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Servé W. M. Kengen

Received: 2 April 2009 / Accepted: 4 June 2009 / Published online: 21 June 2009

� The Author(s) 2009. This article is published with open access at Springerlink.com

Abstract Carboxylic ester hydrolyzing enzymes consti-

tute a large group of enzymes that are able to catalyze the

hydrolysis, synthesis or transesterification of an ester bond.

They can be found in all three domains of life, including

the group of hyperthermophilic bacteria and archaea.

Esterases from the latter group often exhibit a high intrinsic

stability, which makes them of interest them for various

biotechnological applications. In this review, we aim to

give an overview of all characterized carboxylic ester

hydrolases from hyperthermophilic microorganisms and

provide details on their substrate specificity, kinetics,

optimal catalytic conditions, and stability. Approaches for

the discovery of new carboxylic ester hydrolases are

described. Special attention is given to the currently char-

acterized hyperthermophilic enzymes with respect to their

biochemical properties, 3D structure, and classification.
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Introduction

The synthesis of specific products by enzymes is a funda-

mental aspect of modern biotechnology. This biocatalytic

approach has several advantages over traditional chemical

engineering, such as higher product purity, fewer waste

products, lower energy consumption, and more selective

reactions due to the high regio- and stereo-selectivity of

enzymes (Rozzell 1999). One of the industrially most

exploited and important groups of biocatalysts are the

carboxylic ester hydrolases (EC 3.1.1.x) (Jaeger and Eggert

2002; Hasan et al. 2006).

Carboxylic ester hydrolases are ubiquitous enzymes,

which have been identified in all domains of life (Bacteria,

Archaea, and Eukaryotes), and in some viruses. In the

presence of water, they catalyze the hydrolysis of an ester

bond resulting in the formation of an alcohol and a car-

boxylic acid. However, in an organic solvent, they can

catalyze the reverse reaction or a trans-esterification reac-

tion (Fig. 1) (Krishna and Karanth 2002). Most carboxylic

ester hydrolases belong to the a/b-hydrolase family, and

share structural and functional characteristics, including a

catalytic triad, an a/b-hydrolase fold, and a co-factor

independent activity. The catalytic triad is conserved and is

usually composed of a nucleophilic serine in a GXSXG

pentapeptide motif (where X is any residue), and an acidic

residue (aspartate or glutamate) that is hydrogen bonded to

a histidine residue (Heikinheimo et al. 1999; Jaeger et al.

1999; Nardini and Dijkstra 1999; Bornscheuer 2002).

There are two well-known groups within the family of

carboxylic ester hydrolases: lipases and esterases. Esterases

differ from lipases by showing a preference for short-chain

acyl esters (shorter than 10 carbon atoms) and that they are

not active on substrates that form micelles (Chahinian et al.

2002). Other groups include, for instance, arylesterases and

phospholipases. The physiological role of carboxylic ester

hydrolases is often not known, but nevertheless, many have

found applications in industry; amongst other in medical

biotechnology, detergent production, organic synthesis,

biodiesel production, flavor and aroma synthesis, and other
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food related processes (Panda and Gowrishankar 2005;

Salameh and Wiegel 2007a).

The use of enzymes in industrial processes also has its

restrictions. Many processes are operated at elevated tem-

peratures or in the presence of organic solvents. These

conditions are detrimental to most enzymes and therefore

there is a growing demand for enzymes with an improved

stability. In this regard, especially, enzymes from hyper-

thermophiles are promising candidates because these

enzymes generally display a high intrinsic thermal and

chemical stability (Gomes and Steiner 2004). In recent

years, many new hyperthermophiles have been isolated and

the genomes of a rapidly increasing number have been

completely sequenced. Hyperthermophiles have proven to

be a good source of new enzymes (Atomi 2005; Egorova

and Antranikian 2005; Unsworth et al. 2007), including

many putative esterases and lipases.

At this moment, most esterases and lipases used in the

industry are from mesophiles, basically, because they were

the first to be identified and characterized. Esterases and

lipases have only been isolated from a small number of

hyperthermophiles (Table 1). An excellent review on

thermostable carboxylesterases from hyperthermophiles

appeared in 2004 (Atomi and Imanaka 2004). However,

since then, many new hyperthermophilic carboxylic ester

hydrolases have been described. Therefore, in this review,

we aim to present an overview of the currently character-

ized carboxylic ester hydrolases from hyperthermophiles.

We will focus on the identification of new carboxylic ester

hydrolases, the biochemical properties, and 3D structures

of characterized enzymes, and their classification. For

details on the application of these enzymes, we refer to

other reviews that cover this aspect extensively (Atomi

2005; Hasan 2006; Salameh and Wiegel 2007a).

Hyperthermophiles

Hyperthermophiles are generally defined as micro-organ-

isms that grow optimally at temperatures above 80�C

(Stetter 1996). They have been isolated from both terres-

trial and marine environments, such as sulfur-rich solfat-

aras (pH ranging from slightly alkaline to extremely

acidic), hot springs, oil-field waters, and hydrothermal

vents at the ocean floor. Consequently, they show a broad

physiological diversity, ranging from aerobic respirers to

methanogens and saccharolytic heterotrophs (Stetter 1996;

Vieille and Zeikus 2001). Hyperthermophiles can be found

in both prokaryotic domains, viz. the Bacteria and the

Archaea. In phylogenetic trees based on 16S rRNA, they

occupy the shortest and deepest lineages, suggesting that

they might be closely related to the common ancestor of all

extant life (Stetter 2006). For this reason and because they

are a potential source of new biocatalysts, the genomes

of several hyperthermophiles have been completely

sequenced (Table 1).

All biomolecules of hyperthermophiles must be stabi-

lized against thermal denaturation. The simplest approach

for DNA stabilization would be to increase the GC-content

of the DNA. However, it has been established that the GC-

content of hyperthermophiles does not correlate with the

optimal growth temperatures (Table 1). Instead, other

mechanisms are used to stabilize DNA, such as an

increased intracellular electrolyte concentration, cationic

DNA-binding proteins, and DNA supercoiling (Unsworth

et al. 2007). Thus far, all completely sequenced hyper-

thermophiles have a reverse gyrase catalyzing a positive

supercoiling of their DNA. A reverse gyrase is, however,

not a prerequisite for hyperthermophilic life, but it can be

seen as a marker for growth at high temperatures (Atomi

et al. 2004).

Proteins from hyperthermophiles have also been opti-

mized for functioning at elevated temperatures. There is no

single mechanism responsible for the stability of these

hyperthermophilic proteins, rather, it can be attributed to

multiple features. Features that contribute to the stability of

hyperthermophilic enzymes include (a) changes in amino

acid composition, such as a decrease in the thermolabile

residues asparagine and cysteine, (b) increased hydropho-

bic interactions, (c) an increased number of ion pairs and

salt bridge networks, (d) reduction in the size of surface

loops and of solvent-exposed surface, (e) as well as

increased intersubunit interactions and oligomeric state

(Vieille and Zeikus 2001; Robinson-Rechavi et al. 2006;

Unsworth et al. 2007). Besides these structural adaptations,

proteins can also be stabilized by intracellular solutes,

metabolites, and sugars (Santos and da Costa 2002).

Biomining for new enzymes

Traditionally, new biocatalysts were discovered by a

cumbersome screening of a wide variety of organisms for

Fig. 1 Reactions catalyzed by carboxylic ester hydrolases: a hydro-

lysis, b esterification, and c transesterification
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the desired activity. A modern variant is the metagenomics

approach, which involves the extraction of genomic DNA

from environmental samples, its cloning into suitable

expression vectors, and subsequent screening of the con-

structed libraries (Lorenz and Eck 2005). This approach

has been successfully applied to isolate new biocatalysts,

including carboxylic ester hydrolases from hyperthermo-

philes (Rhee et al. 2005; Tirawongsaroj et al. 2008). This

approach can potentially result in unique enzymes (no

sequence similarity), but obviously depends on functional

expression. At present, with many complete genome

sequences available, bioinformatics has become an

important tool in the discovery of new biocatalysts. This is

a high-throughput approach for the identification, and in

silico functional analysis, of more or less related sequences

encoding potential biocatalysts. Sequence similarity, based

Table 1 List of completely sequenced hyperthermophiles (T-optimum [ 80�C) and extreme thermophiles (no growth \50�C)

Organism Genome

size (bp)

Number

of ORFs

GC

content (%)

Optimal

growth (�C)

Esterases

isolated

Bacteria

Aquifex aeolicus VF5 1551335 1529 43.5 90

Caldicellulosiruptor saccharolyticus DSM 8903 2970275 2679 35.3 70a

Thermoanaerobacter tengcongensis MB4T/JCM 11007 2689445 2588 37.6 75a ?

Thermotoga lettingae TMO 2135342 2040 38.7 65a

Thermotoga maritima MSB8 1860725 1858 46.2 80 ?

Thermotoga petrophila RKU-1 1823511 1785 46.1 80

Thermotoga sp. RQ2 1877693 1819 46.2 76–82

Thermus thermophilus HB8 1849742 1973 69.4 75a ?

Thermus thermophilus HB27 1894877 1982 66.6 68a ?

Archaea

Aeropyrum pernix K1 1669695 1700 56.3 90 ?

Archaeoglobus fulgidus VC-16 2178400 2420 48.6 82 ?

Desulfurococcus kamchatkensis 1221n 1365223 1475 – 85

Hyperthermus butylicus DSM 5456 1667163 1602 53.7 95–106

Methanocaldococcus jannaschii DSM 2661 1739933 1729 31.4 85

Methanopyrus kandleri AV19 1694969 1687 61.2 98

Methanothermobacter thermoautotrophicus Delta H 1751377 1873 49.5 65–70a

Nanoarchaeum equitans Kin4-M 490885 536 31.6 90

Pyrobaculum aerophilum IM2 2222430 2605 51.4 100

Pyrobaculum arsenaticum PZ6 2121076 2298 58.3 95

Pyrobaculum calidifontis JCM 11548 2009313 2149 57.2 90–95 ?

Pyrobaculum islandicum DSM 4184 1826402 1978 49.6 100

Pyrococcus abyssi GE5 1765118 1896 44.7 103 ?

Pyrococcus furiosus DSM 3638 1908256 2125 40.8 100 ?

Pyrococcus horikoshii OT3 1738505 1955 41.9 98

Staphylothermus marinus F1 1570485 1570 35.7 92

Sulfolobus acidocaldarius DSM 639 2225959 2292 36.7 70–75a ?

Sulfolobus tokodaii 7, JCM 10545 2694756 2825 32.8 80 ?

Sulfolobus solfataricus P2 2992245 2977 35.8 80 ?

Thermococcus onnurineus NA1 1847607 1976 51.3 80

Thermococcus kodakaraensis KOD1 2088737 2306 52.0 85

Thermofilum pendens Hrk 5 1781889 1824 57.7 88

Thermoproteus neutrophilus V24Sta 1769823 1966 59.9 85

Information concerning completely sequenced genomes and on-going sequence projects can be obtained at the GOLD Genomes Online Database

(http://www.genomesonline.org) (Liolios et al. 2008)
a Extreme thermophiles that are related to hyperthermophiles
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on sequence alignments and motif searches, is most com-

monly used for assigning a function to new proteins

(Kwoun Kim et al. 2004).

Many sequences in the available databases have already

been annotated as putative esterase or lipase. However,

even more carboxylic ester hydrolases can be identified

when BLAST and Motif searches, in combination with

pair-wise comparison with sequences of known carboxylic

ester hydrolases, are used. The advantage of this approach

compared to traditional activity screening is the direct

identification of new and diverse carboxylic ester hydro-

lases, which would otherwise have not been detected due to

a low level of expression.

Such a bioinformatics approach has been successfully

applied to identify new carboxylic ester hydrolase

sequences in the completely sequenced genomes of several

selected hyperthermophiles. In order to have as many

candidates as possible, sequences that were assigned a

different function, but did have the characteristics of

carboxylic ester hydrolases, were also included, such as

acylpeptide hydrolases. The results are given in Table 2. A

typical strategy includes: BLAST-P searches (Altschul

et al. 1997) using sequences of known carboxylic ester

hydrolases as template; in parallel, searching InterPro

(Hunter et al. 2009) for potential candidates. The resulting

sequences can then be further analyzed (for conserved

motifs and domains) using the NCBI Conserved Domain

Search (Marchler-Bauer et al. 2009).

Properties of characterized esterases

The first carboxylic ester hydrolase isolated and charac-

terized from a hyperthermophile was a carboxylesterase

from Sulfolobus acidocaldarius (Sobek and Gorisch 1988,

1989). Since then, many new esterases have been charac-

terized. At this moment, most carboxylic ester hydrolases

described from hyperthermophiles are esterases, and only

Table 2 Identified sequences of potential carboxylic ester hydrolases in selected genomes

Microorganism Locus tag Genbank Annotation (NCBI) Residues GXSXG

Aeropyrum pernix APE1244 BAA80234 Hypothetical protein 583 GVSMG

APE1832 BAA80835 Acylpeptide hydrolase/Esterase 659 GGSYG

APE2361 BAA81374 Hydrolase, putative 279 GFSLG

APE2441 BAA81456 Acylpeptide hydrolase/Esterase 595 GGSYG

Hyperthermus butylicus Hbut_1071 ABM80914 Hypothetical protein 226 GLSVG

Pyrobaculum aerophilum PAE2936 AAL64548 Hypothetical protein 194 GPSAS

PAE3573 AAL65014 Hypothetical protein 196 GHSMG

Pyrobaculum calidifontis Pcal_1307 ABO08731 Alpha/beta hydrolase 313 GDSAG

Pcal_1997 ABO09412 Hypothetical protein 198 GHSMG

Pyrococcus abyssi PAB1050 CAB50498 Lysophospholipase, putative 259 GHSLG

PAB2176 CAB49187 Hypothetical esterase 286 GFSMG

Sulfolobus solfataricus SSO0102 AAK40458 Esterase, tropinesterase 231 GHSIG

SSO2262 AAK42427 Hypothetical protein 197 GASMG

SSO2518 AAK42649 Esterase, putative 353 GESFG

SSO2521 AAK42652 Lipase 311 GDSAG

SSO2979 AAK43083 Hypothetical protein 320 GHSSG

SSO3052 AAK43152 Hypothetical protein 210 GISGN

Thermoanaerobacter tengcongensis TTE0035 AAM23348 Hypothetical protein 237 GDSIS

TTE0419 AAM23703 Lysophospholipase 314 GHSFG

TTE0552 AAM23828 Predicted hydrolase 279 GVSMG

TTE0556 AAM23832 Predicted hydrolase 298 GWSMG

TTE1809 AAM25001 Alpha/beta hydrolase 258 GLSMG

TTE2321 AAM25462 Alpha/beta hydrolase 414 CHSMG

TTE2547 AAM25672 Alpha/beta hydrolase 285 AHSFG

Thermococcus kodakaraensis TK0522 BAD84711 Carbohydrate esterase 449 GSSLG

Thermotoga maritima TM1022 AAD36099 Esterase 253 GLSMG

TM1160 AAD36236 Esterase 306 GLSAG

TM1350 AAD36421 Lipase, putative 259 GHSLG

570 Extremophiles (2009) 13:567–581
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recently the first lipase from a hyperthermophile was

identified (Levisson et al., manuscript in preparation).

Esterases have been characterized from Thermoanaerob-

acter tengcongensis, Thermotoga maritima, Thermus

thermophilus, Aeropyrum pernix, Archaeoglobus fulgidus,

Picrophilus torridus, Pyrobaculum calidifontis, Pyrococ-

cus abyssi, Pyrococcus furiosus, Sulfolobus acidocaldari-

us, Sulfolobus shibatae, Sulfolobus solfataricus, Sulfolobus

tokodaii, and from metagenomic libraries (Table 3).

Substrate preference

Enzymes are classified and named according to the type of

reaction they catalyze (Enzyme Commission). The car-

boxylic ester hydrolases catalyze the hydrolysis of car-

boxylic acid esters, but they can be further clustered into

different groups based on their substrate of preference.

Two well-known members of this family are the esterases

and true lipases. The majority of the characterized hyper-

thermophilic carboxylic ester hydrolases are esterases.

Lipases have been described for many mesophiles, mainly

microbial and fungal, and are exploited for biotechnolog-

ical applications (Gupta et al. 2004; Hasan et al. 2006).

However, until recently no true lipase, hydrolyzing long-

chain fatty acid esters, had been identified in hyper-

thermophiles. The first lipase was characterized from the

archaeon A. fulgidus (Levisson et al., manuscript in

preparation) (Table 3). This lipase shows maximal activity

at a temperature of 95�C and has a half-life of 10 h at 80�C.

It displays highest activity with p-nitrophenyl-decanoate

(pNP-C10) and is capable of hydrolyzing triacylglycerol

esters of butyrate (C4), octanoate (C8), palmitate (C16),

and oleate (C18). Two lipases from the thermophile T. li-

polytica, LipA and LipB, have been characterized and are

very stable at high temperatures (Salameh and Wiegel

2007b). Both enzymes show maximal activity at 96�C and

have the highest activity with the triacylglycerol ester tri-

oleate and pNP-C12. LipA and LipB retained 50% of their

activity after 6 and 2 h incubation at 100�C, respectively,

indicating that these two lipases are the most thermostable

ones so far reported. Unfortunately, attempts to clone the

two lipases were unsuccessful. A few mesophilic lipases

may operate at temperatures above 80�C, but they usually

have short half-lives. An exception is a mesophilic lipase

that was isolated from a Pseudomonas sp., which showed a

half-life of over 13 h at 90�C (Rathi et al. 2000). In com-

parison, the well-known lipase B from Candida antartica

(CALB, Novozym 435) has a half-life of only 2 h at 45�C

(Suen et al. 2004).

Esterases have a preference for short to medium acyl-

chain esters (Table 3). Several enzymes from hyper-

thermophiles have been tested for activity toward esters

with various alcoholic moieties other than the standard

pNP-esters or 4-methylumbelliferyl (4MU) esters (Fig. 2).

The esterase from P. calidifontis displays activity toward

different acetate esters and showed highest activity on iso-

butyl acetate (Hotta et al. 2002). Furthermore, it was able

to hydrolyze sec- and tert-butyl acetate. At present, only

few enzymes can catalyze the hydrolysis or the synthesis of

tertiary esters. This is because known esterases and lipases

cannot hydrolyze esters containing a bulky substituent near

the ester carbonyl group.

Other esterases have been characterized for their ability

to resolve mixtures of chiral esters. The kinetic resolution

of the esterase Est3 from S. solfataricus P2 was investi-

gated using (R,S)-ketoprofen methyl ester (Fig. 2) (Kim

and Lee 2004). The enzyme hydrolyzed the (R)-ester of

racemic ketoprofen methylester and showed an enantio-

meric excess of 80% with a conversion rate of 20% in 32 h.

In another study, the esterase Sso-Est1 from S. solfataricus

P1 (Sehgal et al. 2001) was identified as homolog to the

mesophilic Bacillus subtilis ThaiI-8 esterase (CNP) (Quax

and Broekhuizen 1994) and Candida rugosa lipase (CRL)

(Lee et al. 2001), which are used for the chiral separation of

racemic mixtures of 2-arylpropionic methyl esters. The

enzyme was characterized biochemically for its ability to

resolve mixtures of (R,S)-naproxen methyl ester under a

variety of reaction environments (Sehgal and Kelly 2002,

2003). Sso-Est1 showed a specific reaction toward the (S)-

naproxen ester in co-solvent reaction conditions with an

enantiomeric excess of C90%.

In addition to esterases and lipases, other ester hydrolase

types have been identified in hyperthermophiles, including

two phosphotriesterases and an arylesterase that were

found in S. acidocaldarius, S. solfataricus MT4 and P1,

respectively (Merone et al. 2005; Porzio et al. 2007; Park

et al. 2008). The phosphotriesterases showed maximal

activity on the organophosphate methyl-paraoxon (dime-

thyl p-nitrophenyl phosphate) and the arylesterase showed

maximal activity on paraoxon (diethyl p-nitrophenyl

phosphate) (Fig. 2; Table 3). Besides this phospho-esterase

activity, esterase activity (on pNP-esters) was also

observed for both enzymes. Stable organophosphate-

degrading enzymes are of great interest for the detoxifi-

cation of chemical warfare agents and agricultural

pesticides.

Stability against chemicals

Stability and activity in the presence of organic solvents

and detergents are important properties of an enzyme if it is

to be used as a biocatalyst in the industry. Several hyper-

thermophilic carboxylic ester hydrolases have been tested.

The esterase from P. calidifontis (Hotta et al. 2002) dis-

plays high stability in water-miscible organic solvents, and

exhibited activity in 50% solutions of DMSO, methanol,

Extremophiles (2009) 13:567–581 571
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acetonitrile, ethanol, and 2-propanol. In addition, the

enzyme retained almost full activity after 1 h incubation in

the presence of the above-mentioned organic solvents at a

concentration of 80%. In comparison, the lipases from the

mesophiles Pseudomonas sp. B11-1 (Choo et al. 1998) and

Fusarium heterosporum (Shimada et al. 1993) were com-

pletely inactivated after incubation with acetonitrile. In

addition to stability against solvents, the Pyrobaculum

enzyme also has high thermal stability, with a half-life of

approximately 1 h at 110�C (Table 3). The esterase from

S. solfataricus P1 (Park et al. 2006) also displayed good

stability against organic solvents, comparable to the

enzyme from P. calidifontis. In addition, addition of 5%

non-ionic detergents, such as Tween 20, stabilized the

Sulfolobus enzyme. Moreover, the enzyme retained 45 and

98% activity in the presence of 5% SDS and 8 M urea,

respectively. The lipase from the mesophile Penicillium

expansum shows a much lower stability against detergents

or organic solvents (Stocklein et al. 1993). The esterase

EstD from T. maritima (Levisson et al. 2007) does not

display resistance to detergents and retained only 0 and

43% activity in the presence of 1% (w/v) SDS and 1% (v/v)

Tween 20, respectively. However, EstD does show good

resistance against organic solvents since it remained active

in the presence of 10% (v/v) solvents, which is comparable

to the esterase from P. calidifontis. The esterase Est3 from

S. solfataricus P2 displayed good resistance against mild

detergents (Kim and Lee 2004), it retained 51 and 99%,

respectively, activity in the presence of 10% (w/v) Tween

60 and 10% (w/v) Tween 80, but displayed lower stability

against organic solvents than the other three esterases

described above.

Thermal stability

The most thermostable carboxylic ester hydrolase descri-

bed to date is an esterase from P. furiosus (Ikeda and Clark

1998) (Table 3). It is extremely stable with half-lives of 34

and 2 h at 100 and 120�C, respectively. The enzyme has

optimal activity at a temperature of 100�C, which is in

good agreement with the optimal growth temperature of

Pyrococcus (100�C). Highest activity was obtained with

the substrate MU-C2, however, also little activity toward

pNP-C18 was detected indicating it has a very broad sub-

strate tolerance. Another very stable esterase was detected

in crude extracts of P. abyssi (Cornec 1998). This enzyme

has a half-life of 22 h and 13 min at 99 and 120�C,

respectively. Maximal esterase activity was observed at

least 65–74�C, however, temperatures above 74�C were

not investigated due to instability of the substrate. The

enzyme is active on a broad range of substrates, capable of

hydrolyzing triacylglycerol esters and aromatic esters, but

is restricted to short acyl chain esters of C2–C8 with an

optimum for C5 fatty acid esters. Unfortunately, no

sequence information has been reported for both Pyro-

coccus esterases. Most of the characterized carboxylic ester

hydrolases from hyperthermophiles are optimally active at

temperatures between 70 and 100�C (Table 3), which is

often close to or above the host organism’s optimal growth

temperature. Furthermore, it is interesting to note that some

carboxylic ester hydrolases, such as the esterase from

S. shibatae (Huddleston et al. 1995) and the acetyl esterase

from T. maritima (Levisson et al., manuscript in prepara-

tion), after heterologous expression in E. coli, show a

transient activation during stability incubations, indicating

that they probably need a high temperature in order to fold

properly. Compared to their mesophilic counterparts they

perform similar functions, however, due to intrinsic dif-

ferences hyperthermophilic enzymes are stable and can

operate at higher temperatures. It is difficult to indicate

exactly which factors contribute to this higher thermal

stability since (as discussed before) many different factors

are involved.

Structures

Most carboxylic ester hydrolases conform to a common

structural organization: the a/b-hydrolase fold, which is

also present in many other hydrolytic enzymes like prote-

ases, dehalogenases, peroxidases, and epoxide hydrolases

(Ollis et al. 1992). The canonical a/b-hydrolase fold con-

sists of an eight-stranded mostly parallel b-sheet, with the

second strand anti-parallel (Fig. 3). The parallel strands, b3

to b8 are connected by helices, which pack on either side of

the central b-sheet. The sheet is highly twisted and bent so

that it forms a half-barrel. The active site contains the

catalytic triad usually consisting of the residues serine,

aspartate, and histidine (Heikinheimo et al. 1999; Jaeger

et al. 1999; Nardini and Dijkstra 1999). The substrate-

binding site is located inside a pocket on top of the central

b-sheet that is typical of this fold. The size and shape of the

Fig. 2 Substrates commonly used to test for esterase activity: a
p-nitrophenyl butyrate, b 4-methylumbelliferyl butyrate, c (R/S)-

ketoprofen methyl ester, and d p-nitrophenyl diethyl phosphate
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substrate-binding cleft have been related to substrate

specificity (Pleiss et al. 1998).

The 3D structures of several hyperthermophilic ester-

ases have been solved (Table 3) (Fig. 3). The first reported

structure of an hyperthermostable esterase was for the

esterase AFEST of A. fulgidus (PDB: 1JJI) (De Simone

et al. 2001). AFEST is an esterase that belongs to the

hormone-sensitive lipase (HSL) group of esterases and

lipases. The structure was refined to 2.2 Å resolution and

showed that AFEST has the typical a/b-hydrolase fold. The

active site is shielded by a cap region composed of five

a-helices. Access to the active site of many lipases and

some esterases is shielded by a mobile lid, whose position

(closed or open) determines whether the enzyme is in an

inactive or active conformation. AFEST is an esterase that

prefers pNP-C6 as a substrate and shows maximal activity

at 80�C. It is stable at high temperatures with a half-life of

1 h at 85�C (Manco et al. 2000b). A comparison of the

AFEST structure with its mesophilic and thermophilic

homologs, Brefeldin A from Bacillus substilus (BFAE)

(PDB: 1JKM) (Wei et al. 1999) and EST2 from Alicyclo-

bacillus acidocaldarius (PDB: 1EVQ) (De Simone et al.

2000), showed which structural features contribute to its

thermal stability. The comparison revealed an increase in

the number of intramolecular ion pairs, and a reduction in

loop extensions and ratio of hydrophobic to charged sur-

face residues (De Simone et al. 2001; Mandrich et al.

2004).

The structure of the esterase EstE1 was solved to 2.1 Å

resolution (PDB: 2C7B) (Byun et al. 2007). This enzyme,

which was isolated from a metagenomic library, also

belongs to the HSL group and is closely related with

AFEST. EstE1 has the canonical architecture of the a/b-

hydrolase fold and also contains a cap domain like other

members of the HSL group (De Simone et al. 2001). It

exhibits highest esterase activity on short acyl chain esters

of length C6 and has a half-life of 20 min at 90�C (Rhee

et al. 2005). The thermal stability of EstE1 seems to be

achieved mainly by its dimerization through hydrophobic

interactions and ion-pair networks that both contribute to

the stabilization of EstE1 (Rhee et al. 2006). This strategy

for thermostabilization is different from AFEST and shows

that there are a variety of structural possibilities to acquire

stability.

The crystal structure of an acylpeptide hydrolase (ap-

APH) from the archaeon A. pernix was solved to 2.1 Å

resolution (PDB: 1EV6) (Bartlam et al. 2004). Acylpeptide

hydrolases are enzymes that catalyze the removal of an

N-acetylated amino acid from blocked peptides. The

enzyme shows an optimal temperature at 90�C for enzyme

activity and is very stable at this temperature with a half-

life of over 160 h. It is active on a wide range of substrates,

including p-nitroanilide (pNA) amino acids, peptides, and

also pNP-esters with varying acyl-chain lengths with an

optimum for pNP-C6 (Gao et al. 2003). The structure of the

acylpeptide hydrolase/esterase apAPH belongs to the prolyl

oligopeptidase family (Bartlam et al. 2004). The structure

is comprised of two domains, the N-terminal domain is a

regular seven-bladed b-propeller and the C-terminal

domain has the canonical a/b-hydrolase fold that contains

the catalytic triad consisting of a serine, aspartate, and

histidine. It was shown that a single mutation (R526E),

completely abolished the peptidase activity on Ac-Leu-p-

nitroanilide of this enzyme while esterase activity on

Fig. 3 Canonical fold of

a/b-hydrolases. a Topology

diagram, with the strands

indicated by red arrows and the

helices by cyan cylinders. The

positions of the catalytic

residues are indicated. b–d The

structures of three

hyperthermophilic esterases:

b the carboxylesterase AFEST

from A. fulgidus (pdb 1JJI),

c the esterase EstA from

T. maritima (pdb 3DOH), and

d the acylpeptide hydrolase

apAPH from A. pernix
(pdb 1VE6)
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pNP-C8 was only halved (Wang et al. 2006). Any mutation

at the 526 site resulted in decreased peptidase activity due

to loss of the ability of R526 to bind the peptidase sub-

strate, while most of the mutants had increased esterase

activity due to a more hydrophobic environment of the

active site. This result shows that the enzymes can evolve

such that they discriminate between substrates only by a

single mutation.

The most recently elucidated structure belongs to an

esterase, EstA, from T. maritima (PDB: 3DOH) (Levisson

et al. 2009). The enzyme displayed optimal activity with

short acyl chain esters at temperatures equal or higher than

95�C. Its structure was solved to 2.6 Å resolution and

revealed a classical a/b-hydrolase domain, which contained

the typical catalytic triad. Surprisingly, the structure also

revealed the presence of an N-terminal immunoglobulin

(Ig)-like domain. The combination of these two domains is

unprecedented among both mesophilic and hyperthermo-

philic esterases. The function of this Ig-like domain was

investigated and it was shown that it plays an important

role in multimer formation, and in the stability and activity

of EstA.

A high-resolution structure of an enzyme leads to a

better understanding of its reaction mechanism, how it

interacts with other proteins, what contributes to its sta-

bility, and may provide a basis for enzyme optimization

and drug design. Because it is nowadays relatively easy to

setup crystallization trials using commercially available

screens and also because the current high-throughput

crystallization projects are responsible for a large increase

in the number of solved structures (Fox et al. 2008), it is

expected that more structures of hyperthermophilic ester-

ases will become available in future.

Classification

Enzymes can be classified on basis of their substrate

preference, sequence homology, and structural similarity.

Classification of enzymes based on sequence alignments

provides an indication of the evolutionary relationship

between enzymes. Still, structural similarity is preserved

much longer than sequence similarity during evolution. On

the other hand, sequence homology and structural simi-

larity are not always correlated with the substrate prefer-

ence of an enzyme. Altogether, classification of enzymes is

not straightforward.

Several classifications of esterases and lipases into dis-

tinct families have been completed. In one such study, 53

bacterial esterases and lipases were classified into eight

families based on their sequence similarity and some of

their fundamental biological properties (Arpigny and Jae-

ger 1999). Many new esterases and lipases have since then

been identified, including several, such as EstD from

T. maritima (Levisson et al. 2007), which could not be

grouped into one of these eight families. Therefore, new

families for these enzymes have been proposed. However,

this early classification has provided a good basis for more

refined classification of the esterases and lipases. Most of

the recent studies are based on sequence and structural

similarity, and are accessible at online databases. Some

relevant databases will be briefly discussed: The Lipase

Engineering Database (LED), the Microbial Esterase and

Lipase Database (MELDB), the Carbohydrate Active

Enzyme (CAZy) database, and the ESTHER database.

The LED (http://www.led.uni-stuttgart.de) combines

information on sequence, structure and function of

esterases, lipases and related proteins sharing the same

a/b-hydrolase fold (Pleiss et al. 2000; Fischer and Pleiss

2003). The database contains more than 800 prokaryotic

and eukaryotic sequences, which have been grouped into

families based on multi-sequence alignments. The func-

tionally relevant residues of each family have been anno-

tated. The database was developed as a tool for protein

engineering. The LED will be updated in the forthcoming

year (personal communication with Prof. Dr. Juergen

Pleiss). The classification will not change, but the number

of proteins and families will increase substantially.

MELDB (http://www.gem.re.kr/meldb) is a database that

contains more than 800 microbial esterases and lipases

(Kang et al. 2006). The sequences in MELDB have been

clustered into groups according to their sequence similar-

ities, and are divided into true esterase and lipase clusters.

The database was developed in order to identify, conserved

but yet unknown, functional domains/motifs and relate

these patterns to the biochemical properties of the

enzymes. According to the authors, new enzymes of other

completely sequenced microbial strains will be added on a

regular basis. CAZy (http://www.cazy.org) is a database

that contains enzymes involved in the degradation, modi-

fication, or creation of glycosidic bonds (Cantarel et al.

2009). One class of activities in this database is the car-

bohydrate esterases (CE). These enzymes remove ester-

based modifications from carbohydrates. Carbohydrate

esterases have been clustered into 15 families. These

families have been created based on experimentally char-

acterized proteins and sequence similarity. The database is

continuously updated based on the available literature and

structural information. The ESTHER database (http://

bioweb.ensam.inra.fr/esther) contains more than 3500

sequences of enzymes belonging to the a/b-hydrolase fold

(Hotelier et al. 2004). These enzymes have been clustered

into families based on sequence alignments. This database

is updated regularly, and furthermore contains information

about the biochemical, pharmacological, and structural

properties of the enzymes.
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Novel developments and future perspectives

In recent years, many new hyperthermophilic bacteria and

archaea have been isolated. The genomes of several of

these hyperthermophiles have been sequenced and in

future this number will increase rapidly due to forth-

coming sequencing projects [GOLD genomes online;

(Liolios et al. 2008)]. This increase in sequence infor-

mation will accelerate the identification of new carboxylic

ester hydrolases with new properties. Hitherto, traditional

screening has been used to identify new enzymes, how-

ever, bioinformatics and metagenome screening will

contribute more and more to this identification process. A

major drawback of metagenome screening is that in order

to function well, the genes of interest need to be func-

tionally expressed in the heterologous screening host.

Therefore, recently a new two-host fosmid system for

functional screening of (meta)genomic libraries from

extreme thermophiles was developed (Angelov et al.

2009). This system allows the construction of large-insert

fosmid libraries in E. coli and transfer of the recombinant

libraries to extreme thermophile T. thermophilus. This

system was proven to have a higher level of functionally

expressed genes and may be of value in the identification

of new carboxylic ester hydrolases from hyperthermo-

philes. However, in addition to the identification of new

carboxylic ester hydrolases, also their characterization is

indispensable.

The classification of esterases into families is an ongo-

ing process and many of the current databases are incom-

plete. A promising approach is the superfamily-based

approach, which combines theoretical and experimental

data, and can reveal more information about a protein

family (Folkertsma et al. 2004). A new completely auto-

matic program capable of constructing these superfamily

systems is 3DM (Joosten et al. 2008). This program is able

to create a new superfamily of the carboxylic ester

hydrolases based on structural and sequence similarity. In

addition, superfamily systems generated by 3DM have also

been proven to be powerful tools for the understanding and

predicting rational modification of proteins (Leferink et al.

2009).

Many new protein structures are becoming available.

These structures will provide a basis for modern methods

of enzyme engineering, such as directed evolution and

rational design, to broaden the applicability of these

enzymes. In the past, these methods have been proven to

enhance enzymes to meet specific demands, including

increased stability, activity, and enantioselectivity (Dalby

2007). In future, the identification of new esterases and the

possible methods to engineer them provide tools to find

thermostable esterases that are able to perform a vast array

of reactions.
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(2005) Lipolytic enzyme production by Thermus thermophilus
HB27 in a stirred tank bioreactor. Biochem Eng J 26:95–99
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ML (2005a) Identification of extracellular lipases/esterases

produced by Thermus thermophilus HB27: partial purification

and preliminary biochemical characterisation. J Biotechnol

117:233–241

Fucinos P, Dominguez A, Sanroman MA, Longo MA, Rua ML,

Pastrana L (2005b) Production of thermostable lipolytic activity

by Thermus species. Biotechnol Prog 21:1198–1205
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