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Pseudomonas aeruginosa is one of only a few Pseudomonas species that are able to use acyclic monoterpenoids, such as citronel-
lol and citronellate, as carbon and energy sources. This is achieved by the acyclic terpene utilization pathway (Atu), which in-
cludes at least six enzymes (AtuA, AtuB, AtuCF, AtuD, AtuE, AtuG) and is coupled to a functional leucine-isovalerate utilization
(Liu) pathway. Here, quantitative proteome analysis was performed to elucidate the terpene metabolism of P. aeruginosa. The
proteomics survey identified 187 proteins, including AtuA to AtuG and LiuA to LiuE, which were increased in abundance in the
presence of citronellate. In particular, two hydratases, AtuE and the PA4330 gene product, out of more than a dozen predicted in
the P. aeruginosa proteome showed an increased abundance in the presence of citronellate. AtuE (isohexenyl-glutaconyl coen-
zyme A [CoA] hydratase; EC 4.2.1.57) most likely catalyzes the hydration of the unsaturated distal double bond in the isohex-
enyl-glutaconyl-CoA thioester to yield 3-hydroxy-3-isohexenyl-glutaryl-CoA. Determination of the crystal structure of AtuE at a
2.13-Å resolution revealed a fold similar to that found in the hydratase (crotonase) superfamily and provided insights into the
nature of the active site. The AtuE active-site architecture showed a significantly broader cavity than other crotonase superfamily
members, in agreement with the need to accommodate the branched isoprenoid unit of terpenes. Glu139 was identified to be a
potential catalytic residue, while the backbone NH groups of Gly116 and Gly68 likely form an oxyanion hole. The present work
deepens the understanding of terpene metabolism in Pseudomonas and may serve as a basis to develop new strategies for the bio-
technological production of terpenoids.

Terpenes are compounds responsible for the pleasant aroma of
ginger, cloves, turmeric, cinnamon, and many other plants.

They are also characterized by (many) important biological prop-
erties, including antimicrobial, antineoplastic, antifungal, antivi-
ral, antihyperglycemic, anti-inflammatory, and antiparasitic ac-
tivities. Terpenes consist of isoprene units combined in a cyclic or
acyclic form and are produced in large quantities (�105 tons/
year) (1). Introduction of additional carbon-carbon double bonds
in terpenes or incorporation of heteroatoms, such as oxygen, re-
sults in the formation of terpenoids. Terpenoids are used in large
quantities in perfumes, as aroma compounds for food additives,
or, in some cases, even as natural insect repellents (e.g., citronel-
lol) (2). They can also be found as precursors and building blocks
for the synthesis of complex chiral compounds in the chemical
and pharmaceutical industries. However, only a few terpenoids
are available in large quantities at reasonable costs. Consequently,
the characterization of biocatalysts important for terpenoid me-
tabolism and the development of processes for the biotransforma-
tion of abundant terpenoids to commercially interesting deriva-
tives have attracted considerable attention in recent years. At the
same time, knowledge of the catabolic pathways of terpenoids in
biological organisms is still very poor.

Only a few Pseudomonas species, such as Pseudomonas citronel-
lolis, P. aeruginosa, P. mendocina, and P. delhiensis, as well as a few
strains of P. fluorescens, are able to use acyclic terpenes as a single
source of carbon and energy (3). In particular, the acyclic terpene
utilization (Atu) pathway in P. aeruginosa broadens the catabolic
capabilities of the species to the utilization of acyclic monoter-
penes (1, 4). The Atu pathway has been found to involve seven

proteins (AtuA, AtuB, AtuCF, AtuD, AtuE, AtuG, AtuH) (5, 6).
Biochemical studies have not yet verified the function of all Atu
proteins. Exceptions are AtuC and AtuF, which constitute the two
subunits of geranyl coenzyme A (CoA) carboxylase (3, 4, 7, 8).
Recently, purified AtuD was found to possess citronellyl-CoA de-
hydrogenase activity and to be important for a functional Atu
pathway (9). It has been suggested that the end products of the Atu
pathway—after � oxidation— enter the leucine-isovalerate utili-
zation (Liu) pathway and are finally converted to the central me-
tabolite acetyl-CoA (10).

The Atu pathway includes a single hydratase step, namely, the
hydration of isohexenyl-glutaconyl-CoA to 3-hydroxy-3-isohex-
enyl-glutaryl-CoA (Fig. 1), presumably catalyzed by the AtuE gene
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product. Knowledge of the hydratases acting on substrates with a
branched carbon skeleton is currently poor. The P. aeruginosa
genome (11) has more than two dozen putative hydratases, most
of which are predicted to act on CoA-activated acyl compounds.
Annotation of P. aeruginosa hydratases suggests that many of
these are involved in, e.g., fatty acid degradation and that the dif-
ferent hydratases either have different substrate specificities or are
simply redundant enzymes. The presence of a putative hydratase
in the atu gene cluster suggests that AtuE could be a hydratase with
specificity for isoprenoid (branched) substrates. Unfortunately,
the substrate of the isohexenyl-glutaconyl-CoA hydratase reac-
tion is not commercially available, and all attempts to synthesize
isohexenyl-glutaconyl-CoA for use in enzyme assays failed, de-
spite the use of four different approaches. We intend to provide
insights into the putative function of AtuE by the combination of
a proteomics approach and determination of the structure of the
AtuE protein.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains
and plasmids used in this study are shown in Table 1. Escherichia coli strain
JM109 and E. coli strain S17-1 were used for cloning and as the donor
strain in conjugation experiments, respectively. E. coli strains were grown
on LB medium supplemented with the appropriate antibiotics at 37°C. P.
aeruginosa was routinely grown on nutrient broth (NB; 0.8%, wt/vol)

medium at 30°C or on mineral salts medium (12) with sodium octanoate
(0.15%, wt/vol) or with the carbon sources indicated below.

Culture conditions for proteome analysis. P. aeruginosa PAO1 was
grown in a seed culture (100 ml) on mineral salts medium with sodium
octanoate (0.15%, wt/vol) for 16 h at 30°C. For the main cultures, 200 ml
mineral salts medium in a 1-liter Erlenmeyer flask was inoculated with the
seed culture at an optical density of about 10 to 20 Klett units. Sodium
octanoate (0.15%, wt/vol) as a control or 0.05% (wt/vol) octanoate plus
0.10% (wt/vol) sodium citronellate was used as the carbon source. Three
biological replicates were used for each condition. The cells were incu-
bated on a rotary shaker at 30°C. P. aeruginosa grew to 150 Klett units if
only 0.05% octanoate was present as the sole carbon source. With addi-
tional carbon sources (citronellate or octanoate, each at 0.1%), the cul-
tures grew to more than 250 Klett units. Cells were harvested by centrif-
ugation when they had reached an optical density of �200 Klett units.
Cells were stored at �80°C (or �20°C) until further use.

Sample preparation for proteome analysis. Frozen cells were resus-
pended in 2 ml of 25 mM Tris-HCl, pH 7.5, containing 40% (vol/vol)
glycerol per 1 g of cell pellet. Three hundred microliters DNase (1 mg/ml)
and 300 �l RNase (1 mg/ml) were added before the cells were lysed by two
subsequent passages through a French press. The cell extract was centri-
fuged twice at 35,000 rpm for 1 h at 4°C. The supernatant obtained after
the second centrifugation step, from here on designated the soluble cell
extract, was used for proteome analysis. The protein concentration of the
soluble cell extract was determined by the Bradford method (13).

Protein preparation for LC-MS-based quantifications and in-gel di-
gestion. Soluble cell extracts were analyzed by label-free gel fractionation
liquid chromatography (GeLC)–tandem mass spectrometry (MS/MS)
approach as described recently (14). Briefly, 200 �g of each cell extract was
applied to an SDS-10% polyacrylamide gel. The gel was stained with col-
loidal Coomassie G250 (Roth, Germany). Each sample lane was cut into
10 identical slices (fractions), resulting in 60 gel fractions in total. The gel
slices were digested using trypsin (Roche, Penzberg, Germany) (15). After
digestion, the gel slices were extracted with acetonitrile (ACN) for 10 min
and the supernatant was vacuum dried. Samples were reconstituted in 15
�l 0.1% (vol/vol) formic acid (FA), and 5 �l was subjected to liquid
chromatography (LC)-MS/MS analysis.

LC-MS/MS analysis. Nano-LC-electrospray ionization-MS/MS ex-
periments were performed on an Acquity nanoscale ultraperformance
liquid chromatography system (Waters, USA) coupled to an LTQ-Or-
bitrap XL hybrid mass spectrometer (Thermo Fisher Scientific, Ger-
many). Tryptic peptides were trapped and desalted on a precolumn (2 cm
by 180 �m; particle size, 5 �m; Symmetry C18; Waters, USA) for 1 min at
15 �l/min using 0.1% FA. After trapping, the peptides were transferred to
an analytical column (25 cm by 75 �m; particle size, 1.7 �m; BEH 130 C18;
Waters, USA). The peptides were separated by the use of linear gradients
ranging from 1% to 50% ACN in 0.1% FA within 60 min at a flow rate of
250 nl/min. The LTQ-Orbitrap mass spectrometer was operated under
the control of XCalibur software (version 2.0.7). Survey spectra (m/z �
300 to 1,800) were detected in the LTQ-Orbitrap mass spectrometer at a

FIG 1 Catalytic reaction of AtuE.

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Reference or source

Strains
E. coli JM109 Plasmid storage, cloning

strain
E. coli S17-1 Conjugation strain 37
P. aeruginosa

PAO1
Growth on citronellol,

citronellate, and related
acyclic terpenoids

ATCC 15692

Plasmids
pJoe4036.1 Broad-host-range plasmid,

rhaP pT7 lacPOZ= rrnB
bla, used for expression
of proteins from
rhamnose-dependent
promoter

J. Altenbuchner
(personal
communication)

pJoe4036.1::atuE atuE-hexahistidine under
the control of an L-
rhamnose promoter

38

Structure-Function of Pseudomonas aeruginosa AtuE

October 2015 Volume 81 Number 19 aem.asm.org 6559Applied and Environmental Microbiology

http://aem.asm.org


resolution of 60,000 at m/z 400. Data-dependent tandem mass spectra for
the seven most abundant peptide precursors in the linear ion trap were
generated using a target value of 5,000 and a normalized collision energy
of 35. For all measurements obtained using the LTQ-Orbitrap analyzer,
internal calibration was performed using lock-mass ions from ambient air
(16).

Data analysis. For database searches, a specific P. aeruginosa PAO1
database was generated from the NCBInr database using Scaffold software
(version 3.4.9; Proteome Software Inc., Portland, OR). In order to identify
proteins that were not annotated in the P. aeruginosa-specific database,
the bacterium subset of the NCBInr database (ftp://ftp.ncbi.nih.gov/blast/
db/FASTA/nr.gz) was used as a second database. Both databases were
searched simultaneously on an in-house Mascot server (version 2.3.02;
Matrix Science, United Kingdom). Trypsin (allowing cleavage before pro-
line) was specified as the cleavage enzyme, as it allows three missed cleav-
ages in the Mascot database search algorithm. The carbamidomethylation
of cysteine was set as fixed, and the oxidation of methionine was set as a
variable modification. The mass tolerance was set to 5 ppm for the pre-
cursor and to 0.6 Da for fragment ions. To validate the Mascot search
results, X! Tandem (version Cyclone [2010.12.01.1]; The Global Pro-
teome Machine [thegpm.org]) was used as a second search engine, using
the same parameters described above for the Mascot search.

Mascot and X! Tandem search results were imported into Scaffold
software. Peptide identifications with a peptide probability of greater than
80.0%, as specified by the Peptide Prophet algorithm (17), were accepted.
Proteins had to be identified by at least two peptides and a protein prob-
ability of at least 99% to be accepted. Protein probabilities were assigned
by the Protein Prophet algorithm (18). Annotation of identified proteins
was performed using the Pseudomonas genome database (19).

Label-free quantification. Label-free quantification based on ion in-
tensities was performed using the fractionation work flow of Progenesis
LC-MS software (version 3.1; Nonlinear Dynamics, United Kingdom), as
described by Simon et al. (14). Briefly, the 60 LC-MS runs of the GeLC-
MS/MS experiment were aligned using the software’s automatic align-
ment algorithm, and only peptides (features) with a charge state of 2�,
3�, or 4� and at least two isotope signals were selected for further anal-
ysis. After normalization, biological replicates corresponding to the ex-
perimental design (e.g., octanoate versus octanoate plus citronellate) were
grouped, and for each feature, a one-way analysis of variance (ANOVA)
was performed and the fold change in expression was calculated. Protein
identifications were validated by Scaffold and reimported into the Pro-
genesis LC-MS software. Only proteins which were identified to have a
minimum of 2 peptides and a protein probability of 99% were considered
for quantification. Proteins which exhibited a fold change in expression of
�3 and a P value of �0.05 were considered differentially abundant.

Construction of AtuE-His6. The atuE gene was PCR amplified from
the chromosomal DNA of P. aeruginosa using primers atuE-up and atuE-
down (atuE-up, 5=-GGAATTCCATATGAGCCTGCCGCATTGGCAGA
C-3=; atuE-down, 5=-CGGGATCCCTGGGCCCAGACCGGCTTG-3=;
restriction sites for NdeI and BamHI in primers atuE-up and atuE-down,
respectively, are underlined). The NdeI- and BamHI-digested PCR prod-
uct was ligated into pJoe4036.1 that had been treated with the same re-
striction enzymes. The resulting product (pJoe4036.1::atuE, 5,417 bp)
coded for a C-terminal hexahistidine-tagged AtuE protein under the con-
trol of an L-rhamnose-dependent promoter. The correct DNA sequence
was verified by DNA sequencing. The atuE expression plasmid was trans-
formed into E. coli JM109.

Expression and purification of AtuE. E. coli JM109 cells harboring
pJoe4036.1::atuE were grown in 2 	 400 ml of LB medium (30°C). L-
Rhamnose (0.2%) was added when the optical density at 600 nm (OD600)
had reached 0.3 to 0.5, and growth was allowed for another 5 to 6 h before
the cells were harvested (4°C, 8,000 rpm, 30 min). The cell pellet was
stored frozen at �20°C until use. Frozen cells were thawed on ice and
resuspended in 1 ml of 0.1 M HEPES buffer, pH 7.5, per g (wet weight) of
cells. A soluble cell extract was obtained by disruption with a French press

(2 times) and subsequent ultracentrifugation (35,000 rpm; TFT rotor
65.13) for 60 min (4°C). The supernatant was applied to an Ni-Sepharose
6 Fast Flow column (bed volume, 5 ml; 1.6 by 2.5 cm; Macherey-Nagel,
Düren, Germany) that had been equilibrated with equilibration buffer (20
mM sodium phosphate buffer containing 0.5 M NaCl and 20 mM imida-
zole, pH 7.4). After washing with equilibration buffer, AtuE was eluted by
an imidazole gradient (0 to 500 mM imidazole in equilibration buffer) at
�100 mM imidazole. AtuE-containing fractions were purified from salts
and imidazole by a passage step over a Sephadex G25 size exclusion chro-
matography column (a HiPrep 26/10 column equilibrated with 50 mM
Tris-HCl, pH 8.5). The yield of purified AtuE amounted to 5.7 mg per
gram (wet weight) of E. coli cells. Purified AtuE (apparent molecular mass,
�28 kDa) was homogeneous, as revealed by SDS-PAGE (see Data Set S1
and Fig. S1A in the supplemental material), and was stored at �20°C.

Crystallization. For crystallization, AtuE was initially concentrated to
�10 mg/ml with Amicon Ultra centrifugal filters (10,000-molecular-
weight cutoff; Millipore) in 10 mM HEPES–NaOH, pH 7.0, buffer. Crys-
tals were grown by the hanging-drop vapor diffusion method at 16°C
using a well solution containing 0.2 M sodium iodide, 20% (vol/vol) poly-
ethylene glycol 4000. The drop consisted of 2 �l of well solution mixed
with an equal volume of protein solution. The crystals grew to their max-
imum size in a few days and formed clusters (see Data Set S1 and Fig. S1B
in the supplemental material).

Data collection and processing. X-ray diffraction data were collected
on the X13 beamline at EMBL Hamburg, Hamburg, Germany (DESY), at
cryogenic temperatures (100 K) in the presence of 20% (vol/vol) glycerol
as a cryoprotectant. The data were processed with the XDS program pack-
age (20).

Structure determination and refinement. Initial phases were ob-
tained with molecular replacement using Phaser crystallographic software
(21). Two search models were constructed (one with the structure with
PDB accession number 3H81 [sequence identity, 37.0%] and one with the
structure with PDB accession number 3I47 [sequence identity, 34.1%]). A
solution with a Z score of 14.5 with an Rfree value (with 5% of the reflec-
tions excluded) of about 42% was obtained. Refinement was carried out
with simulated annealing in a Phenix system (22) alternated with manual
rebuilding in the Coot toolkit, which resulted in a drop of Rfree to �36%.
At this stage, automatic rebuilding was employed using the Autobuild
framework implemented in Phenix, resulting in a further drop of Rfree to
�32%. Extensive manual rebuilding of the C terminus in each molecule
and optimization of loops were carried out, resulting in a further drop of
Rfree and improvement of the geometry. Manual rebuilding of the refined
structures and visualization of the electron density maps were done with
Coot (23). At the final stages of refinement, translation/liberation/screw
(TLS) refinement was employed. The stereochemistry of the structure was
validated with the MOLPROBITY program (24) and various tools in
Coot. Structural superpositions were carried out with the PDBeFold tool
(25). The data processing and final refinement statistics are shown in
Table 2.

Substrate docking. Isohexenyl-glutaconyl-CoA, the substrate for
AtuE, was prepared with the ChemBio3D program (version 13.0;
PerkinElmer), a part of the ChemBioOffice 2012 suite. The LibDock
docking protocol (26) from Discovery Studio (version 3.5.0.12158; Accel-
rys Software Inc., 2007) was utilized to dock the substrate into the putative
active site of AtuE. AtuE and the ligand were prepared using the Prepare
Protein and Prepare Ligand tools, respectively. The tentative binding site
in AtuE was also identified using the From Receptor Cavities tool under
the Define and Edit Binding Site tool, which searches for cavities in the
receptor structure in the form of spheres. After setting the parameter
values, the LibDock protocol was initiated.

Protein structure accession number. The atomic coordinates and the
structure factors have been deposited in the Protein Data Bank (PDB)
under accession number 4ZU2.
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RESULTS AND DISCUSSION
Proteome analysis of soluble P. aeruginosa proteins. P. aerugi-
nosa was grown in a mineral salts medium supplemented with
octanoate or octanoate plus citronellate (3 biological replicates for
each carbon source). Soluble cell extracts were prepared from each
culture, separated by SDS-PAGE, and subjected to quantitative
proteome analysis using a label-free GeLC-MS/MS approach, as
described in Materials and Methods.

A total of 1,640 proteins with at least two unique peptides and
a protein probability of 
99%, corresponding to 29% of the pre-
dicted P. aeruginosa proteome, were identified in the GeLC-
MS/MS experiment. One hundred eighty-seven proteins that
showed at least a 3-fold increase in abundance in citronellate-
grown cells were identified (see Data Set S2 in the supplemental
material for a complete overview and Table 3 for a selection of
proteins with a postulated function in the catabolism of acyclic
terpenes). Remarkably, all products of the liu gene cluster (LiuA to

LiuE) were identified and were upregulated 14- to 47-fold in the
presence of citronellate compared to their levels in octanoate-
grown cells. Most of the Atu peptides (AtuA to AtuG) were iden-
tified only in citronellate-grown cells and were also significantly
increased in abundance (23- to 116-fold). Previous two-dimen-
sional gel electrophoresis data had already shown the specific up-
regulation of several Liu and Atu proteins in citronellate-grown
cells (6). Those Liu and Atu proteins that were not identified pre-
viously (AtuD, LiuE) were clearly identified in the present work
and were strongly increased in abundance in citronellate-grown
cells. Only AtuH, a predicted acyl-CoA synthetase (a putative cit-
ronellyl-CoA synthetase), was not identified in this study or in our
previous study (6). The absence of AtuH is in agreement with the
absence of a detectable growth defect of atuH insertion mutants
on acyclic terpenes (citronellol, citronellate). Since the P. aerugi-
nosa genome has many putative acyl-CoA synthetase genes, the
function of a citronellyl-CoA synthetase can presumably be cov-
ered by at least one of those isoenzymes.

Additional proteins previously suggested to be involved in the
pathway of acyclic terpene degradation were strongly increased in
abundance in citronellate-grown cells. Namely, PA1535, which
encodes an isoenzyme of citronellyl-CoA dehydrogenase (AtuD)
with experimentally verified citronellyl-CoA dehydrogenase
activity (9), and the gene encoding an unspecific pyrroloquino-
line quinone (PQQ)-dependent alcohol dehydrogenase with
verified terpene alcohol dehydrogenase activity (PA1982,
exaA) were increased in abundance (27). Interestingly, the
abundance of a gene encoding an NAD�-dependent aldehyde
dehydrogenase (PA1984, exaC) belonging to the same gene
cluster as exaA was likewise increased. Further experiments are,
however, needed to clarify if ExaC is directly involved in ter-
pene metabolism in P. aeruginosa.

AtuE, the predicted isohexenyl-glutaconyl-CoA hydratase, was
23-fold more abundant in citronellate-grown cells than in octano-
ate-grown cells. Remarkably, of the more than 2 dozen predicted
hydratases in the P. aeruginosa genome, only one additional puta-
tive hydratase (the PA4330 gene product) was also increased in
abundance in the presence of citronellate (21-fold). We assume
that AtuE and possibly also the PA4330 gene product were respon-
sible for the hydration of isohexenyl-glutaconyl-CoA. This might
explain why inactivation of the atuE gene by insertion mutagene-
sis led only to a growth reduction and did not completely inhibit
growth when acyclic terpenes were used as the substrates (28). In
order to gain further insights into the function of AtuE at the
molecular level, despite futile efforts to synthesize the physiolog-
ical AtuE substrate, isohexenyl-glutaconyl-CoA, for biochemical
studies, the crystal structure of AtuE was determined. To this end,
AtuE was recombinantly expressed in E. coli as a His-tagged fusion
protein, purified, and crystallized.

Overall description of AtuE structure. AtuE was crystallized
as a trimer in the asymmetric unit. Analysis with the PDBePISA
tool (http://www.ebi.ac.uk/pdbe/pisa/) also revealed a trimer as-
sembly for AtuE in solution. The shape of the trimer resembles a
propeller with overall dimensions of approximately 76 by 79 by 55
Å (Fig. 2A). No significant differences between the three subunits
were found, as shown by the root mean square deviation values
after superposition on each other (0.39 Å, 0.47 Å, and 0.42 Å
between subunits A and B, A and C, and B and C, respectively).
Each subunit consists of 258 amino acid residues and folds into
two separate and distinct domains, an N-terminal domain (resi-

TABLE 2 Data collection and refinement statistics for AtuE

Parametera Value(s) for AtuEb

Data processing statistics
Beamline EMBL Hamburg

(DESY) X13
Wavelength (Å) 0.8123
Space group C2
Unit cell dimensions

a, b, c (Å) 108.4, 134.0, 83.3
� (°) 139.5

No. of molecules 3
Resolution range (Å) 20.0–2.13 (2.25–2.13)
No. of reflections 92,282 (13,394)
No. of unique reflections 42,012 (6,310)
Completeness (%) 95.8 (90.6)
Rmeas 11.4 (98.1)
CC1/2 99.6 (39.0)
Wilson B factor (Å2) 43.1

Refinement statistics
No. of reflections (working/test) 39,014/2,045
Rcryst/Rfree (%) 19.8/25.7
No. of:

Protein atoms 11,505
Water molecules 435
Iodide ions 14

RMSD from ideal geometry
Bond lengths (Å) 0.015
Bond angles (°) 1.52

Ramachandran plot (%)
Residues in most favorable regions 94.9
Residues in additionally allowed regions 4.7

Avg B factors (Å2)
Main chain 34.4c

Side chain 41.8d

Water molecules 34.8
Iodide 56.0

a I, intensity of a reflection; RMSD, root mean square deviation; Rmeas, redundancy-
independent R factor as calculated by XDS (20); CC1/2, percentage of correlation
between intensities from random half-data sets; Rcryst, the agreement between the
observed and predicted structure factors.
b Values for the outermost resolution shell are shown in parentheses.
c The values for subunits A, B, and C are 32.0, 38.2, and 49.5 Å2, respectively.
d The values for subunits A, B, and C are 34.0, 40.1, and 51.5 Å2, respectively.
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dues Glu7 to Arg205) and a C-terminal domain (residues Arg206
to Gln297) (Fig. 2B). The N-terminal domain consists of 9 strands
that form two � sheets. The first sheet consists of 6 almost parallel
� strands, whereas the second sheet consists of 3 � strands which
are oriented nearly perpendicular to the first � strand. The �
sheets are flanked by 7 � helices and 5 310 helices. The C-terminal
domain comprises about 60 amino acids arranged into four �
helices and no � strands.

Quality of the structure. The crystal structure of P. aeruginosa
AtuE was refined to a 2.13-Å resolution to an Rcryst (i.e., {[�(|Fobs|
� k|Fcalc|)]/�|Fobs|} 	 100, where Fobs and Fcalc are the observed
and calculated structure factor amplitudes, respectively, and k is a
weighting factor) and an Rfree of 19.8% and 25.7%, respectively.
The final refined structure comprises 11,954 protein atoms and
435 water molecules. The average B factors calculated for protein

atoms and water molecules are 36.4 Å2 and 24.8 Å2, respectively.
The Ramachandran plot revealed that 96.6% of the total residues
fall within the most favored combination of � and 
 rotations,
while 0.91% of the residues are outliers. In addition, the MOL-
PROBITY all atom contact score is 10.94, placing it in the 83rd
percentile in the 19.7- to 2.13-Å resolution range of solved struc-
tures.

Comparison with other structures. AtuE shows a close struc-
tural similarity with hydratase/isomerase enzymes from the cro-
tonase superfamily (Fig. 3). The sequence identity of AtuE with
members of this superfamily varies from 56% to as low as 15%.
However, a significant similarity in terms of secondary structural
elements (sse; in percent) ranging from 73% to as high as 95% was
identified. It can therefore be inferred that several structures in the
crotonase superfamily share a high level of conserved structural

TABLE 3 Proteins increased in abundance in citronellate-grown cells with postulated function in catabolism of acyclic terpenesa

Locus Gene Function
Fold change in
expression P value by ANOVA

No. of peptides used
for quantification Mol wt

PA1535 Citronellyl-CoA dehydrogenase 39.9 2.13E�05 15 42,040.8
PA1982 exaA Quinoprotein ethanol dehydrogenase 60.8 1.51E�02 36 68,122.9
PA1984 exaC NAD�-dependent aldehyde dehydrogenase 20.4 1.35E�03 32 54,892.3
PA2011 liuE 3-Hydroxy-3-methylglutaryl-CoA lyase 13.5 5.46E�04 11 31,837.1
PA2012 liuD Methylcrotonyl-CoA carboxylase, alpha subunit 17.2 2.22E�04 27 71,282
PA2013 liuC 3-Methylglutaconyl-CoA hydratase 40.5 3.76E�06 14 28,946.7
PA2014 liuB Methylcrotonyl-CoA carboxylase, beta subunit 46.7 1.31E�06 26 57,433.3
PA2015 liuA Isovaleryl-CoA dehydrogenase 24.2 2.68E�05 32 42,208.8
PA2886 atuA Protein of citronellol catabolism 92.8 2.40E�07 33 64,435.1
PA2887 atuB Putative dehydrogenase 115.6 5.71E�05 16 30,750.7
PA2888 atuC Geranyl-CoA carboxylase, beta subunit 50.3 1.40E�06 22 57,328
PA2889 atuD Citronellyl-CoA dehydrogenase 25.2 8.54E�05 32 42,714
PA2890 atuE Isohexenylglutaconyl-CoA hydratase 23.1 8.33E�05 12 27,717.4
PA2891 atuF Geranyl-CoA carboxylase, alpha-subunit 38.2 2.99E�05 34 71,747.2
PA2892 atuG Short-chain dehydrogenase 43.5 1.27E�06 17 29,630.6
PA4330 Probable enoyl-CoA hydratase/isomerase 21.2 2.49E�04 13 28,152.2
a Selection of proteins that were increased in abundance in citronellate-grown cells compared to their abundance in octanoate-grown cells and with a proposed function in the
catabolism of citronellol. Proteins of the Atu and Liu gene clusters are in bold. For a complete overview of all proteins identified in our proteomics survey, see Data Set S2 in the
supplemental material.

FIG 2 (A) Ribbon representation of the AtuE trimer. Each subunit is shown in a different color. The proposed catalytic residue Glu139 is shown in each subunit
in sphere representation. (B) Chain A of the trimer. The N- and C-terminal domains are shown in yellow and blue, respectively. Secondary structure elements
are labeled. Glu139 is depicted as a stick. The figure was created with the Chimera (version 1.10) program (34).
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identity, despite having less than 50% amino acid sequence iden-
tity with the majority of the family members. This finding is also
consistent with the findings of previous studies with enzymes of
the crotonase superfamily, which displayed a low level of sequence
identity/similarity but adopted similar three-dimensional archi-
tectures, thereby solving the mechanistic problem of catalysis by a
common structural solution (29).

Subunit interface. The solvent-accessible surface area of the
trimer is 27,710 Å2, and the buried surface area (the solvent-ac-

cessible surface area of monomeric units buried upon assembly
formation) is 11,430 Å2. The average surface area is 13,049.6 Å2 for
each molecule. The interface areas (calculated as the difference in
the total accessible surface areas of isolated and interfacing struc-
tures divided by 2) are 1,932 Å2 (subunits B and C), 1,907 Å2

(subunits A and B), and 1,878 Å2 (subunits C and A). About 50 to
55 residues from each molecule from the regions from residues 70
to 99 and residues 137 to 171 are involved in interface formation.
Comparison of the interface with other interfaces found in PDB

FIG 3 Structure-based alignment of AtuE homologs. Only the top six structures are listed in descending order of the Q score (from 0.88 to 0.71). The residues
corresponding to rat ECH catalytic glutamates are shown with a blue triangle. Details of the structures and their structure-based sequence identities to AtuE are
as follows: the structure with PDB accession number 4K3W (Marinobacter aquaeolei enoyl-CoA hydratase), 56% sequence identity; the structure with PDB
accession number 3MYB (Mycobacterium smegmatis enoyl-CoA hydratase), 29% sequence identity (Seattle Structural Genomics Center for Infectious Disease);
the structure with PDB accession number 4KPK (Shewanella pealeana ATCC 700345), 32% sequence identity (New York Structural Genomics Research
Consortium); the structure with PDB accession number 3KQF (Bacillus anthracis enoyl-CoA hydratase), 31% sequence identity (G. Minasov, A. Halavaty, Z.
Wawrzak, T. Skarina, O. Onopriyenko, L. Papazisi, A. Savchenko, and W. F. Anderson, structure to be published); the structure with PDB accession number
2ZQR (human AU RNA binding protein/enoyl-coenzyme A hydratase), 27% sequence identity (35); and the structure with PDB accession number 2VX2
(human enoyl-CoA hydratase domain-containing protein 3), 21% sequence identity (W. W. Yue, K. Guo, G. Kochan, E. Pilka, J. W. Murray, E. Salah, R. Cocking,
Z. Sun, A. K. Roos, A. C. W. Pike, P. Filippakopoulos, C. Arrowsmith, M. Wikstrom, A. Edwards, C. Bountra, and U. Oppermann, structure to be published). The
homologous hydratases have a trimer composition according to the PDB. The figure was created with the ESPript program (version 3.0) (36). The structure-
based alignment was carried out by PDBeFold. Conserved residues are indicated by white letters on a red background (strictly conserved) or red letters on a white
background (global similarity score, 
0.7) and framed in blue boxes.
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showed similarities with the trimeric enzymes of the hydratase/
isomerase class. The most striking interface similarity was found
with the enoyl-CoA hydratase (ECH)/isomerase from Marinobac-
ter aquaeolei (PDB accession number 4K3W; New York Structural
Genomics Research Consortium; 56% sequence identity) and the
enoyl-CoA hydratase from Mycobacterium smegmatis (PDB acces-
sion number 3MYB; 29% sequence identity; Seattle Structural
Genomics Center for Infectious Disease). Currently, no biochem-
ical data are available for these proteins.

Active site of AtuE. A comparative study of AtuE with the rat
mitochondrial ECH (crotonase) in complex with the long-chain
substrate octanoyl-CoA (PDB accession number 2DUB) (30) was
performed for the identification of key residues involved in sub-
strate binding. Crotonase is one of the first members of this super-
family and has been thoroughly studied (31). For comparison
purposes, both enzymes were superimposed, and the cutaway of
the active-site topology is shown in Fig. 4. Notably, the AtuE sub-
strate (isohexenyl-glutaconyl-CoA) is 3 carbon atoms longer and
more branched than the ECH (crotonase) substrate octenoyl-
CoA. In addition, the active site of AtuE is partly formed by a
well-ordered � helix found at the end of the tunnel, in sharp con-
trast to the presence of a disordered loop in crotonase in the same
region. Therefore, a binding mode identical to that found in cro-
tonase is unlikely. Analysis of the putative substrate binding site in
AtuE shows that the binding tunnel starts at the CoA binding site,
passes through the catalytic region, and opens onto the other end
of the subunit mostly lined by hydrophobic residues (Fig. 5A).
However, in the case of crotonase, this tunnel opens between the
C-terminal � helix of the neighboring chain and its disordered
loop to the intertrimer space. In fact, the modeling suggests that
the longer branched chain of the substrate tail would clash with
the neighboring subunit’s C-terminal � helix if it were to adopt an
extended conformation similar to that of octanoyl-CoA. Further-
more, the tunnel cavity broadens considerably toward the end to
accommodate the branched isoprenoid unit of the substrate in
AtuE. As a result, the binding pocket gets shielded from the sol-
vent, which is not the case in crotonase. The expanded cavity
might explain why AtuE is able to accommodate the bulky iso-
prenoid portion of the substrate. We therefore propose that AtuE

FIG 4 Comparison of the substrate-binding mode in AtuE (A) (following docking of isohexenyl-glutaconyl-CoA onto the active site, as described in Materials
and Methods) and rat ECH (B) (the PDB accession number for the experimental structure is 2DUB). Colors correspond to the hydrophobicity of the active site,
as shown in the scale (blue, less hydrophobic; brown, more hydrophobic). Isohexenyl-glutaconyl-CoA and octanoyl-CoA are shown as sticks with atoms
indicated by colors: gray, carbon; red, oxygen; orange, phosphorus; yellow, sulfur; blue, nitrogen.

FIG 5 (A) Binding details of AtuE substrate. The residues involved in sub-
strate binding and the substrate are shown in stick representation. The molec-
ular surface of the substrate is depicted. Residues from the neighboring sub-
unit in the trimer involved in substrate binding are shown in orange for
carbon. The other atoms are colored as described in the legend to Fig. 4. (B)
Proposed catalytic mechanism of AtuE.
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has evolved to bind the CoA-activated branched isoprenoid sub-
strate while maintaining the crotonase protein fold. On the basis
of structural considerations, it is suggested that Glu139 could
function as a catalytic residue. Glu139 is structurally equivalent to
Glu164 in rat mitochondrial ECH, where it acts as the catalytic
base. Moreover, the backbone amide nitrogen atoms of Gly116
and Gly68 could form an oxyanion hole via hydrogen bonds to the
thioester carbonyl oxygen of the acyl substrate tail. The catalytic
acid Glu144 of rat ECH is replaced by Gly119 in AtuE, a residue
that cannot participate in catalysis, but it may assist in the correct
positioning of the substrate. Thus, in the absence of a second cat-
alytic residue in AtuE, Glu139 may play a dual role as a catalytic
base and acid according to recent studies carried out on ECH
mutants (32) (Fig. 5B). The presence of only one of the two cata-
lytic Glu residues in members of the crotonase superfamily is not
unusual. Variations in the active site have been previously re-
ported, suggesting that the active-site residues are not strictly con-
served within the crotonase superfamily (33).

Functional implications for Pseudomonas aeruginosa puta-
tive hydratases. Several putative hydratases have been identified
in the genome of Pseudomonas aeruginosa (see Data Set S1 and Fig.
S2 in the supplemental material). Sequence alignment shows a
sequence identity in the range of 24% to 30% compared with the
sequence of AtuE (PA2890 gene product). The suggested catalytic
residue Glu139 of AtuE is rather conserved in most of them, apart
from a few exceptions where it is replaced by Phe or Tyr. Notably,
most putative hydratases in P. aeruginosa also possess the second
catalytic Glu residue, similar to the findings for rat ECH. Since no
increase in abundance was detected for these enzymes, it can be
postulated that they may be involved in other catalytic activities or
are redundant enzymes. Apart from AtuE, the PA4330 gene prod-
uct was the only putative hydrolase found to be increased in abun-
dance in citronellate-grown cells. The sequence of the PA4330
gene product shows 44.3% similarity to the sequence of an enoyl-
CoA hydratase/carnithine racemase from Magnetospirillum mag-
neticum AMB-1 (New York Structural Genomics Research Con-
sortium) and 24% similarity to the sequence of AtuE. It is
therefore expected to share a similar fold with the crotonase su-
perfamily. However, it lacks both glutamate residues and has a Thr
residue structurally equivalent to AtuE Glu139. Therefore, the
PA4330 gene product may have a catalytic mechanism different
from that of AtuE.

Conclusion. Proteome analysis identified 187 proteins in P.
aeruginosa that were increased in abundance in the presence of
citronellate. In particular, proteins belonging to the Atu and Liu
pathways were increased in abundance, thus confirming the im-
portance of these proteins and of both pathways for terpenoid
catabolism in P. aeruginosa. Among the proteins that showed an
increased abundance, two hydratases (AtuE and the PA4330 gene
product) were identified. The structure of AtuE was subsequently
determined at a 2.13-Å resolution, and AtuE was found to be a
member of the crotonase superfamily. Substrate docking and
comparative studies of AtuE with previously crystallized enzymes
of the crotonase family in the presence of substrate revealed sim-
ilar binding modes for CoA and the pantothenate moiety of the
substrate. However, a much wider active-site topology suitable for
the branched substrate of AtuE was identified. The structure of
AtuE provides the first example of an enoyl-CoA hydrolase able to
bind a branched acyl moiety of the substrate.
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