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Background: A group of esterases, classified as carboxylesterases, hydrolyze
carboxylic ester bonds with relatively broad substrate specificity and are useful
for stereospecific synthesis and hydrolysis of esters. One such
carboxylesterase from Pseudomonas fluorescens is a homodimeric enzyme,
consisting of 218-residue subunits. It shows a limited sequence similarity to
some members of the α/β hydrolase superfamily. Although crystal structures of
a number of serine esterases and lipases have been reported, structural
information on carboxylesterases is very limited. This study was undertaken in
order to provide such information and to understand a structural basis for the
substrate specificity of this carboxylesterase.

Results: In this study, the crystal structure of carboxylesterase from
P. fluorescens has been determined by the isomorphous replacement 
method and refined to 1.8 Å resolution. Each subunit consists of a central
seven-stranded β sheet flanked by six α helices. The structure reveals the
catalytic triad as Ser114–His199–Asp168. The structure of the enzyme in
complex with the inhibitor phenylmethylsulfonyl fluoride has also been
determined and refined to 2.5 Å. The inhibitor is covalently attached to
Ser114 of both subunits, with the aromatic ring occupying a hydrophobic site
defined by the aliphatic sidechains of Leu23, Ile58, Ile70, Met73 and Val170.
No large structural changes are observed between the free and inhibitor-
bound structures.

Conclusions: Carboxylesterase from P. fluorescens has the α/β hydrolase
fold and the Ser–His–Asp catalytic triad. The active-site cleft in each subunit
is formed by the six loops covering the catalytic serine residue. Three of the
active-site loops in each subunit are involved in a head-to-head subunit
interaction to form a dimer; it may be these extra structural elements, not seen
in other esterases, that account for the inability of carboxylesterase to
hydrolyze long chain fatty acids. As a result of dimerization, the active-site
clefts from the two subunits merge to form holes in the dimer. The active-site
clefts are relatively open and thus the catalytic residues are exposed to the
solvent. An oxyanion hole, formed by nitrogen atoms of Leu23 and Gln115, is
present in both the free and inhibitor-bound structures. An open active site,
as well as a large binding pocket for the acid part of substrates, in 
P. fluorescens carboxylesterase may contribute to its relatively broad
substrate specificity.

Introduction
Many man-made chemicals including drugs and pesticides
are ester compounds. Their hydrolysis is catalyzed by
esterases, a class of ubiquitous enzymes. Esterases are dis-
tinguished from their close relatives, lipases, by the lack of
interfacial activation. One group of esterases, classified as
carboxylesterases or carboxylic-ester hydrolases (EC
3.1.1.1), catalyze the hydrolysis of short-chain aliphatic
and aromatic esters with broad substrate specificity and
are inhibited by organophosphates [1]. Carboxylesterases

play an important part in the detoxification of organophos-
phorous compounds in mammalian systems [2]. Microbial
carboxylesterases have been utilized in the synthesis of
ester compounds in non-aqueous solvents and also in
stereospecific hydrolysis, due to their broad substrate
specificity and high stereoselectivity [3,4]. In the presence
of alcohol, a heat-stable carboxylesterase catalyzes the
transfer of the substrate acyl group to alcohol groups [5]. A
novel carboxylesterase identified in Rhodococcus sp. H1
was able to hydrolyze heroin into morphine and is being
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developed as one of the components for a heroin biosensor
[6]. In the human liver, carboxylesterase plays an impor-
tant role in drug metabolism [7].

The amino acid sequence data on carboxylesterases indi-
cate that they belong to the superfamily of α/β hydrolase
fold enzymes. Despite their important biological func-
tions, no studies have been made on the three-dimen-
sional structure of any carboxylesterase. A wealth of
structural information on a number of serine hydrolases,
belonging to the α/β hydrolase superfamily, however, is
available. The serine hydrolases have a core structure
composed of a central, predominantly parallel, β-pleated
sheet surrounded by α helices [8], and their catalytic
machinery is typically composed of Ser–His–Asp/Glu.
The available structural data include many crystal struc-
tures of lipases, a special class of α/β hydrolases [9–17]. In
their closed conformation, the lipase active site is buried
underneath a short helical segment, called a ‘lid’ (or a
‘flap’). The opening of this lid is believed to be one of the
key elements of interfacial activation in lipases, because
cutinase, a lipolytic enzyme showing no interfacial activa-
tion, has only a mini lid covering the active site [18–20].
Cutinase may be considered as a link between true
esterases and true lipases. Furthermore, crystal structures
of other α/β hydrolase fold enzymes, distantly or closely
related to the carboxylesterases, have been reported:
dienelactone hydrolase from Pseudomonas sp. B13 (DLH;
[21]), haloalkane dehalogenase from Xanthobacter
autotrophicus [22], acetylcholinesterase [23], cholesterol
esterase [24], carboxypeptidase II from wheat [25] and
thioesterase from Vibrio harveyi [26]. Many of these
enzymes share similar or related catalytic reaction mecha-
nisms; nevertheless, they exhibit widely different sub-
strate specificities.

Carboxylesterase from Pseudomonas fluorescens is a homo-
dimeric enzyme, with each subunit comprising 218 amino
acid residues (subunit Mr 23,856). It is readily inhibited
by serine hydrolase inhibitors such as phenylmethylsul-
fonyl fluoride (PMSF). This is consistent with the pres-
ence of the characteristic Gly–X–Ser–X–Gly sequence
[27], which is conserved in the catalytic site of many
serine hydrolases [28]. This carboxylesterase hydrolyzes
methyl esters of short to medium chain (C2–C10) fatty
acids and also hydrolyzes phenylacetate and p-nitrophenyl
esters of short chain fatty acids [27]. It also hydrolyzes tri-
acetin and tributyrin but shows little hydrolyzing activity
against triglycerides of longer chain fatty acids. In contrast
to the relatively broad specificity for the acid part of the
substrate, its specificity toward the alcohol moiety of
acetate esters is somewhat limited, being unable to
hydrolyze ethyl, n-propyl, n-butyl or α-naphthyl acetates
[27]. It therefore will be interesting to compare the
structures of different α/β hydrolase fold enzymes in order
to understand a structural basis for the difference in

substrate specificities. Here, we report the crystal struc-
ture of the uninhibited carboxylesterase from P. fluorescens
determined by the multiple isomorphous replacement as
well as that of the enzyme in complex with the inhibitor
PMSF. Each subunit of the enzyme has the α/β hydrolase
fold and the Ser–His–Asp catalytic triad; the two subunits
interact in a head-to-head fashion to form a dimer. When
the enzyme is inhibited by PMSF, Ser114 of both sub-
units is covalently modified but no large changes in the
overall structure occur.

Results and discussion
Model quality and comparison of two subunits
The structure of the free (uninhibited) carboxylesterase
has been determined by multiple isomorphous replace-
ment method using nine heavy-atom derivatives (Table 1)
and refined to 1.8 Å resolution. Each asymmetric unit of
the crystal contains a homodimer. The refined model of
the uninhibited enzyme comprises two subunits, each
with all 218 residues as well as 247 water molecules. Sub-
sequently, the structure of the enzyme inhibited by
PMSF was also determined, and it was refined to 2.5 Å.
Table 2 summarizes the refinement statistics, as well as
model quality parameters for both models in the uninhib-
ited and inhibited states. The average B factor for one
subunit in the asymmetric unit is substantially higher than
that for the other subunit (Table 2). This arises from the
different extent of the two subunits involved in the crystal
packing. For both the native and inhibited structures, only
one non-glycine residue in each subunit is outside the
allowed region in the Ramachandran plot — the catalytic
residue Ser114 (φ= 62°,Ψ = –124° for one subunit and
φ= 48°, Ψ = –112° for the other subunit of the uninhibited
structure). It is, however, well defined by the electron
density and its mean B factor is lower than the average
value for each subunit: 17.4 Å2 and 32.8 Å2 for Ser114 and
Ser614, respectively, of the uninhibited structure. (The
sequence number of the second subunit starts from 501 to
distinguish the two subunits.) This unique conformation
around the catalytic serine has been observed in other α/β
hydrolases [8] and has been termed a nucleophile elbow.
For the sake of brevity, the subunit with a lower average
B factor (subunit A) is mainly used in the following discus-
sion, unless otherwise stated.

The non-crystallographic symmetry (NCS) between the
two subunits of the dimer in the asymmetric unit of the
crystal is a pseudo-twofold rotation of 175.8° without any
translation. A superposition of non-crystallographically
related subunits gives root mean square (rms) deviations
of 0.40 Å and 0.84 Å for 873 mainchain and 809 sidechain
atoms, respectively (for the inhibited enzyme, these
values are 0.42 Å and 0.90 Å, respectively). In both the
uninhibited and inhibited structures, only the segment
between residues 73 and 77 shows rms deviations larger
than 1.5 Å for the mainchain atoms.
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Overall structure
The carboxylesterase subunit is globular with approximate
dimensions of 40 × 40 × 35 Å3. The subunit structure con-
sists of a seven-stranded, predominantly parallel, β sheet

surrounded by six α helices (Figure 1). Figure 2 shows that
the overall fold of carboxylesterase subunit is similar to the
prototypic α/β hydrolase fold [8]. One major difference is
that the first β strand (β1) of the prototypic α/β hydrolase
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Table 1

Data collection and phasing statistics.

Compound* Soaking Soaking No. of Resolution Completeness Rmerge
† Riso

‡ No. of Fh/E§ Rcullis
#

conc. (mM) time (day) reflections limit (Å) (%) (%) (%) sites

Native1 (SNU) 17,884 2.4 88.6 3.6

Native2 (PF) 41,703 1.8 91.0 7.1

PMSF-inhibited 100 3 15,245 2.5 88.5 4.3 15.6 2

Pt 3.0 30 7143 3.2 81.6 3.7 16.4 2 0.67 0.86

Hg1 5.0 20 7888 3.2 90.1 4.0 22.1 4 0.67 0.86

Hg2 5.0 7 7703 3.2 88.0 4.9 27.6 6 1.04 0.73

Hg3 5.0 18 7260 3.2 90.6 4.0 34.2 3 1.12 0.72

Hg4 1.0 0.2 7822 3.2 89.3 4.8 25.0 5 0.94 0.78

Hg2 + Hg3 1.8 + 1.8 8 7761 3.2 88.7 3.6 20.1 4 0.84 0.78

Pt + Hg3 1.4 + 1.8 3 7747 3.2 88.5 3.3 19.9 5 0.83 0.78

Pt + Hg2 + Hg3 1.4 + 1.8 + 1.8 6 7637 3.2 87.2 3.3 16.1 9 1.29 0.65

Pt + Hg2 + Hg4 1.0 + 1.0 + 0.5 3 7850 3.2 89.6 3.8 15.0 7 0.99 0.74

*Pt = potassium platinum(II) cyanide; Hg1 = mercury
bis(trifluoroacetate); Hg2 = 2-chloromercuri-4-nitrophenol; Hg3 = ethyl
mercurithiosalicylic acid sodium salt; Hg4 = potassium mercury(II)
iodide; SNU = Seoul National University; PF = Photon Factory.

†Rmerge = Σ Ih– <Ih> / Σ Ih. ‡ Riso = Σ Fh,nat – Fh,der / Σ Fh,nat.
§Fh/E, where Fh is the heavy atom structure factor and E is the residual
lack of closure. #Rcullis = Σ Fh,obs – Fh,calc / Σ Fh,obs.

Table 2

Statistics for crystallographic refinement.

Native Inhibited

Resolution of data (Å) 8.0–1.8 8.0–2.5

Number of reflections with F > 2σF 40,600 15,125

R factor / Rfree*(%) 20.8 / 27.3 18.1 / 25.4

Number of protein atoms excluding hydrogen 3364 3364

Number of heteroatoms / waters – / 247 20 (2 PMSF) / 199

Root mean square deviations from ideal geometry

Bond lengths (Å) 0.012 0.014

Bond angles (°) 1.23 1.38

Average B factors (Å2)

Mainchain atoms (A / B)† 20.9 / 35.9 21.0 / 33.5

Sidechain atoms (A / B)† 25.3 / 38.9 24.5 / 35.7

Waters 43.1 40.4

Heteroatoms – 57.0 (PMSF)

*The Rfree was calculated using 10% of the data. †A and B represent the subunits A (residues 1–218) and B (residues 501–718), respectively.



fold is missing from this carboxylesterase subunit. To be
consistent therefore with the nomenclature of Ollis et al. [8]
and to facilitate comparisons with related structures, the
first β strand in carboxylesterase is called β2. Among the
seven strands in the central β sheet of carboxylesterase, six
parallel β strands, β3–β8, provide the framework onto
which the catalytic residues are placed (Figure 1). The
remaining N-terminal strand β2, which is antiparallel to all
the others, is not directly involved in the formation of the
catalytic site. The first two β strands, β1 and β2, of the pro-
totypic α/β hydrolase fold [8], therefore, appear to be dis-
pensable for the catalytic activity. Further support for this
suggestion is provided by the absence of these two β
strands in the structures of cutinase from Fusarium solani
[18] and lipases from Pseudomonas glumae [12] and
Pseudomonas cepacia (PcL; [16,17]).

Catalytic triad, oxyanion hole and the active-site cleft
The catalytic triads of many α/β hydrolase fold enzymes
have been observed to consist of Ser/Cys/Asp–His–Asp/Glu.

The three-dimensional structure of P. fluorescens car-
boxylesterase reveals that its catalytic triad is formed by
the three residues, Ser114–His199–Asp168, all located on
the C-terminal side of the predominantly parallel β sheet
(Figure 1). This is consistent with Ser114 being part of the
characteristic Gly–X–Ser–X–Gly sequence; however, the
two other catalytic residues could not have been predicted
with confidence from the sequence information alone.

A comparison of the active-site features of this car-
boxylesterase with those of other α/β hydrolases leads us
to suggest that an oxyanion hole is formed by nitrogen
atoms of Leu23 and Gln115 in the uninhibited structure
(Figure 3). The suggested oxyanion hole is similarly present
in the inhibitor-bound structure (Figure 3). In this respect,
P. fluorescens carboxylesterase is similar to cutinase which
also has a preformed oxyanion hole [29]. In contrast to
esterases, the oxyanion hole of lipases is absent in the inac-
tive, closed, conformation and is formed only upon interfa-
cial activation, which accompanies the opening of a helical

1574 Structure 1997, Vol 5 No 12

Figure 1

Subunit structure of P. fluorescens
carboxylesterase, looking down the active site.
(a) Ribbon diagram showing the secondary
structure elements. Seven β strands (red
arrows) are numbered sequentially from 2
to 8. Four short β strands (S1–S4) are also
labeled. Six α helices (blue ribbons) are
labeled sequentially from A to E. Two 310
helices (G1 and G2, purple) are not labeled.
The catalytic residues (Ser114, Asp168 and
His199) are shown in green ball and stick
representation (b) Stereo Cα trace. Every
twentieth Cα atom is labeled.
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lid [30]. In the open conformation of PcL, the oxyanion hole
is occupied by a water molecule [16]. No such water mol-
ecule is observed in this carboxylesterase structure.

Except for the sharply bent loop after β5 where the catalytic
Ser114 is positioned, five other loops at the C-terminal ends
of the parallel β strands are generally longer and have a
more winding structure than those at the N-terminal ends

of the parallel β strands (Figure 1). The six loops at
the C-terminal ends of the parallel β strands form the
active-site cleft in each subunit. The bottom of the cleft is
formed by the three loops after strands β3, β5 and β6. A
very winding loop structure after β4 forms a wall on one
side of this cleft and two other loops after β7 and β8 form
the other wall on the opposing side (Figure 1). The former,
taller and thinner wall appears to be more flexible than the
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Figure 2

Topology diagram of (a) P. fluorescens
carboxylesterase, (b) dienelactone hydrolase
from Pseudomonas sp. B13 and (c) cutinase
from Fusarium solani. Eight β strands (arrows)
labeled as β1–β8 and six α helices (rods)
labeled as αA–αF are possessed by the
prototypic α/β hydrolase fold [8]. The catalytic
residues are indicated by filled ovals. In (a),
S1 (residues 53–55), S2 (63–65), S3
(70–72) and S4 (78–79) are the four short β
strands, while G1 (residues 57–59) and G2
(105–107) are the two 310 helices. The
residue numbers at the N and C termini
correspond to those in the crystal structures:
three residues are missing from the C
terminus of the dienelactone hydrolase model
and a single residue is missing from each
terminus of the cutinase model.
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latter, on which the catalytic residues His199 and Asp168
are located with Asp168 positioned nearly at the top of the
wall. The catalytic Ser114 is located deeply at the bottom of
the active-site cleft near its center, with its sidechain being
exposed to the solvent (Figures 4 and 5). One side of the
active-site cleft is partially blocked by the sidechain atoms
of Arg77, Tyr141 and Met175 (Figure 5). The two walls are
involved in the dimerization and thus their inherent flexi-
bility may be reduced. In the dimer, the two active-site
clefts merge to form three small holes (Figure 4).

Inhibitor binding and structural changes
In order to obtain more detailed information about the
structural alterations occurring during the catalysis, the
structure of the enzyme in complex with the inhibitor
PMSF has also been determined. When inhibited by
PMSF, the enzyme is found to be covalently modified at
the Oγ atom of Ser114. Both subunits in the dimer are
observed to be modified (Figure 5). The two active sites
in the dimer therefore must be separately available for
the substrate. In the PMSF-inhibited structure, the sul-
fonyl group of the inhibitor makes hydrogen bonds with
several residues: His199, Leu23 and Gln115 (Figure 3).
A water molecule (Wat1030) in the uninhibited structure
is displaced by one of the oxygen atoms in PMSF upon
its binding (Figure 3). This water, present in both sub-
units of the free (uninhibited) structure, could possibly
be the candidate for nucleophilic attack on the acyl inter-
mediate. The phenyl ring of the inhibitor is located at a
hydrophobic site which is formed by the sidechains of
Leu23, Ile58, Ile70, Met73 (and the corresponding
residue in the other subunit, Met573) and Val170
(Figure 3). This hydrophobic site seems to be large
enough to accommodate medium chain fatty acids but
too small for long chain fatty acids. We suggest that this
is the structural basis for the relatively broad specificity
toward the acid part of the substrate.

When the enzyme is inhibited by PMSF, no gross struc-
tural changes occur (Figure 5). Superimposition of subunit
A from the free and inhibitor-bound structures gives rms
deviations for 1746 mainchain and 1618 sidechain atoms of
0.23 Å and 0.37 Å, respectively. The largest deviation
(0.78 Å) for mainchain atoms is observed for Pro75 in
subunit A. The small change associated with inhibitor
binding is consistent with the fact that the diffusion of
PMSF into the pre-grown crystals caused little deteriora-
tion. Cutinase was previously found to be unique among
lipolytic enzymes in displaying only small structural
changes upon inhibitor binding [19]. In contrast, lipases
undergo very large conformational changes from the
closed to the open state, in which an inhibitor is covalently
bound [30]. This striking difference is largely due to the
absence of a flexible lid and also the presence of a pre-
formed oxyanion hole in this carboxylesterase and cuti-
nase. In view of these common structural features, we
suggest that cutinase is evolutionarily more closely related
to this carboxylesterase than to lipases, even though it
shows the lipolytic activity. The observed structural simi-
larity raises the possibility that this carboxylesterase can
be modified to enlarge its substrate specificity to allow the
hydrolysis of triglycerides of long chain fatty acids.

Subunit interactions
This carboxylesterase exists as a homodimer in solution
and monomers are not detected [27]. Active-site clefts of
the two subunits face toward each other in a head-to-head
fashion in the dimer (Figure 5). Two regions of the car-
boxylesterase subunit are involved in the dimerization
(Figures 5 and 6). The first is the structural region around
Tyr167 and His199 (Figure 6a). His199 is one of the cat-
alytic residues and its mainchain nitrogen atom forms a
hydrogen bond with the carboxylate oxygen atoms of
Asp669 in the other subunit , which is adjacent to the cat-
alytic residue Asp668 (Figure 6a). It is possible that the
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Figure 3

Stereo drawing of the active site of
P. fluorescens carboxylesterase. The free and
inhibitor-bound structures are colored in blue
and red, respectively. The phenylmethyl-
sulfonyl moiety of the inhibitor covalently
bound to the Oγ atom of Ser114 is shown.
The residues forming the catalytic triad and
oxyanion hole, and also those surrounding the
phenyl ring of the inhibitor, are labeled.PMSF
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breakage of this interaction may have some influence on
the catalytic activity. The second dimerization region is
the structural region around Ile58 and Met73 (Figure 6b).
The latter residue is part of the unique β-hairpin-like
structure formed by residues 70–79. Mutations on the
above two structural regions may allow dissociation of the
two subunits, yielding a monomeric enzyme. In the case
of cholesterol esterase, which also exists as a homodimer,
the active-site residues are not involved in the intersub-
unit contact, because the active sites are located far from
the dimer interface [24]; therefore, the subunit interaction
in the dimer is probably not essential for its catalytic activ-
ity. Further studies involving mutagenesis and structure
determination are necessary to better understand the pos-
sible role of subunit interactions in the catalytic function

of this carboxylesterase and to establish if this dimeric
carboxylesterase can be redesigned into a functional
monomeric enzyme.

The crystal structure of cutinase in complex with an
inhibitory triglyceride analogue shows that the two protein
molecules in the asymmetric unit are oriented head-to-
head, with their substrate-binding sites facing and interact-
ing with each other [19]. This structural arrangement of
cutinase allows the large hydrophobic surface, formed by
the substrate-binding region itself and by the inhibitor mol-
ecule, to be shielded from the solvent. The burying of
hydrophobic surfaces in the crystal lattice by means of
dimerization has been also observed in other lipase and
esterase complexes [24,31], as well as in an open form of
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Figure 4

Molecular surface showing the electrostatic
potential of carboxylesterase. (a) A view
showing the holes through the dimer. The
non-crystallographic symmetry axis lies
horizontally. (b) A view obtained by a 90°
rotation around a vertical axis. (c) The
cutaway view of (a). (d) The cutaway view of
(b). In (c) and (d), the catalytic residues are
shown in stick representation and the
backbone is shown as green tubes.
Negatively charged regions are red and
positively charged regions blue. (The figure
was drawn with the program GRASP [52].)



lipase from Candida rugosa (CRL; [13]) Cholesterol esterase
from Candida cylindracea exists as both monomeric and
dimeric forms, with dimerization being influenced by the
substrate cholesterol linoleate which appears to stabilize the
more active dimeric form [32]. In the free structure of cuti-
nase, the extended active-site crevice is partly covered by
two thin bridges formed by the sidechain atoms of residues
Leu81 and Val184, and Leu182 and Asn84 Cβ [18]. This
kind of thin bridge is not fully formed in the subunit struc-
ture of carboxylesterase from P. fluorescens. Instead, a similar
shielding of the hydrophobic substrate-binding site of this
carboxylesterase is achieved through dimerization.

Comparisons with other a/b hydrolases and a structural
basis for substrate specificity
The 218-residue subunit of P. fluorescens carboxylesterase
is relatively small by comparison to other α/β hydrolase
fold enzymes with known structures. It shows only limited
sequence identity with other small α/β hydrolase fold
enzymes such as DLH [21] and cutinase [18]. Between
carboxylesterase and DLH, about 61 residues can be
aligned to be identical (28% identity), whereas between
carboxylesterase and cutinase roughly 38 residues are

identical (17% identity). DLH with 236 residues has an
extra α helix and an extra β strand (Figures 2 and 7a).
Cutinase, the smallest known member with 199 residues
in the native enzyme, has only five strands in the central β
sheet ([18]; Figures 2 and 7b), corresponding to β3–β7 of
the prototypic α/β hydrolase fold [8]. In cutinase, the
missing last strand (β8), as well as a helix corresponding to
αE in carboxylesterase, is replaced by a winding loop of
irregular structure between the catalytic residues Asp175
and His188 (Figures 2 and 7b).

Despite the low sequence identity, the catalytic triad and
the central β sheet of carboxylesterase subunit superimpose
well with those of DLH or cutinase (Figure 7). This is not
surprising because these are the best conserved structural
features in α/β hydrolase fold enzymes. If 46 Cα atoms of
the central β sheet (β2–β8) as well as the catalytic triad in
each subunit of carboxylesterase are superimposed with the
structurally equivalent atoms of DLH, the rms difference is
1.10 Å for both subunits. A superposition of 36 Cα atoms in
the catalytic triad and the central β sheet (β3–β7) of cuti-
nase onto those of carboxylesterase gives a rms difference
of 1.05 Å and 1.03 Å, respectively. The central β sheet of
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Figure 5

Stereo Cα superposition of the
carboxylesterase dimer in the uninhibited
(green lines) and inhibited (red lines) states.
The non-crystallographic pseudo-twofold axis
lies horizontally. Every tenth residue and both
the N and C termini are labeled. Three
catalytic residues are shown in thicker lines
and labeled, along with the covalently bound
inhibitor. Sidechains of three residues in each
subunit that partially block one side of the
active site are drawn in green.
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carboxylesterase is slightly more twisted than those of
DLH and cutinase. If either the first two or the last two
strands are excluded from the comparison, then the super-
positions give smaller rms differences. On the other hand, a
superposition of the remaining structural elements is not
straightforward due to large differences in many parts.

The active-site cleft of carboxylesterase is more open than
that of DLH [33], an enzyme with a narrower substrate
specificity (Figures 7a and 8). Major differences in the
active sites are the presence of an extra loop in DLH
(residues 205–217), which contains Arg206, a residue
implicated in the substrate binding, and the replacement
of one of the active site cleft walls in carboxylesterase
(residues 54–80) by a helical segment (residues 65–91) in

DLH ([33]; Figure 7a). Cutinase, showing relatively broad
substrate specificity, also does not possess a segment cor-
responding to the inserted loop in DLH (Figures 7b and
8). It is interesting to note that the open sides of the active
sites of carboxylesterase and DLH are switched, and the
DLH active site is less assessable from the open side of
the carboxylesterase active site (Figures 7a and 8).

Both P. fluorescens carboxylesterase and cutinase exhibit
substrate specificities broad enough to hydrolyze triglyc-
erides as well as carboxylic acid esters [27,34], but the
carboxylesterase shows a narrower substrate specificity than
cutinase with regard to the length of fatty acids. They share
an open active-site cleft (Figures 7b and 8), but the
detailed structures around their active-site clefts are
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Figure 6

Stereo diagram of subunit–subunit interface in
the dimer. Regions (a) I and (b) II. Subunits A
and B are drawn in black and gray,
respectively. The residues involved in the
subunit interactions are labeled.
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Figure 7

Stereo Cα superposition of P. fluorescens
carboxylesterase (green lines for subunit A
and blue lines for subunit B) and other α/β
hydrolases (pink lines). The central β sheet
and the catalytic triad of carboxylesterase
have been superimposed with those of other
hydrolases. The three catalytic residues are
colored in red in all parts of the figure. The
residues of noteworthy regions of the other
hydrolases are indicated by dots and are
labeled. (a) Comparison with dienelactone
hydrolase (DLH). (b) Comparison with
cutinase (Cut) in complex with a triglyceride
analogue (thick black lines for the inhibitor
molecule). (c) Comparison with P. cepacia
lipase (PcL) in its open conformation. Two
structural regions of PcL that are missing from
the carboxylesterase subunit are denoted as
regions I (residues 114–157) and II (residues
214–263). In the closed conformation of a
highly homologous lipase from P. glumae, the
region I (lid) covers the active-site cleft. 



different [18–20]. The characteristic loops 80–88 and
180–188 of cutinase which form the thin bridge at the top
of the cleft [18] are absent in carboxylesterase (Figure 7b).
The crystal structure of cutinase in the covalent complex
with the inhibitor (5)-1,2-dibutyl-carbamoylglycero-3-O-
p-nitrophenylbutyl-phosphonate, a triglyceride analogue,
shows that the sn-1 and sn-2 chains are packed in the lipid-
binding site, which is formed by the above characteristic
loops and the sn-3 chain is accommodated in a rather small
pocket at the bottom of the active-site crevice [19]. Cuti-
nase is able to hydrolyze long chain triglycerides (triolein),
without any interfacial activation [18,19], although it shows
a preference for short chain fatty acid esters. P. fluorescens
carboxylesterase, however, shows little activity on triacyl-
glycerides of longer than four-carbon fatty acids [27]. This
difference may be due to the presence in carboxylesterase

of the winding loops encompassing the strands S1, S2, S3
and S4 (Figures 1 and 2) that are absent in cutinase. These
extra structural elements in the dimeric structure of car-
boxylesterase appear to block the binding of long chain
fatty acid esters (Figures 7b and 8). It will be interesting to
see if this carboxylesterase can be transformed into a cuti-
nase-like lipolytic esterase by removing the above extra
segments from its sequence. It seems that the open active-
site cleft of this enzyme is one of the contributing factors
for the broad substrate specificity. And the extent of the
exposure of the active site is probably one of the key ele-
ments for determining the substrate specificity of serine
esterases. The determinants of substrate specificity,
however, are known to correlate not only with structural
features of the active site, but also with an inherent capac-
ity for structural deformability of the loops that define the
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Figure 8

Molecular surface representation illustrating
the hydrophobicity. (a) P. fluorescens
carboxylesterase, (b) DLH, (c) cutinase and
(d) PcL. The hydrophobic regions are shown
in dark green. The catalytic residues, shown in
white color through the semi-transparent
surface, have the same orientation in these
views. In (b) and (d), the catalytic residues are
actually behind the front surface. In (c), the
bound inhibitor is drawn in magenta. (The
figure was drawn with the program GRASP
[52].)



substrate-binding pocket [35]. For instance, it was difficult
to alter the specificity of trypsin due to the high degree of
inherent rigidity in structural elements involved in transi-
tion-state stabilization, but an analysis of variant α-lytic
protease structures suggests that an inherent flexibility of
the binding pocket is crucial for the ease of specificity mod-
ification [35]. The open active site and a relatively large
hydrophobic binding site for the acid part of the substrate
revealed in this study thus provide at least a partial expla-
nation for the relatively broad substrate specificity of
dimeric carboxylesterase from P. fluorescens. Further studies
are necessary to understand the structural basis of the sub-
strate specificity of this enzyme in more detail, however.

When the structure of the carboxylesterase subunit is com-
pared with the highly open, active, conformation of PcL
[16], two regions of PcL (residues 114–157 and 214–263,
labeled as I and II, respectively, in Figure 7c) are absent in
carboxylesterase. The active-site cleft in PcL is covered by
a cap (region II in Figure 7c); a smaller cap is also present in
acetylcholinesterase (AChE; [23]). In the dimeric structure
of carboxylesterase, the position of one subunit suggests it
to have a possible role as a cap for the other subunit
(Figure 7c), although its significance in the catalytic func-
tion is unclear. In the active, open, conformation of PcL,
the active-site cleft is not covered by an α-helical lid (region
I in Figure 7c and Figure 8). But in the inactive, closed,
conformation of the highly homologous lipase from P.
glumae, the catalytic triad is completely buried and is inac-
cessible to the solvent [12]. The active site of AChE is
located at the bottom of a deep gorge, but it is connected to
the solvent in both inhibited and uninhibited states [23,36].
This homodimeric carboxylesterase has a relatively open
active-site cleft, more open than that in the active, open,
conformations of PcL ([16]; Figures 7c and 8) and that in
AChE [23]. The catalytic triads in both carboxylesterase
subunits are readily accessible to the solvent (Figures 4 and
5). The carboxylesterase differs from PcL in that it does not
have a flexible lid and its active-site crevice is shallower
than that of PcL. The latter difference is another possible
factor responsible for the inability of the carboxylesterase to
hydrolyze triglycerides of long chain fatty acids.

In contrast to the presence of many aromatic groups in the
substrate-binding sites of CRL and AChE, carboxyl-
esterase has mainly aliphatic sidechains (Figure 3). In
AChE, the positive quaternary group of acetylcholine and
other cholinergic ligands makes close contacts with aro-
matic residues [36]. In the case of carboxylesterase, the
alcohol part of the substrate probably interacts with a few
residues in the loops from the C-terminal ends of β3, β5
and β8 (residues Gly22, Leu23, Phe113 and possibly
His199), by analogy with cutinase [19], PcL [16], Rhizomu-
cor miehei lipase [37] and AChE [36]. The present crystal
structure of P. fluorescens carboxylesterase not only pro-
vides an indispensable information necessary for protein

engineering of this enzyme and other closely-related α/β
hydrolases to alter the substrate specificity or the catalytic
activity, but it also contributes to a better understanding
of an evolutionary relationship among them.

Biological implications
Many man-made chemicals including drugs and pesti-
cides are ester compounds. Their hydrolysis is catalyzed
by esterases. One group of esterases, classified as car-
boxylesterases, catalyze the hydrolysis of short chain
aliphatic and aromatic carboxylic ester compounds.
Microbial carboxylesterases are useful in stereoselective
synthesis of ester compounds and also in stereospecific
hydrolysis, due to their broad substrate specificity and
high stereoselectivity. In mammals, carboxylesterases
play a role in the activation of prodrugs.

In comparison to their close relatives, lipases which like
carboxylesterase are α/β hydrolase fold enzymes, struc-
tural information on the family of carboxylesterases is
very limited. Here, we report the first crystal structure of
a member of such a family, carboxylesterase from
Pseudomonas fluorescens, a homodimeric enzyme of 218-
residue subunits. We have determined the structures of
both the free enzyme and that of the enzyme in complex
with the inhibitor PMSF. Its subunit size is among the
smallest of the α/β hydrolase fold enzymes. The subunit
structure has the α/β hydrolase fold, but it lacks the first
β strand of the prototypic α/β hydrolase fold. The struc-
ture allows an unambiguous assignment of the catalytic
triad as Ser114–His199–Asp168; it is Ser114 which is
covalently modified by inhibitor binding. There is little
structural change between the uninhibited and inhibited
enzymes. And the oxyanion hole, defined by nitrogen
atoms of Leu23 and Gln115, is preformed as in cutinase,
a lipolytic enzyme. This contrasts with lipases, in which
the oxyanion hole is not formed in the closed inactive
state and large conformational changes accompany the
transition from the closed to the open state upon inhibitor
binding. The catalytic serine residue of carboxylesterase
is located at the bottom of the active-site cleft and the
inside surface of the surrounding walls is composed of
mainly aliphatic sidechains. In the dimer, the active-site
clefts from each subunit merge to form holes.

Despite a common catalytic mechanism shared by serine
esterases, such as carboxlyesterase, and lipases, they
exhibit widely different substrate specificities. P. fluo-
rescens carboxylesterase has a relatively broad specificity
with regard to the acid part of the substrate, and it is also
capable of hydrolyzing triacetin and tributyrin. The large
hydrophobic substrate-binding site and an open active
site, with the catalytic triad being exposed to the solvent,
appear to contribute to the relatively broad substrate
specificity of carboxylesterase. This carboxylesterase
shows some structural similarity to cutinase, but, in
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contrast, it is incapable of hydrolyzing triglycerides of
long chain fatty acids. This may be due to the extra
structural elements in carboxylesterase that are involved
in the head-to-head dimerization. This study reveals not
only similarities and dissimilarities between this
carboxylesterase structure and those of related enzymes,
but it also provides vital structural information for the
protein engineering of this enzyme and other closely
related α/β hydrolase fold enzymes to alter their sub-
strate specificities. In addition, it also contributes to a
better understanding of the evolutionary relationship
among members of the α/β hydrolase superfamily.

Materials and methods
Crystallization
Crystallization of the uninhibited enzyme was achieved by the hanging
drop vapor diffusion method at room temperature (22 ± 2°C) as
described previously [38], under the following reservoir conditions:
0.10 M HEPES buffer at pH 7.76 containing 1.4 M ammonium sulfate,
0.20 M lithium sulfate and 4.0% (v/v) dioxane. The PMSF-inhibited car-
boxylesterase crystals were prepared by diffusing the inhibitor into the
pre-grown crystals as follows. 1 µl of PMSF solution (0.10 M in
n-propanol) was added to a 10 µl drop containing carboxylesterase
crystals. The drop was then sealed again above 1 ml of the reservoir
solution and the inhibition reaction was allowed to proceed. An essen-
tially complete inhibition of the enzyme in the crystal was confirmed by
observing that no color change takes place upon adding the substrate
p-nitrophenyl acetate to the crystals in the drop after binding of PMSF
to the enzyme. No significant deterioration of the diffraction quality of
the crystals resulted from this procedure.

X-ray data collection
For phase determination by multiple isomorphous replacement method,
nine heavy-atom derivatives, including two double derivatives and two
triple derivatives, were prepared using the crystals of the uninhibited
enzyme (Table 1). Data sets from native and heavy-atom derivative crys-
tals were collected on a FAST area detector (Enraf-Nonius) using the
MADNES software [39]. CuKα radiation from a Rigaku RU200 rotating
X-ray generator, operating at 40 kV and 70 mA, was used with a
graphite monochromator. The reflection intensities were obtained by
the profile fitting procedure [40] and the data were scaled by the
Fourier scaling program [41]. The native crystal belongs to the tetrago-
nal space group P41212 or its enantiomorph with unit cell dimensions
of a = b = 82.01 Å and c = 145.44 Å, as refined by the MADNES soft-
ware [39]. The presence of one homodimer in the asymmetric unit
gives VM of 2.56 Å3/Da and a solvent fraction of 52.0% [38]. The data
set of PMSF-inhibited enzyme is 88.5% complete to 2.5 Å. Refined unit
cell parameters of a = b = 81.49 Å and c = 144.53 Å were obtained.

Later, synchrotron data from uninhibited crystals were collected at
14°C using a Weissenberg camera for macromolecular crystallography
at the BL-6A2 experimental station of Photon Factory, Tsukuba, Japan
[42]. The wavelength of X-rays was 1.000 Å and a 0.1 mm collimator
was used. A Fuji image plate (type BAIII, 20 × 40 cm) was placed at a
distance of 429.7 mm from the crystal. The oscillation range per image
plate was 5.0° with a speed of 2.0°/s and a coupling constant of
1.0°/mm for the a-axis rotation, and it was 4.5° with a speed of 2.0°/s
and a coupling constant of 1.8°/mm for the c-axis rotation. An overlap
of 0.5° was allowed between two contiguous image plates. The diffrac-
tion patterns recorded on the image plates were digitized by a Fuji
BA100 scanner. The raw data were processed using the program
WEIS [43]. The data of the uninhibited enzyme consisted of 262,303
measurements of 41,703 unique reflections with an Rmerge (on inten-
sity) of 7.1% (rejecting 4.5% outliers). The merged data set is 90.1%
complete to 1.8 Å. Refined unit cell parameters of a = b = 82.04 Å and
c = 145.38 Å were obtained.

Structure determination
Three-dimensional difference Patterson maps were calculated with
12.0–4.0 Å data and heavy atoms were located using the program
HASSP [44] in the CCP4 package [45]. Minor heavy-atom sites were
located in the cross-phase difference Fourier maps. The three deriva-
tives (Pt, Hg1 and Hg3 in Table 1) share a common heavy-atom site;
the two derivatives Hg1 and Hg2 share three sites; and the derivatives
Hg3 and Hg4 share two sites. Heavy-atom parameters were refined by
the program MLPHARE in the CCP4 package [45]. The anomalous dif-
ference data allowed the assignment of the correct space group as
P41212. In the final cycle of phase determination, the mean figure of
merit was 0.76 for 12.0–3.2 Å data. The non-crystallographic symmetry
(NCS) axis was determined from the heavy-atom sites. The statistics for
the heavy-atom refinement are given in Table 1.

The electron density corresponding to seven β strands and several α
helices in one subunit in the asymmetric unit was clear, whereas that in
the other subunit was less clear. The initial model of a subunit was built
in 25 fragments with 167 residues. Using the molecular envelope
defined by this partial model, phases were improved and extended to
2.6 Å by the program SQUASH through NCS averaging, solvent flat-
tening, Sayer equation and histogram matching [46]. The electron-
density map calculated with SQUASH phases was more readily
interpretable than the MIR map and all 218 residues in one subunit
could be unambiguously assigned. The other subunit was generated by
using the NCS relationship and some manual model adjustment.

Model refinement
Crystallographic refinement was carried out using the X-PLOR
program package [47]. Initially, data in the 8.0–3.0 Å range were used
in the refinement, and the high resolution limit was extended in steps to
1.8 Å. The NCS between the two independent subunits in the asym-
metric unit was maintained with tight restraint during the early stage of
the refinement, but it was relaxed in the final rounds of refinement. After
simulated annealing by the standard slow cooling protocol starting
from 3000 K to 300 K, 100 cycles of energy minimization were fol-
lowed. Isotropic B factors were initially set to 15.0 Å2 and refined in the
last stages of the refinement with restraint. Extensive model rebuilding
was carried out between each stage. Solvent molecules were placed
by searching the model-phased (Fo–Fc) maps.

The crystallographic refinement of PMSF-inhibited carboxylesterase
was also carried out using the X-PLOR program package [47]. The
rigid-body refinement using low resolution data was performed using
the refined model of uninhibited carboxylesterase, followed by the con-
ventional energy minimization and simulated annealing with 8.0–2.5 Å
data. Rfree was monitored during the refinement using 10% of total
reflections as a test data set. Model-phased (Fo–Fc) maps were used to
model the bound inhibitors. A modified residue Sep114 was made by
covalently linking PMSF with Ser114. The sulfur atom of the inhibitor is
covalently bound to the oxygen atom Oγ of Ser114. Successive refine-
ment was continued using the 8.0–2.5 Å data. Other procedures
regarding the refinement of B factors and inclusion of water molecules
are essentially the same as for the uninhibited case.

Model building and structure analysis
Model building was performed with the graphics program FRODO
[48], running on an Evans and Sutherland PS390 graphics system, and
with CHAIN version 7.2 [49], running on a Silicon Graphics Indigo2 XZ
workstation. At each stage of the model rebuilding and refinement, the
stereochemistry of the model was assessed by the program
PROCHECK [50]. The secondary structure elements were assigned
by the program PROMOTIF [51]. Structural comparisons were made
using the program LSQKAB in CCP4 program package [45].

Accession numbers
The atomic coordinates and structure factor data are available from the
Protein Data Bank with accession codes 1auo (uninhibited) and 1aur
(inhibited) for atomic coordinates; r1auosf (uninhibited) and r1aursf
(inhibited) for structure factor data.
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