrates. A pH-

indicator-based colorimetric assay based upon the release of

acetic acid was employed. As shown in Fig. 3(c), Est25
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Figure 4
Structural visualization and topology diagram of Est25. Sky-blue and pink regions indicate the N-terminal (Est25N) and C-terminal (Est25C) domains of
Est25, respectively. This colouring scheme is the same as that in Fig. 1. (a) Secondary structures (ribbon diagram) with catalytic triad residues (yellow;
ball-and-stick representation) and the electrostatic potential of Est25 are shown. Blue and red represent positive and negative charge, respectively. (b)
Surface representations of Est25 are shown from two viewpoints. (c) Topology diagram of Est25. The catalytic triad is shown as yellow spots. The starting
and ending amino acids of each secondary structure are shown. Secondary structures for the cap region are shaded for comparison.



hydrolyzed tert-butyl acetate and linalyl acetate as well as the

bulky substrate �-terpinyl acetate. The preparation of tertiary

alcohols by enzymatic methods is a very important process

because these alcohols are expensive building blocks for

pharmaceuticals. Accordingly, Est25 holds promise for use as

biocatalyst in pharmaceutical applications owing to its

capacity to generate tertiary alcohols.

3.3. Overall structure of Est25

The 1.49 Å resolution crystal structure of Est25 was deter-

mined in space group C2 by multiple-wavelength anomalous

dispersion (MAD) (Table 1). Several cycles of simulated-

annealing, minimization and B-factor refinement using

PHENIX and REFMAC followed by manual model

rebuilding reduced the R values for all data in the resolution

range 28.55–1.49 Å. The R factor of the present model was

14.34%, with an Rfree of 16.95%. The crystallographic statistics

for data collection and structure refinement are summarized in

Table 1. The final structure of Est25 displayed a marginally

ellipsoidal shape, with approximate dimensions of 60 � 56 �

48 Å (Fig. 4a). There were four subunits in the asymmetric

unit, in which two dimers are arranged with polar angles of

(113.7, �2.7, 172.8�) and a translation of (75.3, 97.0, 100.8 Å).

Each dimer in the asymmetric unit is related by twofold

noncrystallographic symmetry. The pairwise root-mean-

square deviation (r.m.s.d.) between all atoms of the four

molecules in the asymmetric unit was 0.19–0.35 Å. Calculation

of the electrostatic potential showed that the molecular

surfaces of Est25 were negatively charged. The first subunit

(subunit A) was used for structural analysis unless otherwise

specified.
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Figure 5
Multiple sequence alignment of Est25 and three structurally homologous enzymes (PDB entries 1jkm, brefeldin A esterase from B. subtilis; 1jji,
hyperthermophilic carboxylesterase from A. fulgidus; 3zwq, hyperthermophilic esterase from P. calidifontis). Three helices (�1, �2 and �7) of the cap
region are shown in the black boxes. Identical and highly conserved residues are shown in red and white, respectively. The three highly conserved motifs
are indicated by the black boxes with labels (A, B and C) at the bottom. The residues in these conserved motifs of Est25 are indicated by ball-and-stick
models and overlap with those of the three related enzymes. A, 124HGGG127 motif; B, 199GXSXGGNL206 motif; C, 303DPLRDEG310 motif.



Est25 has a characteristic �/�-fold with a small cap domain

composed of �1 (Leu28–Pro37), �2 (Val54–Met74) and �7

(Met257–Tyr267). The �/�-hydrolase fold provides a stable

scaffold for the active sites of a wide variety of enzymes,

including lipases, proteases and esterases. The central �/�-fold

of Est25 has a mixed �-sheet composed of eight �-strands

(only strand �2 is antiparallel) surrounded by six helices, �3

(Ala136–Thr148), �4 (Ala171–Leu195), �5 (Gly202–Glu217),

�6 (Pro245–Asn250), �8 (Leu286–Leu289) and �9 (Leu305–

Ala319), that are packed on both sides of the �-sheet.

Furthermore, the central �-sheet has a left-handed twist

orientation, leading to an angle of approximately 125�

between �1 and �8. Est25N is composed of six �-helices

(�1–�6) and six �-strands (�1–�6), most of which are asso-

ciated with the formation of the �/�-fold domain (Fig. 4b). In

contrast, Est25C has four �-helices and two �-strands. The �7

helix in Est25C is involved in cap formation with the �1 and �2

helices of Est25N, while two helices (�9 and �10) and one

strand (�8) are involved in dimer formation (Supplementary

Fig. S2). The small cap region, which is located on top of the

substrate-binding pocket of Est25, seems to control substrate

entry or recognition by maintaining the structural integrity

around the binding pocket, because access of the substrate to

the binding pocket is only possible through the cap domain.

Sequence alignment clearly indicated that the regulatory

module in the C-terminal domain of hHSL is situated between

the �6 helix and the �7 strand. The �/�-hydrolase scaffold

can accommodate a number of different insertions without

disturbing the original architecture (Carr & Ollis, 2009; Ollis et

al., 1992). It is therefore possible that the cap domain in hHSL

is composed entirely of this region because hHSL does not

contain a region corresponding to the other parts of the cap

region of Est25 (amino-acid residues 1–85 including the �1

and �2 helices). In this context, we hypothesized that the

regulatory module of hHSL exerts a function similar to that of

the cap region of Est25 in the control of catalytic activity and

substrate specificity; this model is supported by mutation

analysis of the regulatory module of hHSL (Wang et al., 2005)

The catalytic activity of most enzymes that possess an

�/�-hydrolase fold depends primarily on a highly conserved

catalytic triad of Ser, His and Asp/Glu residues. In Est25, the

catalytic Ser201 was located between �5 and �5, while the

other two residues (Asp303 and His333) were found between

�7 and �9 and between �8 and �10, respectively (Fig. 4c).

Using site-directed mutagenesis,

Ser201 was confirmed to be the

catalytic residue in Est25 (Kim et

al., 2006). Consistent with other

�/�-hydrolases, Ser201 was situ-

ated in the apex of the nucleo-

philic elbow between strand �5

and helix �5 and its backbone

angles were in the disallowed

region of the Ramachandran plot

(’ = 63� and  = �121�). The

three amino acids in the catalytic

triad were located in close proxi-

mity and had a highly specific

configuration (Fig. 4a). The

hydrogen-bond distances within

the catalytic triad were 2.7 Å from

Ser201 O� to His333 N"2 and

2.6 Å from His333 N�1 to

Asp303 O�2. In addition, the

formation of the oxyanion hole of

Est25 was likely to be mediated

by Gly125, Gly126 and Gly202.

Gly125 and Gly126 were located

in the 124HGGG127 sequence

motif located approximately 80

amino-acid residues upstream of

the active-site Ser201. Gly202 was

fixed by hydrogen bonds between

its amino group and the OG1

atom of Ser201 (3.0 Å) and

between the carbonyl group and

the ND1 atom of Leu206 (3.0 Å).

The O atom of Gly126 was linked

to the N atoms of Val129 and
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Figure 6
Electrostatic potential representations of Est25 and three structurally homologous enzymes. The
electrostatic potentials of the negatively charged (red) and positively charged (blue) regions are shown.
The cap regions above the substrate-binding pocket are shown as ribbon diagrams (green). Note that the
cap-domain helices surround the substrate-binding pocket. (a) Est25, (b) BFAE, (c) AFEST, (d) PestE. All
structures are aligned in the same orientation based on the active-site residues.



Ile130, while the N atom of Gly125 made hydrogen bonds to

the O atoms of Glu200 and Tyr138. Sequence motifs that are

involved in catalysis, such as 124HGGG127, 199GXSXGGNL206

and 303DPXXD307, are common to HSL-family members and

Est25, indicating that these enzymes share the same catalytic

mechanism.

3.4. Structural comparison with other proteins

A search using the DALI server identified several proteins

with significant structural homology to Est25 (Holm &

Rosenström, 2010). The structure of Est25 was most similar to

that of brefeldin A esterase (BFAE) from B. subtilis (PDB

entry 1jkm; Wei et al., 1999), with a Z-score of 55.3. After

structure-based superposition, the r.m.s.d. for C� atoms

between the two structures was 1.47 Å for 344 residues. BFAE

hydrolyzes and inactivates a potent fungal inhibitor of secre-

tory transport. In addition, a hyperthermophilic carboxyl-

esterase (AFEST) from A. fulgidus (PDB entry 1jji, Z-score =

39.4, r.m.s.d. = 3.19 Å for 304 residues; De Simone et al., 2001)

and a highly thermostable esterase (PestE) from P. calidifontis

VA1 (PDB entry 3zwq, Z-score = 40.6, r.m.s.d. = 2.56 Å for 304

residues; Palm et al., 2011) showed structural similarity to

Est25. These three enzymes (BFAE, AFEST and PestE) are

24.6–46.5% identical in primary sequence to Est25, with 60

residues being completely conserved among all four enzymes

(Fig. 5, upper part). The core residues of the �/�-hydrolase

fold as well as residues important for catalysis are highly

conserved in these proteins. For example, the 124HGGG127

motif of Est25 superimposed well with those of BFAE (r.m.s.d.

of 0.143 Å for all atoms), AFEST (r.m.s.d. of 0.276 Å for all

atoms) and PestE (r.m.s.d. of 0.309 Å for all atoms). Large

overlaps in 199GXSXGGNL206 and 303DPLRDEG309 were also

observed in these proteins (Fig. 5, lower part).

However, the alignment and orientation of �-helices in the

cap domain showed an intriguing structural variation among

these proteins. The cap domain of Est25 can be described as

having a horseshoe-shaped entrance consisting of three

distinct helices. However, the cap domains of other structural

homologues have different topologies and the amino-acid

residues in the cap domain were not well aligned among these

proteins (Fig. 6). These helices in the cap domain were

amphipathic and most of the hydrophobic residues (Tyr60,

Trp68, Phe72, Leu255 and Tyr267) in the cap domain of Est25

were buried and located over the active site. Furthermore, the

B factors for the cap domain were 19.8 Å2 (main chain) and

22.7 Å2 (side chains), which are high compared with those of

the overall structure of Est25 (main-chain atoms, 14.3 Å2; side-

chain atoms, 15.3 Å2). The substrate-binding pocket of Est25

had a deep and narrow gorge which extended approximately

17 Å from the protein surface to the catalytic Ser201 residue.

The catalytic residues were buried at the bottom of a binding

pocket which protects the active site from exposure to water.

At the entrance of the binding pocket, Tyr60 and Trp68 in the

�2 helix, together with Asp256 in

the loop between the �6 and �7

helices on the opposite side, may

facilitate substrate entry by

hydrophobic and electrostatic

interactions. Large hydrophobic

regions were formed in the

middle of the substrate-binding

pocket by the side chains of

Phe72, Ile130, Tyr232, Phe254,

Leu255 and Met260. The main-

chain atoms of the loop regions

as well as the catalytic residues

(Ser201, His333 and Asp303)

were located in the bottom of the

binding pocket. Only two acidic

residues were found in the

binding pocket: Asp256 at the

entrance and Glu200 near the

base.

3.5. Dimeric interface

The four molecules in the

asymmetric unit of Est25 were

arranged as a dimer of dimers. An

interesting feature of the Est25

dimer was that the core �-sheets

of each monomer were related

by twofold symmetry to form an
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Figure 7
Representation of the dimeric interface in Est25. The dimeric organizations of Est25 (a) and hMGL (b) are
shown. The molecular surfaces of the two subunits in a dimer are shown in light yellow (left) and light blue
(right), respectively. The continuous strands are shown in dark yellow. The two interfacing helices are
shown in dark blue. (c) A hydrogen-bond network between two �8 strands of each Est25 subunit (yellow
and green, respectively) is shown in stick representation.



extended intermolecular 16-stranded �-sheet (Fig. 7). The

dimer was formed by edge-to-edge interactions of the two

monomers, and the catalytic triad was relatively distant from

the dimer interface. In accordance, three enzymes homologous

to Est25 (BFAE, AFEST and PestE) are reported to form

dimers in solution and their dimeric interfaces exhibited

strong similarities to that of Est25 (data not shown). The area

of the dimer interface of Est25 (1165 Å2) was smaller than

those of BFAE (1391 Å2), AFEST (1511 Å2) and PestE

(1354 Å2) but larger than that of hMGL (853 Å2). The dimer

interface was formed mainly by helices �9 and �10 and the

�8/�10 loop, which includes a salt bridge between Arg314 (on

the �9 helix) and Glu301 (on the loop between the �7 strand

and the �9 helix). 14 hydrogen bonds were formed involving

the residues Ser322, Thr323, Gly325, Thr327, His329 and

Asp345 of each monomer (Fig. 7c). In addition, Tyr313,

Leu317, Val324, Arg352 and Phe357 were the residues mainly

involved in nonpolar contacts at the dimeric interface.

Dimerization is essential for the catalytic activity and the

thermostability of the HSL family of enzymes (Byun et al.,

2007; Shen et al., 2000). Accordingly, the hyperthermostability

of Est25 is most likely to arise from strong hydrophobic

interactions at the dimeric interface (Kim et al., 2006). The

requirement of dimerization for the function and stability of

HSL-family enzymes focuses attention on the dimeric inter-

face as a potential target for structure-aided drug design.

Notably, disruption of dimerization has successfully been

employed as a strategy for the development of effective

inhibitors (Petch et al., 2012; Zhao et al., 2010).

3.6. Cross-linked enzyme aggregates (CLEAs) of Est25

Immobilized enzymes serve as highly efficient and specific

catalysts for the preparation of pharmaceutical compounds

(Brady & Jordaan, 2009; Hanefeld et al., 2009). To investigate

the effect of immobilizing Est25 on enzyme performance,

CLEAs (CLEA-Est25) were prepared by precipitating the

enzyme with ammonium sulfate followed by glutaraldehyde

cross-linking. Scanning electron-microscopic images of

CLEA-Est25 showed large globular structures with high
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Figure 8
Cross-linked enzyme aggregates (CLEAs) of Est25. Field emission scanning electron microscopic (FE-SEM) images of CLEA-Est25 at magnification
ratios of 50 000 (a) and 300 000 (b) are shown. (c) The stability of CLEA-Est25 activity was investigated through nine cycles of reuse. (d) The chemical
stabilities of CLEA-Est25 and free soluble Est25 were compared by measuring residual activities after 1 h incubations with various chemical compounds.



surface density (Figs. 8a and 8b). CLEA-Est25 could be reused

for nine assay cycles without significant activity loss (Fig. 8c),

indicating a degree of stability essential for repetitive use as

an industrial biocatalyst. The effects of various chemical

compounds on the activities of CLEA-Est25 and free Est25

were examined by measuring the residual activity after 1 h

incubations. The enzymatic activity of CLEA-Est25 in the

presence of EtOH, SDS, Triton X-100, PMSF and urea

underscored the effect of enzyme immobilization. Specifically,

in the presence of 0.1%(v/v) SDS or 70% EtOH free Est25

lost almost all of its initial activity within 1 h, while CLEA-

Est25 retained 30–40% of its initial activity (Fig. 8d).

Although incubation with 5 M urea almost completely inac-

tivated free Est25, the residual activity of CLEA-Est25 under

the same conditions was very similar to or even higher than

the original Est25 activity. Therefore, CLEA-Est25 may

potentially be effectively used as a biocatalyst under various

nonphysiological conditions. Accordingly, hydrolases, lipases

and oxidases immobilized as cross-linked aggregates (CLEAs)

are under investigation for use as stable biocatalysts (Ju et al.,

2013; Kartal & Kilinc, 2012; Taboada-Puig et al., 2011).

4. Conclusion

In this study, the structure of Est25, a bacterial homologue of

HSL from a metagenomic library, was determined at 1.49 Å

resolution. In addition, its catalytic properties as well as its

immobilization abilities were investigated. The structural

determination and biochemical characterization of Est25

presented here allowed us to deduce the structural and func-

tional roles of the cap domain, binding pockets and dimeric

interfaces, as well as the overall fold of Est25. The current

results further provide a clue for the development of new HSL

inhibitors, because Est25 and HSL share the essential motifs

for catalysis. Immobilization of Est25 significantly increased

the stability of the enzyme in various deactivating conditions,

indicating the potential for the repetitive use of cross-linked

enzyme aggregates as biocatalysts in industrial applications.
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