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Abstract. Structural and mechanistic studies on the
crotonase superfamily (CS) are reviewed with the aim
of illustrating how a conserved structural platform can
enable catalysis of a very wide range of reactions.
Many CS reactions have precedent in the �carbonyl�
chemistry of organic synthesis; they include alkene
hydration/isomerization, aryl-halide dehalogenation,
(de)carboxylation, CoA ester and peptide hydrolysis,
fragmentation of b-diketones and C-C bond forma-
tion, cleavage and oxidation. CS enzymes possess a
canonical fold formed from repeated bba units that

assemble into two approximately perpendicular b-
sheets surrounded by a-helices. CS enzymes often,
although not exclusively, oligomerize as trimers or
dimers of trimers. Two conserved backbone NH
groups in CS active sites form an oxyanion �hole�
that can stabilize enolate/oxyanion intermediates. The
range and efficiency of known CS-catalyzed reactions
coupled to their common structural platforms suggest
that CS variants may have widespread utility in
biocatalysis.
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Introduction

Enoyl-CoA hydratase, which was the first member of
the crotonase superfamily (CS) to be identified,
catalyzes the �simple� addition of water to a,b-
unsaturated coenzyme A (CoA) esters, an important
step in fatty acid b-oxidation [1]. Subsequently, CS
enzymes have been revealed to catalyze examples
from all six classes of reaction defined in the Enzyme
Commission (EC) classification scheme (Fig. 1,
Table 1). The CS are defined by a common protein
fold formed from repeated bba units that assemble
into two approximately perpendicular b-sheets sur-

rounded by a-helices. Many CS catalyzed reactions
have precedent in the �carbonyl� chemistry of organic
synthesis in which enol/enolate intermediates are a
common feature. Many CS reactions feature the
stabilization of an enolate/oxyanion intermediate via
two backbone NH groups, analogous to the oxyanion
hole (OAH) of proteases. CS reactions include alkene
hydration/isomerization, aryl-halide dehalogenation,
(de)carboxylation, CoA ester and peptide hydrolysis,
fragmentation of b-diketones, C-C bond formation,
cleavage and oxidation reactions (Fig. 2, Table 1).
Here we review structural and mechanistic studies on
the CS, with the emphasis on those members for which
crystal structures have been reported. We aim to
illustrate how Nature has varied common structural
features to evolve catalysts for a remarkably diverse
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Table 1. Members of the crotonase superfamily (CS) discussed in this review, organized according to their EC classification numbers
except for XVII–XX.

Name (abbreviation) EC no. Biochemical role/reaction class Oligomerization
state/type of
association fold

Proposed oxyanion
hole forming
residues

PDB
code for
apo
protein

I 3,5-
Dihydroxyphenylglyoxylate
synthase (DpgC)

1.2.3.- Cofactor independent di-
oxygenase involved in
vancomycin biosynthesis/
oxygenase

Hexamer Ile 235 and Gly 296 2np9 [5]

II Transcarboxylase 12S
(TC 12S)

2.1.3.1 Class III biotin dependent
carboxylase/carboxyltransferase

Hexamer/inter-
trimer

Ala 143 and H2O
bound to Ala 180
and Ala 183

1on3 [27]

III Anabaena b–Diketone
hydrolase (ABDH)

3.7.1.7 Secondary metabolism/hydrolase Hexamer/self-
association

Not assigned 2j5g [96]

IV 6-Oxocamphor hydrolase
(6-OCH)

3.7.1- Camphor metabolism/hydrolase Hexamer/self-
association

Not assigned 1o8u [94]

V 4-Chlorobenzoyl-CoA
dehalogenase (4-CBD)

3.8.1.7 4-Chlorobenzoate degradation/
dehalogenase

Trimer/V-shaped
intra-trimer

Phe 64 and Gly 114 1nzy [11]

VI Methylmalonyl-CoA
decarboxylase (MMCD)

4.1.1.41 E. coli succinate catabolism/
decarboxylase

Hexamer (dimer of
trimers)/self-
association

His 66 and Gly 110 1ef8 [17]

VII Glutaconyl-CoA
decarboxylase-a subunit
(Gcda)

4.1.1.70 Class II biotin dependent
carboxyl-transferase/
carboxyltransferase

Dimer/inter-trimer Val 151 and Gly
194

1pix [13]

VIII ECH2 Decarboxylase domain
of CurF (CurF)

4.1.1.- Curacin A biosynthesis/
decarboxylase

Trimer* Ala 78 and Gly 118 2q2x [69]

IX Naphthoate synthase (MenB) 4.1.3.36 Vitamin K2 biosynthesis/synthase (a3)2 Hexamer/
inter-trimer

Gly 125 and Gly
161

1q52 [20]

X Adenine, Uracil binding ECH
homologue (AUH)

4.2.1.17 RNA binding and hydration of 2-
trans-enoyl-CoA/ hydratase

Hexamer (dimer of
trimers)/ V-shaped
intra-trimer

Ala 141 and Gly
186 (by analogy to
ECH)

1hzd [61]

XI Enoyl-CoA hydratase (ECH) 4.2.1.17 Fatty acid b-oxidation/isomerase Hexamer (dimer of
trimers)/ V-shaped
intra-trimer

Ala 98 and Gly 141 1dub [32]

XII Dienoyl-CoA isomerase
(DCI)

4.2.1.17 Fatty acid b-oxidation/isomerase Hexamer (dimer of
trimers)/ V-shaped
intra-trimer

Ile 117 and Gly 173 1dci [44]

XIII Hydroxylcinnamoyl-CoA
hydratase-lyase (HCHL)

4.2.1.101 Phenolic compound degradation/
hydratase, lyase

Hexamer (dimer of
trimers)

Met 70 and Gly 120 2j5i [57]

XIV D3,D2-Enoyl-CoA isomerase
(ECI)

5.3.3.8 Auxiliary fatty acid b-oxidation
pathway/isomerase

Hexamer/self-
association

Ala 70 and Leu 126 1hno [40]

XV Acetyl-CoA carboxylase
carboxyltransferase subunit
from yeast (ACC CT)

6.4.1.2 Regulation of fatty acid
biosynthesis and metabolism/
carboxyltransferase

Dimer/inter-trimer Not assigned 1od4 [15]

XVI Carboxymethylproline
synthase (CarB)

6.4.1.- Carbapenem antibiotic
biosynthesis/decarboxylase,
synthase, hydrolase

Trimer of trimers/
self-association

Gly 62 and Met 108 2a7k [12]

XVII The proteolytic subunit of
caseinolytic protease (ClpP)

3.4.21.92 Serine protease/hydrolase Tetradecamer Gly 68 and Met 98 1tyf [108]

XVIII Photosystem II D1 CTPase
(D1-CTPase)

3.4.21.- Serine protease/hydrolase Monomer Gly 318 and Ala
373

1fc7 [117]

XIX Interphotoreceptor retinoid-
binding protein (IRBP)

– Protection of Vitamin A forms
from oxidative and isomeric
degradation/?

Monomer Not assigned 1j7x [118]

XX Tricorn protease (Tricorn) 3.4.21.- Serine protease/hydrolase Hexamer Gly 918 and Asp
966

1k32 [121]

* The CurF ECH2 decarboxylase domain has been crystallized as a trimer but the oligomerization state of full length CurF has not been
reported.
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set of reactions (for prior reviews see [2 – 4]). Through-
out the review, in both text and figures, bold roman
numerals correspond to the CS proteins as defined in
Table 1. The discoveries that a cofactor-independent
oxygenase (3,5-dihydroxyphenylglyoxylate synthase,
DpgC, I [5] and a heterocycle forming enzyme
(carboxymethylproline synthase, CarB, XVI) [6, 7]
are members of the CS has recently extended the
mechanistic range of the family. Bioinformatic anal-
yses imply that CS enzymes are ubiquitous (Fig. 2) and
it is reasonable to propose that their scope extends
well beyond the reactions identified at present.
We hope that this review will help to stimulate further
work on the CS, not only in terms of functional and
structural/mechanistic studies, but also in the applica-
tion of variants of the CS in biocatalysis.

Overview of CS structures

Overall architecture
While overall sequence similarities between individ-
ual CS proteins are often low, all members share a
similar overall architecture. CS members possess a
canonical crotonase fold, formed from repeated bba

units, that comprises two approximately perpendicu-
lar b-sheets surrounded by a-helices (Fig. 3A, B). In
most cases the C-terminal a-helical domain enables
oligomerization. The Structural Classification of Pro-
teins Database [8] defines four structural families
within the caseinolytic protease (Clp)/crotonase su-
perfamily: (i) the Clp protease, Clp subunit family

(XVII), (ii) the tail-specific protease, catalytic domain
family (e.g., XVIII – XX), (iii) the crotonase-like
family (e.g., IV – VI, IX-XII, XIV, XVI), and (iv) the
biotin-dependent carboxylase carboxyltransferase
domain family (e.g., II, VII, XV).

Oligomerization
The oligomerization state of CS members varies
(Table 1, Fig. 3C). In many CS enzymes, three mono-
meric subunits assemble into a characteristic homo-
trimeric disk with tight interactions between mono-
mers. These homo-trimeric disks usually dimerize,
although the trimer–trimer interactions are not as
tight as the intra-trimer contacts [9]. Crystallographic
analyses have provided details of these interactions,
however the apparent �oligomerization� state ob-
served in the crystallized state does not always reflect
that in solution. Human mitochondrial enoyl-CoA
isomerase (ECI, XIV) [10] exists in solution as a
homo-trimer and also crystallizes as a homo-trimer.
However, 4-chlorobenzoyl-CoA dehalogenase (4-
CBD, V, Fig. 3C 3) and CarB (XVI, Fig. 3C 4)
crystallize as a dimer of trimers (hexamer) and a
trimer of trimers (nonamer), respectively, although
both exist in solution, at least predominantly, as
trimers [11, 12].
Not all CS enzymes possess the trimeric disk structure,
for example some carboxyltransferase (CT) enzymes,
which have two CS folds, are dimers [see Carboxyl-
transferase subunit of biotin dependent carboxylases –
ACC CT (XV), Gcda (VII) and TC 12S (II) below].
The CT glutaconyl-CoA decarboxylase a-subunit

Figure 1. Reactions of the croto-
nase superfamily (CS) classified
according to the Enzyme Com-
mission (EC) nomenclature. Cro-
tonases catalyze a diverse set of
reactions with common CoA
ester (in bold) substrates. 3,5-Di-
hydroxyphenylglyoxylate syn-
thase (DpgC) (I), transcarboxy-
lase 12S (TC 12S) (II) and car-
boxymethylproline synthase
(CarB) (XVI) catalyze more
than one different type of reac-
tion, with only one type shown in
this figure. Note: CoA-independ-
ent CS enzymes have also been
identified.

Cell. Mol. Life Sci. Vol. 65, 2008 Review Article 2509
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(Gcda, VII) from Acidaminococcus fermentans [13] is
also dimeric (Fig. 3C 1), the CTs of acetyl-CoA
carboxylase from Staphylococcus aureus and Escher-
ichia coli [14] are tetrameric (dimer of dimers) and the
CT domain of acetyl-CoA carboxylase (ACC) from
Saccharomyces cerevisiae (ACC CT, XV) [15] is
dimeric. Dimerization of the CTenzymes is important
for stabilization and occurs in a head to tail manner
[15, 16] (Fig. 3C).
It has been proposed that the canonical fold of many
CS members is fundamentally identical except for
inter-domain swapping of the C-terminal a-helical
residues [17]. Domain swapping is proposed as a
mechanism by which CS monomers may have evolved
to form intertwined oligomers [18].
Members of the CS have been classified into three
groups according to the relationship of the C-
terminal a-helical domain of individual subunits
with respect to the rest of the structure into those
that undergo: (i) monomer self-association, (ii) intra-
trimer associations or (iii) inter-trimer associations
[19, 20]. In the monomer self-association fold, the C-
terminal domain folds back over the core to cover the
active site of its own monomer, for example as in

Anabaena b-diketone hydrolase (ABDH, III), 6-
oxocamphor hydrolase (6-OCH, IV), methylmalon-
yl-CoA decarboxylase (MMCD, VI), ECI (XIV),
and CarB (XVI) oligomerization. In the case of the
V-shaped intra-trimer association fold, the C-termi-
nal domain protrudes away from the monomer to
which it belongs to cover the active site of a
neighboring monomer within the same trimer, for
example, as in 4-CBD (V), enoyl-CoA hydratase
(ECH, XI), adenine, uracil binding ECH homologue
(AUH, X) and dienoyl-CoA isomerase (DCI, XII)
oligomerization. In the inter-trimer association fold,
the C-terminal domain crosses the trimer-trimer
interface and forms part of the active site in the
monomer of an opposing trimer, for example, as in
naphthoate synthase (MenB, IX), transcarboxylase
12S (TC 12S, II, Fig. 3C 2), Gcda (VII) and yeast
acetyl-CoA carboxylase carboxyltransferase subunit
(ACC CT, XV) oligomerization. Domain swapping
classifications for DpgC (I), the N-terminal ECH2

domain of CurF (CurF, VIII) and hydroxycinnamoyl-
CoA hydratase-lyase (HCHL, XIII) have not been
reported.

Figure 3. (A) Schematic topology of a CarB (XVI) monomer showing the repeated crotonase motif (bba) of the CS fold. (B) Aview of the
CarB monomer (PDB code: 2a7k). (C) Oligomerization states of some crotonases; 1: glutaconyl-CoA decarboxylase a-subunit (Gcda)
(VII), dimer (PDB code: 1pix), 2: 4-chlorobenzoyl-CoA dehalogenase (4-CBD) (V), trimer (PDB code: 1nzy), 3: TC 12S, (II), hexamer
[dimer of trimers] (PDB code: 1on3) and 4: CarB (XVI), trimer of trimers (PDB code: 2a7k). Figures were generated using TopDraw [129],
Pymol [130], Molscript [131] and Raster3D [132].

Cell. Mol. Life Sci. Vol. 65, 2008 Review Article 2511



The oligomerization state of some CS members plays
a clear role in substrate binding and/or catalysis: in the
case of the biotin-dependent carboxylases (BDCs, II,
VII, XV), the structures of the CoA complexes of
these CT enzymes reveal their active sites are at the
dimer interface [15, 16]. Specific oligomerization
states do not appear to correlate to particular types
of reaction catalyzed by the CS. However, the differ-
ent possible assembly modes for oligomers may have
helped to enable the evolution of the wide range of
substrate and product selectivities in the CS, possibly
by domain swapping.

Active sites
The CS is one of a growing number of enzyme
superfamilies that demonstrate how a common poly-
peptide fold can be used as a scaffold to catalyze a
wide variety of reactions (for reviews see [2, 3]). A
common feature of most CS mechanisms (outlined in
Fig. 4) is an intermediate with a negatively charged
oxygen atom (oxyanion). These intermediates include
enolates and �tetrahedral� intermediates involved in
hydrolysis and other reactions. Stabilization of oxy-
anion intermediates in enzyme catalysis was first
studied in detail with the serine (and cysteine)
proteases [21, 22]. The enolate and oxyanion tetrahe-
dral intermediates involved in the formation and
breakdown of acyl enzyme (ester) complexes in
catalysis by CS enzymes are stabilized in an OAH
formed in most, but not all, cases by two backbone
amide NH groups [11, 23] (Table 1, Figs. 5A and 6). In
some cases there is uncertainty as to which residues
form the OAH, in part due to the diversity of reactions
catalyzed by the CS, and in part due to the limited
number of substrate structures that are presently
available.
Some enzymes possessing classic serine protease folds
and catalytic triads are able to catalyze non-protease
reactions (see e.g., [24]). However, the OAH contain-
ing CS active sites likely support an even wider range
of reaction types than the serine proteases; indeed the
CS even contains some proteases (e.g., the Clp
proteases, Fig. 2) [3, 4].
A common mechanistic feature for all CS members
employing CoA thioester substrates is polarization of
the thioester carbonyl in the OAH. This polarization
enables formation of thioester enolates and aids in
decarboxylation reactions. The thioester enolates can
be formed by decarboxylation, deprotonation, frag-
mentation or addition (Figs. 2 and 4). The OAH is also
important in stabilizing oxyanion intermediates in the
CS members that do not employ CoA thioesters.
Apart from the OAH, no polar functional groups are
highly conserved in the CS active site. However,
general acid/base catalysis is commonly proposed to

be mediated by aspartyl or glutamyl residues (e.g., I, V,
IX, X, XI, XII, XIV, XVI) or histidyl or lysyl residues
(e.g., III, IV, VI, VIII) (Fig. 4). The CS may thus be an
example of how a common structural fold with limited
conserved polar active site features (e.g., an OAH)
can evolve into enzymes that catalyze very different
types of reaction with little apparent primary se-
quence similarity (often less than 20 %) [25]. In
support of the idea of a common platform on which
activities can be relatively easily evolved or inter-
changed, there is experimental evidence that some of
the reaction types catalyzed by CS members can be
interchanged, e.g., mutation of 4-CBD (V) to intro-
duce active site residues present in ECH (XI) results
in a 4-CBD (V) mutant with previously absent
hydratase activity [26] (see CoA-dependent CS mem-
bers and their mechanisms below).
Structures of all CS members crystallized in the
presence of a CoA substrate (or analogue) show the
active sites to be spatially similar with respect to
binding of the CoA portion of the substrate [19] . The
CoA portion of CS substrates is usually observed to
be bound in the extended binding pocket in a U-
shape, centered around the pyrophosphate group
(Fig. 5A). The substrates are bound at the interface
between monomers [2] , except for the structures
reported for MMCD (VI) and human mitochondrial
ECI (XIV) (both of which have the C-terminal self-
association fold and their substrate-binding sites are
completely defined within a single monomer) [10,
17] . Several CS structures [e.g. , 4-CBD (V), ECH
(XI) and DCI (XII)] bind substrates at the interface
between monomers within the same trimer, while
TC 12S (II) binds its substrate at the interface
between monomers in opposing trimers. Most CS
hexamers (dimer of trimers) are formed such that
the six active sites are at the outer faces of the
trimers, i.e. , directed away from the trimer–trimer
interface. However, the TC 12S hexamer (II) is
unusual because its six active sites are located at the
trimer–trimer interface [27].

CoA-dependent CS members and their mechanisms –
ECH (XI), ECI (XIV), DCI (XII), 4-CBD (V), DpgC
(I), MenB (IX), HCHL (XIII) and AUH (X)

Rat enoyl-CoA hydratase (ECH, XI)
Three crotonases are involved in the ubiquitous fatty
acid b-oxidation pathway: ECH (XI), ECI (XIV) and
DCI (XII) (Fig. 7). ECH (XI) catalyzes the reversible
syn-addition of a water molecule across the double
bond of a trans-2-enoyl-CoA (e.g. , crotonyl-CoA)
thioester to give a b-hydroxyacyl-CoA thioester [1, 28]
(Fig. 7). ECH (XI) catalysis is extremely efficient:

2512 R. B. Hamed et al. Crotonase superfamily – Structures and mechanisms
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when crotonyl-CoA is used as substrate, the reaction
rate is near the diffusion limit [29]. The stereoselec-
tivity of ECH (XI) catalysis varies: animal mitochon-
drial ECH (XI) forms (S)-3-hydroxyacyl-CoA [30],
whereas an ECH from Aeromonas caviae forms (R)-3-
hydroxyacyl-CoA [31]. ECH (XI) was the first CS
member for which a crystal structure was solved by
Engel and co-workers in 1996 [32]; the structure
rationalized previous kinetic and mutagenesis studies.
Two glutamyl residues (Glu144 and Glu164) are
essential for ECH (XI) catalysis [33, 34]. One
proposed mechanism for ECH (XI) involves conju-

gate addition of water with general acid/base catalysis
from Glu144 and Glu164 with polarization of the
thioester carbonyl group by the OAH (Fig. 4). Kinetic
studies coupled to crystallographic analyses support a
mechanism employing concerted syn addition of
water [35, 36].
ECH (XI) also has enoyl-CoA isomerase (ECI, XIV)
activity at approximately 1/5000 the level of its
hydratase activity. Independent mutation of Glu144
and Glu164 to alanyl residues decreased the level of
isomerase activity 10- and 1000-fold, respectively [37],
revealing that these residues are important in both the

Figure 5. (A) View of enoyl-CoA hydratase (ECH, XI) complexed with the substrate 4-dimethylaminocinnamoyl-CoA (DAC-CoA)
(PDB code: 1ey3) showing the OAH forming residues Ala98 and Gly141. Distances from the backbone NH to the substrate thioester
carbonyl are 2.88 � (Ala98) on right and 2.89 � (Gly141) on left. Note the characteristic �U-shaped� binding of the CoA adenosine
diphosphate group. (B) Superimposed monomers of ECH (red) and the proteolytic subunit of Clp (ClpP, turquoise) showing the conserved
location of OAH-forming residues: Ala 98 and Gly 141 for ECH (XI, PDB code 1dub) and Gly68 and Met98 for ClpP (XVII, PDB code
1tyf). Note the structural homology between the two monomers. Some residues have been removed for clarity. The figure was generated
using Pymol [130] and DaliLite [107].

Figure 6. Structure based sequence alignment of selected CS members (in the same order as that in Table 1). The OAH forming residues
are denoted by an asterisk. The alignment was prepared using the protein structure comparison service SSM [133] and the Genedoc
programme [134]. a-Helices (cylinders) and b-strands (arrows) at the bottom of the figure represent the assigned secondary structure of
CarB.

Cell. Mol. Life Sci. Vol. 65, 2008 Review Article 2515



hydratase and isomerase activities. For a review on
ECH, see Agnihotri and Liu [38].

D3,D2-Enoyl-CoA isomerase (ECI, XIV)
ECI (XIV) catalyzes isomerization of 3-cis- or 3-
trans-enoyl-CoA to 2-trans-enoyl-CoA, which, like
enoyl-CoA hydratase (ECH, XI), is an essential part
of the fatty acid b-oxidation pathway [39] (Fig. 7).
ECIs (XIV) can be grouped into three classes:
monofunctional mitochondrial, monofunctional per-
oxisomal and multifunctional enzymes [40]. ECIs
(XIV) accept a range of acyl-chain length substrates
but all need a C-3,C-4 unsaturated CoA thioester
substrate [41, 42] . The ECI (XIV) reaction involves
the abstraction of a proton at C-2, electron re-
distribution and then protonation at C-4. This
reaction is thermodynamically favorable as it con-
verts two isolated double bonds into an extended a,b-
unsaturated-conjugated system. The OAH probably
serves to increase the acidity of the C-2 proton to be
abstracted and stabilize the enolate intermediate
(Fig. 4). Unlike ECH (XI) [32], ECI (XIV) only
contains a single glutamyl residue (Glu158) in its
active site, which is proposed to both deprotonate at

C-2, and after electronic rearrangement, protonate at
C-4. The substrate is bound in a large hydrophobic
pocket around a buried tryptophan residue (Trp38)
thought to be involved in binding the acyl side chain
of the substrate [40] .

Dienoyl-CoA isomerase (DCI, XII)
DCI (XII) catalyzes the isomerization of 3,5-dienoyl-
CoA into 2,4-dienoyl-CoA [43]. The ability of DCI
(XII) to isomerize unsaturated fatty acids decreases
with increasing length of the fatty acid side chain [44].
Analogous to the ECI (XIV) mechanism, that pro-
posed for DCI (XII) (Fig. 4) involves initial proton
abstraction from C-2, to form an OAH-stabilized CoA
thioester enolate, followed by tautomerization
through the conjugated system and protonation at
C-6. A crystal structure of DCI (XII) revealed
similarities with the ECI (XIV) active site, including
the OAH [44].
Because of the extended conjugated system in the
unsaturated side chain of the substrate, in DCI (XII)
catalysis the enolate intermediate can potentially
react with a choice of protonation sites (on C-2, C-4
or C-6). Only three hydrophilic residues are present in
the hydrophobic active site pocket: Asp176, Glu196
and Asp204. Glu196 is proposed to be the C-2 proton
abstractor and Asp204 the C-6 proton donor. The
need for separate abstractors and donors in DCI
(XII), compared to ECI (XIV) where there is only one
(Glu158), presumably reflects the increased distance
between the abstraction and donation sites. Glu196 is
also hydrogen bonded to Asp176, and this interaction
may help Glu196 to achieve the appropriate pKa for
catalysis. Glu196 of DCI (XII) is similarly positioned
to the catalytically important Glu164 of ECH (XI) [33,
34].

4-Chlorobenzoyl-CoA dehalogenase (4-CBD, V)
4-CBD (V) catalyzes the nucleophilic aromatic sub-
stitution of 4-chlorobenzoyl-CoA to give 4-hydroxy-
benzoyl-CoA [45]. This reaction is part of the 4-
chlorobenzoate degradation pathway in Pseudomo-
nas species CBS3 that is proposed to have evolved in
response to the release of synthetic chlorinated
organic compounds into the environment [11]. The
4-CBD (V) reaction (Fig. 2) is an example of an
enzymatically catalyzed nucleophilic aromatic substi-
tution (SNAr) reaction that occurs in synthetic chemis-
try via an addition-elimination mechanism (Fig. 4).
The formation of the tetrahedral addition intermedi-
ate and activation of the H2O molecule that effects the
hydrolysis appears to have been decoupled into two
separate steps by 4-CBD (V) [46, 47]. Initial attack
onto the 4-chlorobenzoyl-CoA substrate is by a
suitably positioned aspartyl residue (Asp145), which

Figure 7. The fatty acid b-oxidation pathway showing the roles of
DCI (XII), ECI (XIV) and ECH (XI). Adapted from Fig. 1 of
Modis et al. [44].
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reacts to form a covalently linked ester intermediate
[11, 48]. Asp145 of 4-CBD (V) is analogous to Asp204
of DCI (XII) but these residues play different roles in
catalysis: Asp145 is a nucleophile and Asp204 is a
general acid/base. The OAH of 4-CBD (V) likely
assists in activating the substrate to attack by Asp145
and stabilizing the resultant thioester enolate inter-
mediate [11]. The intermediate can then collapse by
eliminating a chloride ion to give an aromatic ester
intermediate. Hydrolysis of the Asp145-4-hydroxy-
benzoyl-CoA ester intermediate is likely catalyzed by
the only charged residue in the vicinity, His90,
activating a water molecule [11]. This final hydrolysis
of the ester intermediate is rate limiting [46]. The
conjugated portion of the intermediates is proposed to
be stabilized by stacking interactions involving Phe64,
Trp89 and Trp137 [11].

3,5-Dihydroxyphenylglyoxylate synthase (DpgC, I)
DpgC (I) catalyzes the oxygen-dependent conversion
of 3,5-dihydroxyphenylacetyl-CoA (DPA-CoA) to
3,5-dihydroxyphenylglyoxylate (DPGx) [49, 50] and
is the first identified example of oxidation/reduction
chemistry catalyzed by the CS. In Actinomycetes,
DPGx is the penultimate intermediate in the biosyn-
thesis of 3,5-dihydroxyphenylglycine (DPG), an
amino acid in the nonribosomal production of the
vancomycin/teicoplanin family of glycopeptide anti-
biotics [49]. The C-terminal domain of DpgC (I)
possesses the CS fold [5]. DpgC (I) belongs to a small
class of dioxygenases that are not dependent on an
accessory cofactor or metal ion [49]. In synthetic
chemistry, conditions for the reaction of enolates with
dioxygen have been reported but such reactions are
not routinely used. The discovery of oxygenases with
neither a metal nor a cofactor raises the question of
how these enzymes activate oxygen. The crystal
structure of DpgC (I) in complex with a substrate
analogue suggests that it is the enzyme-bound sub-
strate itself that activates the oxygen molecule [5]. The
DpgC (I) reaction involves both the four-electron
oxidation of a benzylic carbon in DPA-CoA and the
cleavage of the thioester bond to generate free CoA
[50, 51]. The DpgC mechanism is proposed [5, 52] to
involve stereospecific a-deprotonation of substrate,
facilitated by an ordered water molecule, giving an
OAH-stabilized intermediate. Molecular oxygen
bound in a hydrophobic pocket and oriented by a
hydrogen bond from the backbone NH of Ile324 is
positioned to react with the enolate. Transfer of an
electron from the enolate to the triplet state oxygen
molecule is proposed to form a radical pair which can
then react in a spin-allowed C-O bond-forming
process to give a peroxide intermediate. The peroxide
intermediate then displaces the CoA thiolate via an

addition-elimination mechanism involving the OAH,
to give a 1,2-dioxetanone. The a-hydrogen of the 1,2-
dioxetanone undergoes deprotonation analogous to
that of the pro-(R)-hydrogen in substrate DPA-CoA,
and generates the DPGx product. The radical cation
intermediate is proposed to be stabilized by partial
deprotonation of the phenolic 3-OH group by Glu189.

1,4-Dihydroxy-2-naphthoyl-CoA synthase (MenB,
IX)
MenB (IX) catalyzes the production of 1,4-dihydroxy-
2-naphthoyl-CoA from O-succinylbenzoyl-CoA
[53–55], an example of an enzyme catalyzed Die-
ckmann (or intramolecular Claisen) reaction (Fig. 2).
MenB (IX) is involved in the biosynthesis of mena-
quinone (vitamin K2), the sole quinone in Mycobacte-
rium tuberculosis, a compound proposed to be essen-
tial for the survival of these bacteria. In humans,
vitamin K is a blood-clotting agent but must either be
ingested via the diet or produced by intestinal
bacteria. Menaquinone biosynthesis is therefore a
potential target for drugs to treat tuberculosis [20].
Crystallographic analyses reveal that MenB (IX) is
unusual as it is the only CS non-carboxyltransferase
whose C-terminal domain crosses the trimer-trimer
interface [19, 20] (see Biotin-independent CS decar-
boxylases below for CS carboxyltransferases). To date,
the MenB (IX) reaction is a rare example of intra-
molecular C-C bond formation within the CS (along
with CarB, XVI), although other members catalyze C-
C fragmentation. The MenB (IX) reaction is initiated
by deprotonation a to the thioester carbonyl, pro-
posed to be intramolecular via the substrate C-2
carboxylate with assistance from the side chain
carboxyl of Asp192 [20]. The resultant thioester
enolate, stabilized by the OAH, can then react with
a C-2 carboxylic acid to form a bicyclic structure via an
addition-elimination mechanism, in which Asp192
may act as a general acid/base catalyst. Tautomeriza-
tion of both ketones to form the extended unsaturated
naphthoate core is thermodynamically favorable.
Stereospecific retention of the pro-(3R)-proton sug-
gests that keto-enol tautomerization occurs on the
enzyme, possibly involving the participation of Tyr287
[20].

Hydroxycinnamoyl-CoA hydratase-lyase (HCHL,
XIII)
HCHL (XIII) catalyzes consecutive reactions that
convert the acyl-CoA thioester of ferulic acid [3-(4-
hydroxy-3-methoxy-phenyl)-prop-2-enoic acid] into
vanillin (4-hydroxy-3-methoxy-benzaldehyde) [56]
(Fig. 2). Vanillin is a commercially important alde-
hyde desired for its flavor and aroma, and is an
intermediate in the degradation of ferulic acid, a
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phenolic compound. The degradation of phenolic
compounds is environmentally and economically
important in the decay of wood and the disposal and
recycling of plant wastes [57]. The HCHL (XIII)
catalyzed reaction occurs in two steps: the first is a
conjugate addition of water to an a,b-unsaturated
CoA thioester similar to the enoyl-CoA hydratase
(ECH, XI) reaction; the second is a retro-aldol
elimination of acetyl-CoA to give vanillin (Fig. 4). A
crystal structure of HCHL (XIII) reveals structural
similarity to ECH (XI) [57]. In addition to an OAH,
the structure also revealed a water molecule at ~ 3.5 �
from the benzylic C-atom hydrogen bonded to the
carboxyl OH of Glu143 and the backbone NH of
Gly151 [57], suggesting these residues may be respon-
sible for activating a water molecule for the conjugate
addition. The proton source for keto-enol tautomeri-
zation is unknown but protonation and tautomeriza-
tion must precede the retro-aldol reaction which leads
to C-C fragmentation. Only Ser123 and Glu143 of the
active site residues are suitably positioned and of the
appropriate reactivity to assist in the retro-aldol
reaction [57].

RNA-binding protein adenine, uracil binding ECH
homologue (AUH, X)/3-methylglutaconyl-CoA
hydratase (MGCH)
3-Methylglutaconyl-CoA hydratase (MGCH) cata-
lyzes the syn-hydration of (E)-3-methylglutaconyl-
CoA to (3S)-hydroxymethylglutaryl-CoA, the fifth
step in leucine catabolism. MGCHs have been iso-
lated from Homo sapiens [58], Pseudomonas putida
[59] and from Acinetobacter sp. [60]. The human
MGCH is also known as AUH protein. AUH (X) is a
bifunctional protein that has two distinct activities:
binding to AU-rich elements of mRNA and ECH-like
activity [58, 61]. AUH deficiency in humans results in
the metabolic disease type I methylglutaconic aciduria
(MGA1), characterized by the excessive urinary
excretion of 3-methylglutaconic acid. MGA1 patients
have mutations within the human AUH-encoding
gene. These mutations result in reduced or no MGCH
activity [62, 63]. A fungal metabolic model of MGA1
demonstrated that leucine metabolites accumulating
in AUH-deficient strains are toxic [64]. Bacterial
MGCHs catalyze hydration of enoyl-CoAs despite
having only one glutamyl residue in their active sites
(Glu138 in case of MGCH from Pseudomonas puti-
da). This contrasts with the model for enoyl-CoA
hydratase (ECH, XI) catalysis as well as mammalian
MGCHs which, like ECH (XI), have two active site
glutamyl residues homologous to Glu144 and Glu164
in ECH (XI). 3-Methylglutaconyl-CoA substrate
analogues without a g-carboxylate act as competitive
inhibitors of bacterial MGCH from Pseudomonas

putida [59]. It is proposed that with bacterial MGCH,
the substrate carboxylate group effectively replaces
one of the active site glutamyl residues in the reactions
catalyzed by ECHs (XI) and the eukaryotic MGCHs
[59].

Biotin-independent CS decarboxylases – CarB (XVI),
MMCD (VI) and CurF (VIII)

(2S,5S)-Carboxymethylproline synthase (CarB, XVI)
CarB (XVI) catalyzes the production of (2S,5S)-
carboxymethylproline from (S)-glutamate semi-alde-
hyde and malonyl-CoA [6]. (2S,5S)-Carboxymethyl-
proline is an early stage intermediate in the biosyn-
thesis of carbapenem-3-carboxylate, the simplest of
the medicinally important carbapenem antibiotic
family. CarB (XVI) catalysis is unique to date within
the CS as it catalyzes three different types of reaction
within the same monomeric active site: malonyl/
methylmalonyl-CoA decarboxylation (EC 4.1.1.-),
carbon-carbon bond formation (EC 6.4.1.-) and thio-
ester hydrolysis (EC 3.1.2-). The mechanism of these
steps is proposed to proceed via decarboxylation of
malonyl-CoA to generate the canonical acyl-CoA
enolate, which reacts either with the ring-opened or
closed form of (S)-glutamate semi-aldehyde to give
the CoA ester of (2S,5S)-carboxymethylproline,
which undergoes subsequent hydrolysis. Condensa-
tion onto the closed ring is proposed to be more likely
at basic pH [7, 65]. If condensation onto the open
chain glutamate semi-aldehyde occurs, CarB (XVI)
will also catalyze a conjugate-addition type C-N bond
forming reaction (EC 6.3.4.-) [6, 7]. CarB (XVI)
contains the conserved OAH residues, which are
proposed to be involved in decarboxylation, ring
closure [if the reaction proceeds via the open form of
(S)-glutamate semi-aldehyde], and thioester hydrol-
ysis. The hydrolysis mechanism is unlikely to proceed
via an oxygen-linked anhydride as proposed for 4-
chlorobenzoate dehalogenase (V) [12] and 3-hydrox-
yisobutyryl-CoA hydrolase [66]. A homologue of
CarB (XVI), ThnE, is present in the biosynthetic gene
cluster for the C-2,C-6 functionalized carbapenem
thienamycin [67], suggesting that thienamycin biosyn-
thesis proceeds via a pathway related to that of
carbapenem-3-carboxylate.

Methylmalonyl-CoA decarboxylase (MMCD, VI)
MMCD (VI) catalyzes the decarboxylation of (S)-
methylmalonyl-CoA (MMCoA) to yield propionyl-
CoA [68] and provides a pathway for the decarbox-
ylation of succinate in E. coli [17]. Tyr140 of MMCD is
proposed to bind the carboxylate group of MMCoA
and assist in decarboxylation. An MMCD crystal
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structure reveals an OAH but no clear residue serving
as a proton donor to the a-carbon to generate
propionyl-CoA was identified [17].

ECH2 decarboxylase domain of CurF (CurF, VIII)
The N-terminal ECH2 domain of the multifunctional
protein CurF (CurF, VIII) from Lyngbya majuscula
catalyzes the decarboxylation of the 3-methylgluta-
conyl-acyl carrier protein (ACP) complex to give 3-
methylcrotonyl-ACP, a precursor of the cyclopropane
ring of curacin A [69]. Curacin A is a mixed polyke-
tide/non-ribosomal peptide having potent antimitotic
and antiproliferative activities [70]. CurF (VIII) is the
first CS member shown to act on ACP-linked sub-
strates. Putative ECH2-like decarboxylases are en-
coded within the 3-hydroxy-3-methylglutaryl-CoA
synthase cassettes present in gene clusters encoding
for the biosynthestic enzymes/proteins of a variety of
polyketides, e.g., bacillaene (PksI) [71, 72], virgin-
iamycin M (VirE) [73], myxovirescin A (TaY) [74],
mupirocin (MupK) [75], jamaicamide (JamJ) [76] and
pederin (PedI) [77].
The hydrophobic active site of CurF includes only
three polar side chains. Two of these, Lys86 and
His240, are crucial for catalytic activity, but Tyr82 was
shown to be nonessential by site-directed mutagenesis
[69]. His240 is proposed to orientate the substrate
carboxyl properly for fragmentation [69]. In CarB
(XVI), His229 is similarly positioned to His240 of
CurF (VIII), and is also proposed to bind to its
substrate carboxylate [12]. An analogous histidyl
residue does not exist in MMCD [17].

Carboxyltransferase subunit of biotin-dependent
carb ACHTUNGTRENNUNGoxylases – ACC CT (XV), Gcda (VII) and TC
12S (II)

The carboxyltransferase (CT) subunit of biotin-
dependent carboxylases (BDCs) contains two CS
folds [78] (Fig. 8 II, VII and XV). BDCs comprise
three components : a biotin carboxylase (BC), a
carboxyltransferase (CT) and a biotin carboxyl
carrier protein (BCCP), which contains the biotin
molecule covalently attached to the e-N of a lysyl
residue [79] . Class 1 BDCs require ATP, Mg2+ and
HCO3

� (e.g. , ACC CT, XV) to catalyze carboxyla-
tion of acyl enolates ; class 2 BDCs couple substrate
decarboxylation with sodium transport in anae-
robes (e.g. , Gcda, VII) ; and the class 3 BDC
(transcarboxylase from Propionibacterium sherma-
nii), is a multienzyme complex that couples two
carboxylation reactions, transferring a carboxylate
from MMCoA to pyruvate, yielding propionyl-CoA
and oxaloacetate [27, 80–82].

The carboxyltransferase domain of acyl-CoA
carboxylases (ACC CT, XV)
Acetyl-CoA carboxylase (ACC) and propionyl-CoA
carboxylase (PCC) catalyze the carboxylation of
acetyl-CoA and propionyl-CoA to generate malon-
yl-CoA and methylmalonyl-CoA (MMCoA) respec-
tively. ACC and PCC are examples of class 1 BDCs.
Crystal structures of A/PCC CT subunits have been
determined from bacteria and eukaryotes: the hex-
americ CT of propionyl-CoA carboxylase from Strep-
tomyces coelicolor [16], the hexameric CT of acyl-
CoA carboxylase from Mycobacterium tuberculosis
(MtAccD5) [83], the dimeric CT of ACC from
Saccharomyces cerevisiae (yeast-CT, XV) [15] and
the tetrameric (dimer of dimers) CTs from Staph-
ylococcus aureus and E. coli [14]. Eukaryotic ACCs
are multifunctional enzymes which contain all three
BDC components in one polypeptide [84]. In contrast,
three different subunits (BC, BCCP, and CT) make up
the E. coli ACC [84]. In actinomycetes and Mycobac-
terium tuberculosis, ACC consists of two polypeptides:
an a-subunit containing the BC and BCCP domains
and a b-subunit corresponding to the CT domain [85].
The ACC reaction involves two stages : firstly, BC
catalyzes the transfer of the carboxyl group to biotin
forming carboxybiotin. Secondly, the CT catalyzes
the transcarboxylation between carboxybiotin and
acetyl/propionyl-CoA to form malonyl/methylma-
lonyl-CoA. The carboxylation of acetyl/propionyl-
CoA is proposed to proceed via binding of the CO2-
biotin to one of the two CS fold domains in a CT
monomer. Polarization of the ureido carbonyl of
CO2-biotin by an OAH (formed by Gly182 and
Gly183 in case of PCC from Streptomyces coelicolor)
is proposed to induce loss of CO2. Deprotonation of
the a-carbon of acetyl/propionyl-CoA (by an active
site base, proposed to be a cysteinyl residue in E. coli
CT [79] or by the biotin N1 atom in yeast ACC CT
(XV) [15] and PCC from S. coelicolor [16]) results in
formation of an enolate stabilized by the OAH (in an
adjacent CT monomer, formed by Gly419�-Ala420�
in the case of PCC from S. coelicolor). The attack of
the enolate on CO2 generates malonyl- or methyl-
malonyl-CoA. The role of OAHs from different CT
monomers in ACC catalysis exemplifies the impor-
tance of interactions between monomers for at least
one of the CS.

The carboxyltransferase subunit of glutaconyl-CoA
decarboxylase (Gcda, VII)
The glutaconyl-CoA decarboxylase (Gcda, VII) is a
class 2 BDC that is a sodium ion pump protein. The
energy released by the exothermic decarboxylation of
glutaconyl-CoA to give crotonyl-CoA is proposed to
drive ion transport from the cytoplasm into the
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Figure 8. Overall folds of the monomers of the 20 enzymes considered in this review in the same order as in Table 1. For each structure, the
assigned abbreviated name is shown and the PDB code given. For II, VII and XV, only the N-terminal of the two CS fold containing
domains is shown. For XVII-XX, only the CS fold region of the monomer is shown. The cartoon representations are colored red for helices,
khaki for sheets and lightblue for loops. For the full name of each enzyme and the corresponding reference, see Table 1. Some N- or C-
terminal labels cannot be seen because of the orientation of the monomers. Figures were generated using Molscript [131] and Raster3D
[132].
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periplasm [13]. The crystal structure of Gcda (VII)
from Acidaminococcus fermentans bound to gluta-
conyl-CoA reveals Gcda (VII) as a dimer with each
monomer consisting of two CS fold domains [13].
Polarization of the thioester carbonyl of glutaconyl-
CoA by one OAH, located in the N-terminal domain
of one monomer, induces decarboxylation and dien-
olate formation. Direct transfer of the N1-proton of
biotin, bound to the C-terminal domain of the other
monomer, to the dienolate generates crotonyl-CoA.
The resultant biotin anion attacks the CO2 and
generates N1-carboxybiotin [13, 86].

Transcarboxylase 12S (TC 12S, II)
The class 3 BDC transcarboxylase structure comprises
three subunits: 12S, 5S and 1.3S. The monomer of the
hexameric 12S consists of two CS fold domains (TC
12S, II). However, only the N-terminal domain of each
12S monomer binds ligand [27]. The overall TC
transcarboxylation reaction consists of two stages
[87–89]. In the first stage, 12S catalyzes carboxylate
transfer from MMCoA to biotin attached to the 1.3S
subunit. The second stage, catalyzed by the 5S domain
(which is not a CS member), transfers the carboxylate
from the 1.3S-biotin complex onto pyruvate.
In the 12S catalyzed first stage, it is proposed (on the
basis of crystallographic analysis) that the thioester
carbonyl group of MMCoA is polarized by a CS OAH
formed by the back-bone nitrogen of Ala143 and,
unusually, a water molecule that is hydrogen-bonded
to the nitrogen of Ala183 and the carbonyl group of
Ala180 [27]. If correct, this represents a highly
unusual type of OAH. The MMCoA carboxylate is
positioned to form hydrogen bonds to the backbone
NHs of Gly182 (from one monomer) and Gly414�
(from another monomer in the opposing trimer) as
well as two water molecules. The mechanism of
decarboxylation and carboxyl transfer to the 1.3S
domain is unclear [27, 90].

CoA-independent CS members – 6-OCH (IV),
ABDH (III), ClpP (XVII), D1CTPase (XVIII), IRBP
(XIX) and Tricorn (XX)

The CS fold, sometimes with insertions or deletions, is
also found in enzymes that do not employ CoA
derivatives as substrates. Some of these enzymes
contain an OAH homologous to those of the CoA
substrate dependent CS members.

Monofunctional diketone hydrolases – 6-OCH (IV),
ABDH (III)

6-Oxocamphor hydrolase (6-OCH, IV)
Camphor is a monoterpenoid of medicinal and
commercial importance. 6-OCH (IV) catalyzes hy-
drolysis of the diketone 6-oxocamphor to a-campho-
linic acid, during camphor metabolism in Rhodococ-
cus sp. NCIMB 9784. The 6-OCH (IV) reaction
(Fig. 2) is stereospecific for reaction at the pro-(S)-
carbon producing (4S)-, but not (4R)-, substituted
products [91]. Camphor metabolism in Rhodococcus
sp. first involves hydroxylation, catalyzed by a cyto-
chrome p450 enzyme, followed by oxidation catalyzed
by an alcohol dehydrogenase prior to the 6-OCH (IV)
reaction [91]. The retro-Dieckmann condensation
catalyzed by 6-OCH (IV) has a stereoselectivity of
6:1 in favor of (2R,4S)-a-campholinic acid [over
(2S,4S)-] [92]. Other diketones can be hydrolyzed by
6-OCH (IV) including six-membered diketone rings
bridged by two and three atom bridges, and a non-
bridged cyclic diketone [93]. Unlike most CS mem-
bers, 6-OCH (IV) does not employ a CoA thioester
substrate nor possess an obvious OAH [94]. The first
step in the reaction is proposed to be attack on the pro-
(S)-carbonyl by a water molecule activated by His145
in conjunction with other residues [94, 95]. The
resulting tetrahedral intermediate undergoes C-C
fragmentation forming a carboxylic acid and an
enolate anion. The enolate anion is proposed to be
stabilized by hydrogen bonding interactions with
either or both of the side chains of His121 or Trp40
[95]. The enolate derived from 6-oxocamphor can
then protonate preferentially on the face opposite to
the carboxylic acid to produce the less stable (2S,4S)-
trans product, which tautomerizes upon release from
the active site to yield the observed 6:1 (2R:2S) ratio
[93, 95].

Anabaena b-diketone hydrolase (ABDH, III)
ABDH (III) catalyzes the hydrolysis of bicy-
cle[2.2.2]octane-2,6-dione to (S)-3-[oxocyclohexyl]-
acetic acid [96] (Fig. 2). b-Diketones occur in the
microbial metabolism of aromatics [97]. ABDH (III)
catalyzes the same CoA-independent retro-Die-
ckmann condensation type reaction as 6-oxocamphor
hydrolase (6-OCH, IV), but is reported to have a more
limited range of substrates and a lower efficiency [96].
Like 6-OCH (IV), the first step of the ABDH (III)
desymmetrization reaction is histidyl (His144) acti-
vated attack of a water onto the pro-(S)-carbonyl
group to form a tetrahedral intermediate [96]. The
tetrahedral intermediate formed is proposed to be
stabilized by hydrogen bonding interactions with the
side chain of His121, possibly as in 6-OCH (IV).
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Active site differences may account for the difference
in activity between 6-OCH (IV) and ABDH (III);
Trp40 is proposed to stabilize the enolate formed and
assist substrate orientation in the active site of 6-OCH
(IV) but is substituted by Phe38 in ABDH (III), and
Phe82, thought to be involved in stereocontrol in 6-
OCH (IV), is substituted by Leu80 in ABDH (III)
[96].

Other CoA independent enzymes/carrier proteins
having the CS fold as part of their overall structure –
ClpP (XVII), D1CTPase (XVIII), IRBP (XIX) and
the Tricorn protease (XX)1

The proteolytic subunit of caseinolytic protease
(ClpP, XVII)
Caseinolytic proteases (Clp) are ubiquitous and
involved in various cellular activities, including deg-
radation of misfolded proteins, regulation of short-
lived proteins, and the housekeeping removal of
dysfunctional proteins [98–103]. Clp is implicated in
the control of cell growth and the regulation of
virulence genes in the pathogens Listeria monocyto-
genes and Salmonella typhimurium [104–106].
Clp has a serine protease component, ClpP (XVII),
and an ATPase component, ClpA (or ClpX in E. coli)
[3, 4]. Superimposition of the monomers of ClpP
(XVII) and enoyl-CoA hydratase (XI) gives a root
mean square deviation (RMSD) (Ca atoms) of 2.3 �
across 137 aligned residues [107] and reveals con-
servation of the location of the OAH forming residues
(Fig. 5B).
Crystal structures of ClpPs from four species have
been reported: from E. coli (XVII) [108], Homo
sapiens [109], Streptococcus pneumoniae [110] and
Mycobacterium tuberculosis [111]. In addition, the
structure of the Plasmodium falciparum ClpP has
been deposited in the Protein Data Bank (PDB)
(PDB code 2f6i).
The E. coli ClpP (XVII) is a tetradecamer comprising
two heptamers stacked on top of each other forming a
central cavity. The ClpP (XVII) monomer, which does
not have the helical C-terminal subdomain observed
in other CS members, binds to an adjacent monomer
using a protruding a/b unit [108]. Inside the proteo-
lytic chamber, each monomer contributes an active
site catalytic triad (Ser97, His122 and Asp171). The
side chain of Ser97 points towards the OAH defined
by the amido groups of the conserved Gly68 and
Met98. Substrates are unfolded with the aid of the

associated ClpA and translocated through a channel
into the proteolytic cavity of ClpP [112, 113]. The
ATPase component acts as a molecular chaperone
that can catalyze the unfolding of stable proteins
[114].

Photosystem II D1 C-terminal processing protease
(D1 CTPase, XVIII)
The photosystem II D1 C-terminal processing pro-
tease (D1 CTPase, XVIII), a serine protease, is
involved in the continual renewal of the photosystem
II D1 protein. The D1 CTPase (XVIII) catalyzes C-
terminal proteolysis to give a functional D1 protein
[115]. The D1 CTPase (XVIII) from Scenedesmus
obliquus is monomeric and comprises three domains:
(a) a helix bundle, (b) a PDZ-like domain [116] and (c)
a catalytic domain. Domain C has a CS fold. The active
site lies at the interface of the three domains. Domain
B is proposed to be the site at which the D1 C-
terminus binds. The remainder of the substrate is
proposed to extend across the face of the D1 CTPase
(XVIII), interacting at its scissile bond with a Ser372/
Lys397 catalytic dyad in domain C. The active site is at
the interface of the three domains [117]. Superimpo-
sition of the monomers of D1 CTPase (XVIII) and
enoyl-CoA hydratase (XI) gives a RMSD (Ca atoms)
of 2.7 � across 132 residues [107] and reveals con-
servation of the OAH (Gly 318 and Ala 373 for D1
CTPase, XVIII).

Functional unit of interphotoreceptor retinoid
binding protein (IRBP, XIX)
The interphotoreceptor retinoid binding protein
(IRBP, XIX) is critical to the function, integrity and
development of the vertebrate retina. The molecular
role of IRBP (XIX) is uncertain, but it is proposed to
protect 11-cis-retinal and all trans-retinol from iso-
meric and oxidative degradation, while facilitating
their exchange between the photoreceptors and
retinal-pigmented epithelium [118].
Mammalian, avian, and amphibian IRBPs consist of
four functional units or modules. X2IRBP (module 2
of Xenopus laevis IRBP, XIX) is monomeric and
consists of two domains separated by a hydrophobic
ligand-binding site. The N-terminal domain forms a
three-helix bundle followed by a small b-strand. The
C-terminal domain has a CS fold with six b-strands
surrounded by five a-helices [118] {RMSD of CS fold
containing domain of IRBP (XIX) and ECH (XI) over
134 residues: 3.6 � [107]}. Neither the ligand-binding
site nor the OAH of X2IRBP has been identified
[118]. The role of the CS fold in IRBP (XIX) is
unknown.1 The relationship of the four proteins described in this section to

the rest of the CS has not been extensively discussed. Structural
alignments with ECH (XI) were carried out.
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Tricorn protease (Tricorn, XX)
The tricorn serine protease (XX), from Thermoplas-
ma acidophilum, is hexameric and can assemble into a
giant icosahedral capsid proposed to serve as the
organizing center of a multi-proteolytic complex
[119]. The tricorn protease (XX) acts downstream of
the proteasome to convert peptides generated by the
proteasome into free amino acids [120]. The tricorn
protease monomer has five domains, two open b-
propeller structures of six and seven blades (Met39–-
Asp310 and Ala326–Lys675), a helical bundle
(Val679–Ser745, C1), a PDZ domain [116] (Ar-
g761–Asp855) and CS fold domain (Arg856–Asn1061,
C2) [121] {RMSD of CS fold containing domain of
tricorn (XX) and ECH (XI) over 102 residues: 3.2 �
[107]}. The OAH is formed by the backbone NHs of
Gly918 and Asp966.
As for the other CS proteases, the mechanism of the
tricorn protease (XX) is proposed to be analogous to
that of the serine proteases (Fig. 4) with Ser965 and
His746 acting as a catalytic dyad [121].

Other CS members of interest for which structures
have not been reported

2-Ketocyclohexanecarboxyl-CoA hydrolase, BadI
2-Ketocyclohexanecarboxyl-CoA (BadI) hydrolase
catalyzes a reaction in the pathway for anaerobic
degradation of benzoate in Rhodopseudomonas pal-
ustris. BadI catalyzes a retro-Dieckmann cyclization in
which (2S)-ketocyclohexanecarboxyl-CoA is hydro-
lyzed to pimelyl-CoA (Figs. 2 and 4) and, in mecha-
nistic terms, is similar to MenB (IX) [122].

Benzoyl-CoA-dihydrodiol lyase, BoxC
Benzoyl-CoA-dihydrodiol lyase (BoxC) catalyzes the
ring cleavage of 2,3-dihydro-2,3-dihydroxybenzoyl-
CoA into 3,4-dehydroadipyl-CoA semialdehyde
(Figs. 2 and 4). Purified BoxC does not require
divalent metals, molecular oxygen or any cosubstrates
or coenzymes for activity. The BoxC reaction is part of
a widely distributed process of aerobic aromatic
metabolism in which the intermediates are coenzyme
A thioesters and the ring-cleavage reactions do not
require molecular oxygen [123].

Crotonobetainyl-CoA hydratase, CaiD
The reversible biotransformation of crotonobetaine
to l-carnitine in E. coli proceeds via two steps: the
hydration of crotonobetainyl-CoA to l-carnitinyl-
CoA catalyzed by CS member CaiD (Fig. 2), followed
by a CoA transfer from l-carnitinyl-CoA to crotono-
betaine, catalyzed by crotonobetainyl-CoA: carnitine
CoA-transferase (CaiB). CaiD can also hydrate

crotonyl-CoA at a slower rate than crotonobetainyl-
CoA but cannot hydrate crotonobetaine [124].

3-Hydroxyisobutyryl-CoA hydrolase
The mitochondrial enzyme 3-hydroxyisobutyryl-CoA
(HIB-CoA) hydrolase (3-hydroxy-2-methylpropano-
yl-CoA hydrolase, EC 3.1.2.4) catalyzes the hydrolysis
of (S)-HIB-CoA, an intermediate in the pathway of
valine catabolism. Hydrolysis of HIB-CoA (Fig. 2)
may be an important strategy to protect cells against
toxic effects of methacrylyl-CoA, an intermediate in
the valine pathway occurring immediately upstream
of HIB-CoA, which is an alkylating agent [125 – 127].

Conclusions

In recent years, significant advances have been made
in defining the structures of many CS proteins. For
some members, including the enoyl-CoA hydratases
and isomerases, detailed mechanistic proposals are
being developed. To develop a better understanding
of catalysis and how selectivity is achieved by the CS,
further information is required in particular on the
structures of enzyme substrate/intermediate com-
plexes, on the conformational changes during catalysis
and on the precise mechanism of the deprotonation/
protonation steps.
Given that CS enzymes can catalyze formation of ring-
structures, carbon-carbon and carbon-heteroatom
bonds, they would seem to have significant potential
in biocatalysis/fermentation procedures for the pro-
duction of valuable chemicals. The highly conserved
nature of the OAH together with the �modular�
oligomerization structure of the CS suggests that
they may be amenable to productive variation,
possibly involving directed evolution or combinatorial
approaches, e.g., involving domain swapping, to gen-
erate new activities. Most of the classic CS enzymes
[e.g., ECH (XI), ECI (XIV) and DCI (XII)] appear to
have a limited number of polar residues in their active
sites. Thus, rational active site modifications, e.g., to
modify an a,b-hydratase to give a b,g-hydratase or to
alter the stereoselectivity of hydration may be possi-
ble.
To date, the limited number of reported mutagenesis
studies on the CS have been focused on mechanistic
studies, for example to trap intermediates/products
for crystallographic analyses [11, 95]. Mutagenesis has
also been used to modify ECI (XIV) [128] and 4-CBD
(V) [26] such that they catalyze a hydratase [i.e. , ECH
(XI)] reaction, demonstrating the viability of muta-
genesis to obtain alternative function. The use of non
coenzyme A substrate utilizing CS enzymes in bio-
catalysis has already been pioneered by Grogan et al.
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[92] who employed 6-OCH (IV) for the desymmetri-
zation of a number of bicyclic prochiral b-dike-
tones. 6-OCH (IV) displayed good stereoselectivity
and provided methodology for the preparation of
useful chiral intermediates.
The closely related and often conserved structural
features of CS members allied to the range of
reactions that they catalyze suggests there may be an
exciting future for the CS, particularly in catalyzing
commercially important reactions.
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