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ABSTRACT: The gene alr4455 from the well-studied cyanobacteriumAnabaenasp. PCC 7120 encodes a
crotonase orthologue that displaysâ-diketone hydrolase activity.Anabaenaâ-diketone hydrolase (ABDH),
in common with 6-oxocamphor hydrolase (OCH) fromRhodococcussp. NCIMB 9784, catalyzes the
desymmetrization of bicyclo[2.2.2]octane-2,6-dione to yield [(S)-3-oxocyclohexyl]acetic acid, a reaction
unusual among the crotonase superfamily as the substrate is not an acyl-CoA thioester. The structure of
ABDH has been determined to a resolution of 1.5 Å in both native and ligand-bound forms. ABDH
forms a hexamer similar to OCH and features one active site per enzyme monomer. The arrangement of
side chains in the active site indicates that while the catalytic chemistry may be conserved in OCH
orthologues, the structural determinants of substrate specificity are different. In the active site of ligand-
bound forms that had been cocrystallized with the bicyclic diketone substrate bicyclo[2.2.2]octane-2,6-
dione was found the product of the asymmetric enzymatic retro-Claisen reaction [(S)-3-oxocyclohexyl]acetic
acid. The structures of ABDH in both native and ligand-bound forms reveal further details about structural
variation and modes of coenzyme A-independent activity within the crotonases and provide further evidence
of a wider suprafamily of enzymes that have recruited the crotonase fold for the catalysis of reactions
other than those regularly attributed to canonical superfamily members.

The crotonase superfamily is a group of low sequence
identity (typically<25%) proteins that catalyzes a wide range
of different chemical reactions (1). The proteins exist, at one
or other level of structural organization, as trimers or dimers
of trimers, and despite the low sequence similarity, the
overall fold of the monomer is well conserved between
superfamily members (2). One key common feature of
reactions catalyzed by crotonase superfamily members is the
stabilization of enolate intermediates as part of the putative
reaction coordinate (1). The enolate is stabilized by an
oxyanion hole formed by the peptidic NHs of two residues
and is conserved throughout the majority of known croto-
nases for which the structure has been determined. This
conservation of intermediate stabilization facilitates the
catalysis of, among others, the asymmetric hydration of
carbon-carbon double bonds (by enoyl-CoA hydratase
“crotonase”) (3), the dehalogenation of chlorobenzene de-
rivatives (4-chlorobenzoyl-CoA dehalogenase) (4), and the
condensation of acetyl-coenzyme A (AcCoA) and glutamate
semialdehyde to give (2S,5S)-carboxymethylproline in the
biosynthesis of carbapenems (5). In all of these reactions,

the substrate is an acyl-coenzyme A thioester derived from
a carboxylic acid substrate via the action of a substrate-
specific coenzyme A ligase. The varied and unexpected
variety of chemical catalysis by crotonase superfamily
members has had serious implications for the annotations
of emerging genome sequences, as the function of these
enzymes is difficult to predict from either sequence or
genomic context alone (6).

As part of a study into novel enzyme-catalyzed desym-
metrization processes, our attention had been drawn to the
identification, by metabolite extraction and analysis, of a
â-diketone hydrolase fromRhodococcusNCIMB 9784 that
was able to catalyze the transformation, by apparent retro-
Claisen reaction, of the bicyclic diketone 6-oxocamphor (1)
to R-campholinic acid (2) (Figure 1) (7). In addition to
studying the application of this enzyme as a preparative
biocatalyst for the formation of chiral cyclic ketoacids, we
isolated the enzyme, which we named 6-oxocamphor hy-
drolase (OCH),1 and cloned and expressed inEscherichia
coli the gene that encodes its activity (8). Gene sequencing
revealed OCH to be a member of the crotonase superfamily
but the first described for which the substrate was not an
acyl-CoA thioester. The structure of OCH (9), and of a low
kcat/low KM mutant that had the reaction product bound at
the active site (10), confirmed the similarity of OCH to
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previously known crotonase structures and revealed molec-
ular determinants of reactivity and selectivity that included
both stabilization of an intermediate enolate in a noncanonical
oxyanion hole for crotonases and a molecular basis for
prochiral selectivity in the enzyme. This observation led us
to suggest that OCH and related enzymes may form part of
a wider crotonasesuprafamily, in which the crotonase fold
had been recruited for the catalysis of reactions with different
mechanistic attributes to known crotonase enzymes (10).

While sequence-related variants of enoyl-CoA hydratase
(crotonase) are abundant in sequenced genomes, there were,
at the outset of this study, very few examples that suggested
that the coenzyme A-independent crotonases displaying the
retro-Claisenase activity of OCH were widely distributed.
However, repeated BLAST searches of the SwissProt
database revealed the presence of two closely sequence-
related orthologues of OCH, encoded in the genomes of the
cyanobacteriaAnabaenaPCC 7120 (11) and Gloeobacter
Violaceous PCC 7421 (12). The putative orthologue in
Anabaena, corresponding to open reading frame alr4455
shared 46% sequence identity with OCH. Crucially, each of
the acid-base residues that had been identified as perhaps
having catalytic roles in OCH were conserved (His45,
His122, His145, Asp154, and Glu243), and also the motif,
largely conserved in crotonase enzymes, that contains one
of the residues responsible for forming the oxyanion hole
for stabilization of acyl-CoA thioesters (GGG or GAG),
replaced in OCH by N(121)HP, was replaced in ABDH by
L(120)HS (Figure 2). Examples of open reading frames that
would encode equivalent putative active site residues have
since been identified in the as-yet-incomplete genomes of
Xanthobacterstrain Py2 (Q26KU7), Frankia EAN1pec
(Q3W561), andMesorhizobiumsp. BNC1 (Q3WQH2)
species (www. pedant.de).

The hydrolytic cleavage of carbon-carbon bonds contin-
ues to be a subject of substantial contemporary interest, as
many of these processes have been demonstrated to have a
crucial role in the biodegradation of aromatic compounds in
the environment. C-C bond hydrolase activity had been
identified in early microbiological studies of pathways in
the degradation of gentisate, for example [fumarylpyruvate
hydrolase (13, 14), maleylpyruvate hydrolase (13)], and
contemporary analytical and structural methods have allowed
the dissection of the mechanism of a class ofR,â-hydrolases
active in the catabolism of phenylpropionate [2-hydroxy-6-
ketonona-2,4-diene-1,9-dioic acid 5,6-hydrolase, MhPC (15)]
and biphenyl [2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic
acid hydrolase, BphD (16)]. The enzymatic cleavage of C-C
bonds in â-diketones thus has growing significance for
various aspects of bioremediation, biocatalysis, and mam-
malian physiology, and the mechanisms by which this

particular cleavage is achieved are surprisingly diverse (17),
ranging from metal-assisted hydrolytic processes (18) to
those catalyzed by dioxygenases (19). As crotonases related
to OCH were rare, and we were interested in discovering
new activities that may have complementary selectivities to
RhodococcusOCH, we obtained the genomic DNA for
Anabaenaand cloned and expressed the gene encoding the
AnabaenaOCH orthologue, and we present herein our
studies of the enzyme, which we have termedAnabaena
â-diketone hydrolase (ABDH). We have found that ABDH
from Anabaena does indeed catalyze the same retro-
Claisenase reaction on a natural substrate analogue [bicyclo-
[2.2.2]octane-2,6-dione (3), Figure 3] as OCH, but to a lesser
degree, and the structure of the active site of the enzyme in
complex with the product [[(S)-3-oxocyclohexyl]acetic acid
(4)] reveals structural explanations for the observed activity.

EXPERIMENTAL PROCEDURES

Chemicals.Chemical reagents were purchased from Sigma
and Aldrich. PCR primers were purchased from MWG
Biotech. Restriction enzymes and corresponding buffers were
purchased from New England Biolabs (NEB). LIC qualified
T4 DNA polymerase (T4 pol) and KOD Hot Start DNA
polymerase (KOD) were from Novagen; Pfu Turbo Cx Hot
Start was from Stratagene.E. coli strains BL21-Gold (DE3)
and XL-1 Blue were purchased from Stratagene and all others
from Novagen. DNA purification kits were purchased from
Qiagen. dNTPs were purchased from Bioline, and protein
purification columns were from Amersham Life Sciences.

Gene Cloning, Expression, and Isolation of ABDH.The
genomic DNA fromAnabaenaPCC 7120 was a generous
gift from Professor Satoshi Tabata of the Kazusa DNA
Institute, Chiba, Japan. The gene encoding the putative
â-diketone hydrolase fromAnabaenaPCC 7120 was ampli-
fied by PCR using the primers (forward) CACCACCAC-
CACATGATCTTGAATCAACCTGAATATTTCACC and
(reverse) GAGGAGAAGGCGCGTTATTAAGTATTGCG-
GAGATCG and was designed for insertion into the pETYS-
BLIC vector (20). PCR reagents and conditions were as
follows: template DNA (50 ngµL-1), 0.5 µL; forward
primer, 0.4µM; reverse primer, 0.4µM; 25 mM MgSO4, 2
µL; 2 mM dNTP mix, 5µL; KOD buffer, 5 µL; KOD, 1
µL; and sterile deionized water to a final volume of 50µL.
Following cleanup of the PCR product, a ligation-indepen-
dent protocol, detailed in ref20, was used to clone the gene
into plasmid pETYSBLIC, to create plasmid PL001, which
would encode the protein of interest fused to a N-terminal
hexahistidine tag. Sequencing confirmed the identity of the
insert as alr4455. Soluble expression of the gene was
achieved by inoculating a single colony into a 5 mLstarter
culture of Luria-Bertani broth and growing overnight at 37
°C. Fifty microliters of this starter was used to inoculate 500
mL of LB broth in a 2 L baffled Erlenmeyer flask. This
culture was grown 37°C in an orbital shaker at 150 rpm to
an optical density (A500) of 0.5, and 1 mM isopropyl
thiogalactopyranoside (IPTG) was added to induce expres-
sion. The culture was then grown overnight at 16°C, after
which the cells were harvested by centrifugation. The
combined cell pellets of four 0.5 L cultures were suspended
in 100 mL of 50 mM HEPES buffer, pH 7.5, containing 20
µM phenylmethanesulfonyl fluoride and 300 mM sodium
chloride (henceforth referred to as “the buffer”). The cell

FIGURE 1: Desymmetrization by retro-Claisen reaction of 6-oxo-
camphor (1) to (2R,4S)-R-campholinic acid (2) by OCH from
Rhodococcussp. NCIMB 9784.
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suspension was subjected to sonication using three 30 s bursts
with 1 min intervals. After disruption, the suspension was
centrifuged and the supernantant filtered through a 0.2µm
filter (Amicon) in preparation for chromatography by FPLC.
The filtered supernatant was loaded onto a nickel affinity
HiTRAP agarose column and eluted using a gradient of 0-1
M imidazole in buffer. ABDH eluted in a large peak at a
concentration of approximately 700 mM imidazole. Pooled
fractions containing ABDH as confirmed by SDS-PAGE
were then applied in 5 mL aliquots to an S200 16/60
Sephadex column (Pharmacia) and eluted with the buffer.
Recovered ABDH was maintained at concentration of 1 mg
mL-1 as determined byA280 ultraviolet spectrophotometry
measurements using a Biophotometer (Eppendorf) and cor-
rected using a theoretical molar extinction coefficient of
42400 mol-1 dm3 cm-1 as calculated using the EXPASY
molecular biology server (http://ca.expasy.org/).

Enzyme Assays.The retro-Claisenase activity of OCH and
ABDH was quantified using bicyclo[2.2.2]octane-2,6-dione
as substrate, which was synthesized as described previously
(7). Typically, a solution of the substrate at the required
concentration was made up in 50 mM HEPES buffer, pH
7.0, and to this was added enzyme from a concentrated
solution to a final concentration of∼0.1 mg mL-1. The
disappearance of substrate was monitored spectrophotometri-
cally at 285 nm, using a molecular extinction coefficient for
the substrate of 122.5 mol-1 dm3 cm-1. Kinetic parameters
were determined from the results of experiments using
substrate concentrations of 0.1, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5,
3.0, 4.0, 5.0, 7.5, and 10 mmol dm-3.

Biotransformations of bicyclo[2.2.2]octane-2,6-dione were
performed as described previously, for both OCH and ABDH
(7). When reactions were complete, as determined by the

apparent disappearance of substrate by TLC, the mixture was
acidified to pH 4, and the mixture was extracted with ethyl
acetate. The organic fraction was dried using anhydrous
magnesium sulfate, and after the solvent was removed, the
crude keto acid products were converted to their methyl esters
using TMS-diazomethane (21). A racemic standard of the
appropriate methyl ester was prepared by methanolysis of
the substrate using the procedure described previously (7).
Chiral GC analysis of the methyl ester products was
performed on an Agilent 6890 gas chromatograph fitted with
an Agilent Cyclosil B column (inlet temperature 250°C,
detector temperature 320°C); a gradient of 100-200 °C at
a rate of 3°C min-1 was used to separate the enantiomers
of (3-oxocyclohexyl)acetic acid methyl ester which eluted
at 24.3 (R) and 24.5 (S) min.

Crystallization. Initial crystallization conditions were
obtained from the “clear strategy screen” (22) using the
sitting drop method of vapor diffusion with 150 nL of protein
plus 150 nL of precipitant solution drops in a 96-well plate
using a Mosquito liquid handling robot. Scale-up of suc-
cessful conditions was effected using 1µL plus 1µL hanging
drops in a 24-well Linbro dish. ABDH solution used
routinely for crystallization was at a concentration of 10 mg
mL-1 in the buffer. The conditions and solutions for
cryogenic protection for the three structures presented in this
report were as follows: for ABDH native, 100 mM MES,
pH 5.5, 15% (w/v) PEG 4000, and 0.8 mol dm-3 sodium
formate (crystals were frozen in a cryoprotectant solution
of the same components plus 15% hexanetriol); for ABDH
complexed with [(S)-3-oxocyclohexyl]acetic acid, 100 mM
bis-tris propane, pH 7.5, 20% (w/v) PEG 3350, 0.2 mol dm-3

sodium malonate, and 10 mM bicyclo[2.2.2]octane-2,6-dione
[crystals were frozen in a cryoprotectant solution of the same
components plus 20% (v/v) hexanetriol].

Data Collection.Data were collected at the European
Synchrotron Radiation Facility (ESRF), Grenoble, France,
during 2005/6. Details of data collection and refinement
statistics for the three structures described herein are
presented in Table 1.

Structure Solution. (1) Structure Solution of NatiVe ABDH.
The native structure of ABDH was indexed in the space
group P21, with the Matthews coefficient (23) suggesting
the asymmetric unit contained 12 monomers. The structure

FIGURE 2: Sequence alignment of ABDH with OCH showing conservation of active site residues previously mutated in OCH and thought
to contribute to catalysis in red (ABDH H43, H121, H144, D153, and E241). Residues in blue highlight the anticipated difference in active
site topology between ABDH and OCH (vide infra). The conserved active site gate residues, F77 (ABDH), are highlighted in green.

FIGURE 3: Reaction catalyzed by retro-Claisenase enzymes in this
study. Both OCH and ABDH catalyze the retro-Claisen cleavage
of bicyclo[2.2.2]octane-2,6-dione (3) to yield [(S)-3-oxocyclohexyl]-
acetic acid (4).
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of 6-oxocamphor hydrolase (OCH, 46% sequence identity,
1o8u) was used as an initial model for molecular replacement
trials with MOLREP (24). Using an OCH monomer as a
search model, MOLREP (24) gave a correct solution of the
12 monomers arranged as double hexamers. Subsequent
refinement by REFMAC (25) gave an initialR factor of 0.24
andRfree of 0.26. The structure of ABDH cocrystallized with
bicyclo[2.2.2]octane-2,6-dione was indexed in the space
groupP63, a space group not common for members of the
crotonase superfamily. Interestingly, the Matthews coefficient
suggested that only 2 monomer units were in the asymmetric
unit, and this was confirmed after molecular replacement with
MOLREP (24), using a monomer of the already solved native
ABDH. The highest scoring molecular replacement solution
was correct, and subsequent refinement by REFMAC gave
an R factor of 0.22 andRfree of 0.26.

Model Building and Refinement.For each of the structures,
5% of the total reflections were flagged for cross-validation
before refinement. These data were used to monitor the
modeling process at various stages of refinement for the
weighting of geometrical and temperature factor restraints.
All computing was undertaken by the CCP4 suite (26). The
model building and refinement were carried out with
REFMAC in conjunction with ARP/wARP (27) in the
resolution ranges listed in Table 1. Coot (28) was used for
manual corrections to the models.

(1) Model Building and Refinement of NatiVe ABDH.The
N-termini were visible in electron density maps from Asn4/
Gln5. The C-termini were modeled to Asn252/Thr253,
Thr253 being the final residue in the sequence. A total of
3706 water molecules were modeled via a combination of
ARP/wARP and manual methods using Coot. In addition to
solvent molecules, the density for sulfate (SO4

2-) ions was

observed at each trimer interface, and these were modeled
in also using Coot. Analysis of Ramachandran plots indicated
that 93.6% of the residues were in the most favored regions,
6.4% in additionally allowed regions, and none in generously
allowed regions, as indicated by PROCHECK (29).

(2) Model Building and Refinement of ABDH Bound to
[(S)-3-Oxocyclohexyl]acetic Acid.The N-termini were visible
in electron density maps from Thr2/Gln5. The C-termini were
modeled up to Asn252/Thr253. A total of 714 water
molecules were identified. Electron density maps indicated
density in each active site corresponding to the expected
product of C-C bond cleavage, [(S)-3-oxocyclohexyl]acetic
acid (4). Coordinate files and bond angle/distance data for
this ligand were generated using the PRODRG server (30).
At the theoretical trimer interface (taking into account
symmetry-related molecules) additional density was ob-
served. Anomalous difference maps generated by Coot
strongly suggest that this density was a metal ion. Further
refinement led to the identification of the metal as Ni2+.
Analysis of Ramachandran plots indicated that 93.7% of the
residues were in the most favored regions, 6.3% in addition-
ally allowed regions, and none in generously allowed regions,
as indicated by PROCHECK (29).

RESULTS

(1) Isolation and Characterization of ABDH.An SDS-
PAGE gel showing the pure ABDH is shown in Figure 4.
ABDH exhibited the expected molecular mass of ap-
proximately 30 kDa, and calibrated gel filtration suggested
that the physiological quaternary structure was a hexamer
(data not shown). A selection of commercially and locally
available diketone substrates including cyclohexane-1,3-
dione, benzoylacetone, 2-acetylcyclohexanone, bicyclo[3.3.0]-
octane-2,8-dione, 2,4-pentanedione, and 2,2,dimethylcyclo-
hexane-1,3-dione were not transformed by ABDH (data not
shown), although, in common with OCH, bicyclic, noneno-
lizable â-diketones proved to be substrates. The ability of
ABDH to catalyze the retro-Claisen cleavage of bicyclo-
[2.2.2]octane-2,6-dione was assessed using a spectrophoto-
metric assay based on the disappearance of substrate and

Table 1: Data Collection and Refinement Statistics for ABDH and
Ligand Complexesa

ABDH

native complex with4

beamline ID14 ID23
wavelength (Å) 0.93 1.07
resolution (Å) 50.00-1.46 40.19-1.57

(1.51-1.46) (1.63-1.57)
space group P21 P63

unit cell (Å) 118.00, 83.19, 80.39, 80.39,
154.01 125.88

unique reflections 515541 64435
completeness (%) 97.7 (86.8) 98.9 (89.9)
Rsym (%) 6.7 (27.0) 6.4 (27.4)
multiplicity 4.4 (3.4) 10.1 (4.8)
〈I/σ(I)〉 22.3 (4.7) 32.0 (2.9)
protein atoms 24295 4180
solvent waters 4421 714
Rcryst 0.157 0.145
Rfree 0.180 0.171
rmsd 1-2 bonds (Å) 0.014 [0.022] 0.014 [0.022]
rmsd 1-3 angles (deg) 1.5 [2.0] 1.5 [2.0]
chiral center (Å3) 0.102 [0.200] 0.106 [0.200]
planarity 0.009 [0.020] 0.008 [0.020]
av main chain B (Å2) 10 12
av side chain B (Å2) 12 14
av solvent B (Å2) 27 25
a Values in parentheses refer to the highest resolution shell. Values

in square brackets are target values.Rsym ) ∑h∑l|Ihl - 〈Ih〉|/∑h∑l〈Ih〉,
whereIl is the lth observation of reflectionh and〈Ih〉 is the weighted
average intensity for all observationsl of reflectionh. 〈I/σ(I)〉 indicates
the average of the intensity divided by its average SD.

FIGURE 4: SDS-PAGE of pure ABDH fromAnabaenaPCC 7120
after nickel affinity chromatography and gel filtration. The enzyme
has a subunit molecular mass of approximately 30 kDa, in
agreement with the predicted value of 28.8 kDa. Lane 1: low MW
markers (Bioline). Lane 2: ABDH fromAnabaenaPCC 7120
expressed inE. coli BL21(DE3).

140 Biochemistry, Vol. 46, No. 1, 2007 Bennett et al.



was compared to results obtained for OCH using the same
substrate.kcat/KM values were obtained in each case (Table
2), and values of 9.5× 102 and 0.36× 102 s-1 mol-1 dm3

were recorded for OCH and ABDH, respectively. OCH
activity with the synthetic substrate bicyclo[2.2.2]octane-2,6-
dione was markedly reduced by 105 compared to that
observed for the natural substrate, 6-oxocamphor (8), which
haskcat/KM of 1.61× 107 s-1 mol-1 dm3. While these results
suggest that ABDH is an even poorer catalyst for the
transformation of the synthetic substrate, prochiral selectivity
exhibited by OCH for the transformation was conserved,
ABDH yielding the (S)-keto acid (as determined by chiral
GC analysis of the corresponding methyl ester) with 84%
enantiomeric excess.

(2) Structure of NatiVe ABDH. The structure of native
ABDH was solved to a resolution of 1.46 Å (Figure 5). The
asymmetric unit contained 12 monomers [(A)-(L)] arranged
in two hexamers that are a common quaternary state observed
in members of the crotonase superfamily. Unsurprisingly,
given the close sequence identity between OCH and ABDH,
the ABDH monomer (Figure 6) is of the “self-associating”
fold as described by Hubbard and co-workers (31). The rmsd
for the overlap of CR atoms for the whole monomer was
0.82 Å. Each trimer interface contained what appears to be
a sulfate ion (SO42-), presumably sequestered from the
affinity purification step. In each case, this ion was coordi-
nated to the terminal amino groups of Arg230 from the three
monomers making up the relevant trimer. In a similar fashion,
the sulfate ion was also coordinated to N(E) of Arg227 of
each monomer in the trimer. Other intertrimer stabilizing
interactions include hydrogen bonds between the phenolic
hydroxyl of Tyr170 (A) and Glu191 (C), Tyr166 (A), and
the backbone carbonyl of Leu126 (C) and Leu224 (A) in a
hydrophobic interaction with Leu172 (C). Various intratrimer
interactions were also observed. The terminal NH of Gln101
(A) hydrogen bonds to the hydroxyl group of Asp105 (D),
the terminal NH of Lys97 (A) hydrogen bonds to the
hydroxyl group of Glu107 (D), Tyr219 (A) forms aπ-stack-
ing interaction with Tyr93 (D), as do Tyr51 (A) and Tyr51
(D). The phenolic hydroxyl of Tyr51 also forms a hydrogen-
bonding interaction with the side chain amide of Asn102
(D), as do the hydroxyl group of Asp48 (A) and the terminal
amino group of Arg55 (D) (∼2.9 Å). A further feature of
note was the position of Phe77, mooted to act as a “gate” to
the active site cavity in OCH. In the case of the native
structure, this appears to be in the “open” conformation,
allowing access to the active site.

(3) Structure of ABDH Bound to [(S)-3-Oxocyclohexyl]-
acetic Acid.In an attempt to obtain a crystal structure of
ABDH with a ligand bound in the active site, the protein
was cocrystallized with the substrate bicyclo[2.2.2]octane-
2,6-dione (3). The structure of ABDH in complex with the
product of retro-Claisen cleavage of the substrate, [(S)-3-
oxocyclohexyl]acetic acid (4), was solved to a resolution of
1.57 Å. While the global structure was almost identical to

that of the native structure (all inter- and intratrimer
interactions previously mentioned being conserved and
observed with symmetry-related molecules), it was interest-
ing to note a nickel center in the trimer interface, which had
presumably resulted from nickel sequestered during affinity
chromatography. The nickel ion in each case appeared to be
coordinated to five water molecules. Figure 7 shows the
result of this cocrystallization experiment, wherein the density
of [(S)-3-oxocyclohexyl]acetic acid (4), the product of
enzymatic reaction confirmed by biotransformation and chiral
GC assay (vide supra), was clearly visible. The carboxylate
of the product was strongly hydrogen bonded to a water
molecule that is bound to His144 and also associated with
His121 and His43. The carbonyl group of the cyclohexanone
ring was not hydrogen bonded to active site residues,
although the cyclohexanone ring is sandwiched between
Leu80, Ile149, and Val83. There appeared to be little change
in active site side chain orientation as a result of substrate
binding, although the highly mobile gate Phe77 (B factor
18.75, occupancy 0.5) has shifted with respect to the native
structure and appears to be in a “closed” position over the
active site cavity. Another notable feature was the movement
of residue Leu80 with respect to the same residue in the
native ABDH structure. In monomer A, Leu80 has swiveled
90° away from the bound [(S)-3-oxocyclohexyl]acetic acid
(4) at the Cδ position. Interestingly, in the native ABDH
Leu80 is in the same position as its respective residue in
OCH (Phe82), pointing toward the active site. It seems that
Leu80 has moved to accommodate the [(S)-3-oxocyclohexyl]-
acetic acid (4) molecule in that particular orientation in the
active site.

DISCUSSION

Anabaenasp. (Nostoc) PCC 7120 has assumed signifi-
cance in microbiological research as a model for mechanisms
of prokaryotic photosynthesis, and several crystal structures
of proteins (notably those involved in redox biochemistry)
from the organism have been the focus of interest (32).
Anabaenais also of interest being a member of that class of
cyanobacteria that causes the fouling of water through the
production of alkaloids such as anatoxin (33) and terpenes
such as methylisoborneol (1-exo-hydroxy-2,3,3-trimethyl-
bicyclo[2.2.1]heptanol) (34). The latter characteristic is
perhaps most relevant in the context of this report, as it
reveals the capacity ofAnabaenato undertake terpene
metabolism of structures very closely related to camphor
(2,3,3-trimethylbicyclo[2.2.1]heptanone). The sequence of
alr4455 shares only 46% identity with OCH, and hence it is
difficult to be certain of assigning reaction specificity to the
putative gene product, and indeed, the genomic context of
alr4455 is unrevealing, the only proximal sequence of note
being a tropinone reductase adjacent to alr4455 on the
genome. However, it was the specific conservation of five
active site acid/base residues (His43, His121, His144,
Asp154, and Glu243) from OCH to ABDH that informed
the choice of ABDH as a possible target in searching for
homologues of OCH that may possess altered selectivity. It
was noted that although residues that had been identified as
contributing to acid-base catalysis in the mechanism of OCH
were conserved, other active site residues that were involved
in substrate binding and intermediate stabilization were not.
Notable among these were Phe38 (for Trp40) and Leu80 (for

Table 2: Kinetic Constants for OCH and ABDH in the Catalysis of
Retro-Claisen Cleavage of3

enzyme kcat (s-1) KM (mol dm-3) kcat/KM (s-1 mol-1 dm3)

OCH 0.75 7.9× 10-4 9.5× 102

ABDH 0.16 4.4× 10-3 0.36× 102
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Phe82), which had been shown to comprise part of the
oxyanion hole for enolate stabilization in the reaction
coordinate of OCH catalysis and the primary determinant
of prochiral selectivity in OCH, respectively.

As a result of the significant anticipated differences in
active site topology between the two enzymes, it was thought
that ABDH may display different selectivity to that observed
for OCH. However, investigation suggests that thepro-S
selectivity of OCH is conserved. That the enantiomeric
excess was slightly lower for ABDH than OCH may be
attributed either to a lower inherent selectivity of the enzyme
for the substrate due to greater mobility in the active site or,
more likely, because of residual substrate in the spent enzyme
reaction being nonselectively hydrolyzed during workup.
However, a significant difference in the activity of ABDH
compared to OCH was recorded. Althoughkcat/KM for OCH
when using the natural substrate analogue bicyclo[2.2.2]-
octane-2,6-dione (3) was greatly reduced compared to
6-oxocamphor (1), OCH proved to be an effective catalyst
for the desymmetrization of the substrate. The reasons for
the poor catalytic activity of ABDH with the synthetic
substrate might be predicted from the sequence, given that

the tryptophan residue (Trp40) that is at least partially
responsible for binding one of the substrate carbonyl groups
in OCH (10) is absent in ABDH and that the phenylalanine
(Phe82), which was thought to confer some measure of
stereochemical control in OCH, was replaced by a leucine
residue (Leu80).

These interactions between the enzyme active site and
ligand are illuminated by the structure of ABDH in the
presence of [(S)-3-oxocyclohexyl]acetic acid (4), which
provides the first structure of a wild-type coenzyme A-
independent crotonase enzyme with a bound ligand. If the
structure is compared to the His122Ala mutant of OCH
bound to its reaction product, a number of differences
become clear. The cycloalkanone ring of the product is not
stacked against a phenylalanine ring as for OCH but has
shifted to be accommodated between two hydrophobic
residues below the catalytic residues in the active site. In
addition, the structure appears to represent a distance further
along from the OCH mutant structure in terms of reaction
coordinate: the keto acid product has relaxed into a flat
conformation, the keto acid carboxylate is bound now by
His121 and not Glu243, and a water molecule is clearly
observed between the carboxylate oxygen and His144,
suggesting preparation for the next catalytic turnover on
product release. The degree of overlap between His144(145),
Asp153(154), and the gate residue Phe77(89) is pronounced,
again indicative of conservation of function of these residues
between orthologues. Figure 8 summarizes the differences
and similarities in active site topology between OCH and
ABDH. The overlap of ligand-bound active sites suggests
that while conservation of catalytic residues, on the left-hand
side of the active site as shown, implies conservation of
catalytic function by ABDH, the natural substrate specificity,
as determined by other areas of the active site, is almost
certainly different. A summary of the proposed mechanism
of C-C bond cleavage by ABDH, based on results obtained
for both OCH (10) and the results described herein, is shown
in Figure 9.

FIGURE 5: Stereoviews of trimeric (top) and hexameric (bottom) substructures of ABDH. Each monomer contains one active site.

FIGURE 6: Stereoview of the structure of the monomer of ABDH
(N-terminal, red; C-terminal, magenta) displaying aâ-R-â super-
helix fold common among crotonase enzymes. The C-terminal helix
loops around the N-terminal domain, describing the self-association
crotonase fold as defined by Hubbard and co-workers (31).
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In summary, we have identified, by genome mining, an
orthologue of a retro-Claisenase fromRhodococcussp. in
the cyanobacteriumAnabaenaPCC 7120. Studies of the
enzyme using biotransformation and structural techniques
have revealed an additional rare example of an orthologue
among the crotonase-related enzymes that is not dependent
on the ligation of its substrate to coenzyme A for substrate
recognition. As such, the structure and demonstrable activity
of ABDH serve to illustrate the wider distribution of a
functional OCH-like family within a crotonase suprafamily
as defined by Gerlt and Babbitt (6) and provide further
information on substrate binding modes in cyanobacterial

crotonase orthologues, which are a subject of current interest
in the area of polyketide biosynthesis (35). OCH and ABDH
are examples of crotonase enzymes that do not fulfill the
criteria previously associated with membership of a crotonase
superfamily and further reflect the scope of natural evolution
to generate a surprising breadth of catalytic diversity within
one protein fold. Such observations of natural enzyme
evolution may help to inform both rational and random
design of novel enzyme activities in the future. We are
currently using available databases to explore the existence
and activity of other noncanonical crotonase orthologues with
unusual enzyme activities.

FIGURE 7: Active site of ABDH complexed with [(S)-3-oxocyclohexyl]acetic acid. Ligand electron density corresponds to the 2Fo - 2Fc
electron density map contoured at the 1σ level. The carboxylate of the ligand can be seen hydrogen bonded to a water molecule, which is
in turn bonded to the catalytic base residue His144, which is thought to activate a water molecule for attack at the substratepro-Scarbonyl
in OCH. This is perhaps representative of the product leaving the active site prior to the next catalytic turnover.

FIGURE 8: Overlap of active site residues and ligands for the OCH His122Ala mutant bound toR-campholinic acid (red) and ABDH bound
to [(S)-3-oxocyclohexyl]acetic acid (blue). While the catalytic chemistry is conserved, e.g., OCH His145/ABDH His144, all substrate binding
residues are not (e.g., OCH Trp40 replaced by Phe38; OCH Phe82 replaced by ABDH Leu80).

FIGURE 9: Mechanism proposed for ABDH-catalyzed carbon-carbon bond cleavage. Base-catalyzed activation of a water molecule by
His144 at thepro-S face of substrate3 results in a tetrahedral oxyanion, which rearranges to form an enolate intermediate that is stabilized
by His121. Protonation and subsequent tautomerization give rise to the single enantiomer keto acid product4.
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