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The widespread, long sought-after bacterial aerobic phenyl-
alanine/phenylacetate catabolic pathway has recently been elu-
cidated. It proceeds via coenzyme A (CoA) thioesters and
involves the epoxidation of the aromatic ring of phenylacetyl-
CoA, subsequent isomerization to an uncommon seven-mem-
bered C-O-heterocycle (oxepin-CoA), and non-oxygenolytic
ring cleavage. Here we characterize the hydrolytic oxepin-CoA
ring cleavage catalyzed by the bifunctional fusion protein PaaZ.
The enzyme consists of a C-terminal (R)-specific enoyl-CoA
hydratase domain (formerly MaoC) that cleaves the ring and
produces a highly reactive aldehyde and an N-terminal NADP* -
dependent aldehyde dehydrogenase domain that oxidizes the
aldehyde to 3-oxo-5,6-dehydrosuberyl-CoA. In many phenyl-
acetate-utilizing bacteria, the genes for the pathway exist in a
cluster that contains an NAD*-dependent aldehyde dehydro-
genase in place of PaaZ, whereas the aldehyde-producing hydra-
tase is encoded outside of the cluster. If not oxidized immedi-
ately, the reactive aldehyde condenses intramolecularly to a
stable cyclic derivative that is largely prevented by PaaZ fusion
in vivo. Interestingly, the derivative likely serves as the starting
material for the synthesis of antibiotics (e.g. tropodithietic acid)
and other tropone/tropolone related compounds as well as for
w-cycloheptyl fatty acids. Apparently, bacteria made a virtue
out of the necessity of disposing the dead-end product with ring
hydrolysis as a metabolic branching point.

Aromatics like phenylacetic acid constitute the second most
abundant class of natural organic compounds that serve as sub-
strates mainly for microorganisms. Oxygen availability is key to
how bacteria utilize such inert substrates (1). Under aerobic
conditions oxygen is used to hydroxylate and cleave the ring (2,
3). In contrast, under anaerobic conditions the inert substrates
become activated to CoA-thioesters followed by shortening of
the side chain and energy-driven ring reduction; furthermore,
ring cleavage occurs hydrolytically rather than by oxygenation.
This strategy also applies to anaerobic phenylacetate catabo-
lism (Ref. 4 and literature cited therein) (Fig. 1A).

Phenylacetate (I) is a key intermediate in the degradation of
various substrates like phenylalanine, lignin-related aromatic
compounds, or environmental contaminants (5, 6). The first
studies from more than 20 years ago reported the induction of a
phenylacetate-CoA ligase under aerobic conditions in Pseu-
domonas putida, suggesting an unconventional strategy for
aerobic phenylacetic acid (Paa)” degradation (7, 8). A total of 14
genes in 3 transcriptional units were identified in the corre-
sponding paa gene cluster (9). However, the underlying bio-
chemical conversions remained obscure until they were
recently elucidated in Escherichia coli K12 and Pseudomonas
sp. strain Y2 (10). This novel metabolic strategy involves the
usage of oxygen as well as CoA-thioester intermediates
throughout the pathway, hence, showing typical features of
aerobic as well as anaerobic strategies. Phenylacetyl-CoA (II)
becomes epoxidized by PaaABC(D)E, a new type of bacterial
multicomponent monooxygenase. The reactive and unstable
epoxide intermediate (III) is further isomerized by enoyl-CoA
isomerase PaaG to an unorthodox C-O heterocyclic enolether
(IV), 2-oxepin-2(3H)-ylideneacetyl-CoA (oxepin-CoA). This is
followed by PaaZ-mediated ring cleavage, and 3-oxidation-like
steps finally yield central intermediates (acetyl-CoA and succi-
nyl-CoA) (Fig. 1, A and B) (10). Interestingly, a similar route
applies to aerobic benzoate metabolism in numerous bacteria
either as the only pathway or as an additional strategy under
certain conditions (11). In contrast to the case of benzoate
metabolism, there are no hints for alternative aerobic phenyl-
acetate degradation strategies in bacteria that may also be
reflected by the large percentage (>16%) of bacteria harboring
key genes of this pathway (10).

Here we investigated the intriguing ring-cleavage reaction
catalyzed by the fusion protein PaaZ that functions as an
oxepin-CoA hydrolase/3-0xo-5,6-dehydrosuberyl-CoA semi-
aldehyde dehydrogenase and is important for the removal of
toxic early pathway intermediates (10). It consists of a C-termi-
nal (R)-specific Hotdog-fold enoyl-CoA hydratase domain
(PaaZ-ECH) and an N-terminal aldehyde dehydrogenase
domain (PaaZ-ALDH) (10, 12). We addressed the question of
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how 50% of bacteria that utilize the pathway lack a gene for the
multifunctional PaaZ in their paa gene cluster. Instead, a gene
is present in the cluster whose product demonstrates aldehyde
dehydrogenase activity but lacks hydratase activity, e.g. PacL
from Aromatoleum aromaticum. To elucidate the unprece-
dented ring-cleavage reaction, we isolated and characterized
recombinant PaaZ, performed 18O—labeling studies, and ana-
lyzed the products by mass spectrometry (MS). Furthermore,
we identified by '>C NMR the spontaneous breakdown product
of the reactive (PaaZ-ECH produced) aldehyde intermediate. A
literature search indicated that this pathway is used by other
microorganisms for the synthesis of various primary and sec-
ondary metabolites and signaling compounds.

EXPERIMENTAL PROCEDURES

Materials—Oxygen-"#0O (normalized, > 97 atom%) and
water-'%0 (normalized with respect to hydrogen, > 97
atom%) were obtained from Campro Scientific (Berlin, Ger-
many). [1-'*C]Phenylacetic acid and L-[U-'*C]phenylala-
nine were purchased from American Radiolabeled Chemi-
cals (Cologne, Germany) and GE Healthcare, respectively.
L-[U-"3C,"*N]phenylalanine was obtained from Spectra
(Andover, MA). Other chemicals were obtained from Amer-
sham Biosciences, Fluka (Neu-Ulm, Germany), Sigma,
Merck, Serva (Heidelberg, Germany), or Roth (Karlsruhe,
Germany). Biochemicals were from Roche Diagnostics,
Applichem (Darmstadt, Germany), or Gerbu (Craiberg, Ger-
many). Materials for cloning and expression were purchased
from MBI Fermentas (St. Leon-Rot, Germany), New England
Biolabs (Frankfurt, Germany), Novagen (Schwalbach, Ger-
many), Finnzymes (Espoo, Finnland), MWG Biotech AG
(Ebersberg, Germany), Biomers (Ulm, Germany), or Qiagen
(Hilden, Germany). Materials and equipment for protein
purification were obtained from New England Biolabs or
Millipore (Eschborn, Germany).

Syntheses—[U-">C]Phenylacetic acid was synthesized from
40 mg of 1-[U-'C,"N]phenylalanine with 740 kBq of 1-[U-
'“C]phenylalanine as a tracer. Phenylalanine was oxidatively
deaminated by L-amino acid oxidase to phenylacetic acid as
described before (13).

Phenylacetyl-CoA was synthesized from phenylacetyl suc-
cinimide modified after Schachter and Taggart (14). Phenyl-
acetyl succinimide was synthesized as described before (10).
B-Methylcrotonyl-CoA was purchased from Sigma. (R)/(S)-3-
hydroxybutyryl-CoA, acryloyl-CoA, butyryl-CoA, and methac-
ryloyl-CoA were synthesized from the free acid (15). Oxepin-
CoA was enzymatically synthesized and purified as described
below. CoA thioesters were quantified by determining the
absorption at 260 nm, assuming the same molar extinction
coefficient as for CoA with € = 16,400 M~ 'cm ™" or for enoyl-
CoA thioesters with € = 22,000 M~ ' cm ™' (16). The purity was
analyzed by RP-HPLC (see below).

Purification of Products by Reverse Phase HPLC—Aliquots
were applied to a column of LiChrospher 100 RP 18E, 5.0 wm,
125 X 4 mm (Wicom, Heppenheim, Germany) equilibrated
with 40 mm ammonium acetate (NH,Ac), pH 6.8, containing
2% (v/v) acetonitrile at a flow rate of 1 ml min~*. The column
was developed at a flow rate of 1 ml min™" by a linear gradient
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from 2% acetonitrile in 40 mM ammonium acetate (pH 6.8) to
30% acetonitrile in the same buffer within 15 min. Elution was
monitored with an UV diode array detector routinely at 260
nm.

HPLC Separation of Substrates and Ring-cleavage Products of
Aerobic Phenylacetate Catabolism—To observe the formation
of ring-cleavage products, an enzymatic assay (0.3 ml) contain-
ing 50 mm Tris-HCI (pH 8.0), 0.5 mm phenylacetyl-CoA, 2 mm
NADPH, 1 mM NADP™, and 30 pg PaaG was started by the
addition of 160 g of PaaABC(D)E and stirred at 30 °C. A sam-
ple was taken after 2 min, before the assay was split and 1.5 ug
of PaaZ or PaaZ-E256Q were added. Further samples were
taken after additional incubation for 1.5 min. A similar assay
(0.3 ml), which contained 1 mm NAD™ instead of NADP™, was
incubated for 2 min, before the assay was split and incubated for
additional 1.5 min with 35 ug of ECH-Aa or 35 ug of ECH-Aa
and 41 pg of PacL. The assays were stopped by adding 1%
formic acid to obtain pH 4.5. The samples were analyzed by
RP-HPLC in an acetonitrile gradient as described above and
detected at 260 nm.

HPLC Time Course of Product Formation—To show sub-
strate consumption and product formation by PaaZ, PaaZ-
E256Q, ECH-Aa, and PacL, reaction assays (0.2 ml) containing
50 mMm Tris-HCl, 0.25 mm oxepin-CoA, and 1.5 mm NADP™
(for PaaZ/PaaZ-E256Q) or 1.5 mm NAD™ (for ECH-Aa/PacL)
were started by the addition of 0.5 ug of PaaZ, 0.8 ug of PaaZ-
E256Q, or 46 ug of ECH-Aa. For ECH-Aa, product formation
was followed either in the absence or in the presence of (28 ug)
PacL. Before the reactions were started, samples were incu-
bated for 2 min without enzymes (except for PacL). Then, first
samples were taken, and enzymes were added. Further samples
were taken after 30, 60, 90, and 180 s. All samples were stopped
and analyzed as described above.

Analysis by MS—Samples of RP-HPLC fractions were trans-
ferred at 5 ul/min by a syringe pump into the nano-electrospray
ionization source of a Finnigan LTQ-FT mass spectrometer
(Thermo Electron Corp., Waltham, MA) for online mass detec-
tion assembled from a linear ion trap and an ion cyclotron (7
tesla magnet) with Fourier transform ion cyclotron resonance
mass spectrometry. Measurements covered the range of m/z
from 600 to 1,300 at a resolution of 100,000.

NMR Analysis—NMR spectra were measured at 10 °C using
Bruker AVANCE 500 spectrometers equipped with an inverse
HC probehead or a QNP cryoprobe. The lyophilized sample
was dissolved in methanol-D, directly before measurement.
13C,'"H INADEQUATE, HSQC and HSQC-TOCSY experi-
ments were measured using the pulse programs and experi-
mental settings implemented in the TOPSPIN 3.0 software
package. The mixing time in the HSQC-TOCSY was 60 ms.
Due to the '*C enrichment of the [U-'>C]phenylacetyl-CoA
precursor, the one-dimensional '*C NMR spectrum of the
product as well as the two-dimensional INADEQUATE,
HSQC, and HSQC-TOCSY spectra were dominated by the sig-
nals due to the >C-enriched positions. Signals of the unlabeled
CoA-ester residue were clearly detected in the one-dimen-
sional 'H NMR spectrum. Moreover, the presence of the thio-
ester moiety was gleaned from the downfield shifts of the car-
bonyl-CoA atom (195 ppm). The multiple '>C-labeling was also
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conducive to scalar couplings between adjacent *C atoms. The
chemical shifts of the '*C-labeled moiety as well as the multi-
plicities, the coupling constants, and the correlation observed
in the two-dimensional experiments are listed in Table 1. In
combination with the mass data, the NMR chemical shifts, cou-
plings, and correlations provided solid evidence for the pro-
posed structure.

Molecular Biological Techniques—The cloning procedures
for paaZ from E. coli K12, paaABCDE/paaG from Pseudomo-
nas sp. strain Y2, and boxD from Azoarcus evansii were
described before (10, 17). Chromosomal DNA from A. aro-
maticum was extracted using standard techniques. The genes
for ech-Aa were amplified by PCR from chromosomal DNA
using the forward primer 5'-GCTATGAATTCGCCAAAAC-
GGGATGCAAG-3' and reverse primer 5'-CTATCGAAGCT-
TCAACTATCTTGACCCAGAGG-3'. Genes for pacl were
amplified using forward primer 5'-GAGTGAATTCACCCAT-
CCGCTGTTCG-3' and reverse primer 5'-CCGCAAGCTTG-
CACGGCGAGAGGCGTTAC-3'. Introduced restriction sites
are underlined; the forward primers contained EcoR1 restric-
tion sites replacing the start codon, and the reverse primers
contained HindIII restriction sites. PCR was performed with
Red Taq polymerase (Genaxxon) for 30 cycles, including dena-
turation for 45 s at 94 °C, annealing for 80 s at 65 °C (ech-Aa) or
for 30 s at 68 °C (pacL), polymerization for 5 min at 72 °C, and a
final extension at 72 °C for 5 min. The PCR products were iso-
lated and cloned into the expression vector pMAL-c2X (New
England Biolabs), which adds a maltose-binding protein (MBP)
to the N terminus of the expressed proteins.

For mutation of paaZ from E. coli, a PCR was carried out
with the pMAL-c2X-derived expression plasmid for PaaZ (10)
as a template, according to published procedures (18). For this
purpose, the primer 5'-CTTCACTATGCAAGCTGATTCCC-
TGAACTG-3" was used, which contains a cytosine (shown
in bold) instead of guanine, compared with native paaZ
E. coli. PCR was performed with Phusion DNA polymerase
(Finnzymes) for 25 cycles including denaturation for 10 s at
98 °C, annealing for 20 s at 65 °C, and polymerization for 4.5
min at 72 °C with a final extension at 72 °C for 7 min. Expres-
sion with the mutated construct yielded PaaZ-E256Q.

Bacterial Strains and Growth Conditions—PaaABC(D)E,
PaaG, and BoxD were produced as described before (10, 17).
For overproduction of the heterologous proteins PaaZ, PaaZ-
E256Q), PacL, and ECH-Aa, transformed E. coli DH5« cells
were grown at 37 °C on lysogeny broth medium (19) with 100
g of ampicillin ml~! up to an A4 of 0.6 before induction with
0.5 mM isopropylthiogalactopyranoside. The temperature was
lowered to 22 °C, and the cells were harvested after additional
growth for 3 h and stored at —20 °C until use.

Purification of MBP-tagged Proteins PaaZ, PaaZ-E256Q,
Pacl, ECH-Aa, PaaABC(D)E, PaaG, and BoxD—PaaABC(D)E,
PaaG, and BoxD were purified and stored as described before
(10, 17). The purifications of the other proteins were performed
aerobically at 10 °C. For the preparation of cell extracts, one
weight part of E. coli cells was suspended in one volume part of
20 mm Tris-HCl (pH 8.0) containing 0.1 mg of DNase I ml™*
and 200 mm KCI. The suspension was passed twice through a
cooled French pressure cell at 137 megapascals and centrifuged
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(100,000 X g) at 4 °C for 1 h. The supernatant (cell extract) was
directly applied to an amylose resin column (New England Bio-
labs, volume 15 ml). The cell extract was applied at a flow rate of
1 ml min~ ! to the amylose resin column, which had been equil-
ibrated with buffer (20 mm Tris-HCI (pH 8.0), 200 mm KCI).
After binding of the enzymes, the column was washed with 2
column volumes of buffer at a rate of 2 ml min~'. The enzymes
were eluted with buffer containing 10 mm maltose and stored
with 30% glycerol (v/v) at —20 °C.

Protein Analyzing Methods—Enzyme fractions were ana-
lyzed by SDS-12.5% polyacrylamide gel electrophoresis (20).
Proteins were visualized by Coomassie Brilliant Blue R-250
staining. Protein concentrations were determined by the Brad-
ford method (21) with bovine serum albumin as a standard.

Preparation of Oxepin-CoA and Unlabeled and [U-3CJ-
labeled 2-Hydroxycyclohepta-1,4,6-triene-1-formyl-CoA—For
photometric tests and RP-HPLC assays, oxepin-CoA was enzy-
matically synthesized and purified in a large scale assay. A reac-
tion mixture (10 ml) contained 4 mg of PaaABC(D)E, 0.1 mg of
PaaG, 1 mm NADPH, 50 mm Tris-HCI (pH 8.0), and 0.4 mm
phenylacetyl-CoA. For MS analysis, the derivative 2-hydroxy-
cyclohepta-1,4,6-triene-1-formyl-CoA was synthesized in an
assay (0.3 ml) containing 0.03 mg PaaZ-E256Q, 50 mm Tris-
HCI (pH 8.0), and 0.1 mm purified oxepin-CoA. For '*C NMR
analysis of the derivative, a large scale assay (5 ml) was used to
produce [U-'3C]2-hydroxycyclohepta-1,4,6-triene-1-formyl-
CoA. The reaction mixture contained 1.5 mm NADPH, 1 mg of
PaaZ-E256Q), 3.5 mg of PaaABC(D)E, 0.2 mg of PaaG, 50 mm
Tris-HCI (pH 8.0), and 1 mm [U-'C]phenylacetyl-CoA. All
enzymatic assays were stirred for 5 min at 30 °C and stopped by
adding 1% formic acid to obtain pH 4.5. The samples were cen-
trifuged (14,000 X g) for 5 min at 4 °C. Unlabeled derivative was
purified by HPLC and frozen in liquid nitrogen until MS mea-
surement. The supernatants of the large scale assays were
applied to C18-E columns (end-capped, bed size 200 mg, reser-
voir volume 3 ml, Phenomenex) that had been equilibrated with
two reservoir volumes of 2% methanol in 20 mM ammonium
acetate (pH 4.5). The columns were washed with 1 reservoir
volume of equilibration buffer, and the reaction products were
eluted with 1 reservoir volume 100% methanol. The methanol
solutions were concentrated with a rotary evaporator at 50 mil-
libar low pressure and 25 °C. The concentrates were loaded
stepwise onto a C18-E column using RP-HPLC for separation.
The respective peaks were collected, immediately frozen in lig-
uid nitrogen, lyophilized, and kept frozen (—20 °C). The sam-
ples were dissolved in cold D,O or methanol-D,, directly before
NMR measurement (for '3C-labeled 2-hydroxycyclohepta-
1,4,6-triene-1-formyl-CoA) or in 10 mm MES-KOH (pH 4.5)
(for oxepin-CoA) before use.

Enzyme Measurements—All described enzymatic reactions
were carried out at 22 °C, and at least two independent mea-
surements were performed. A spectrophotometric assay was
used for the measurement of PaaZ, in which the formation of
NADPH was followed spectrophotometrically at 365 nm
(€365 nm for NADPH of 3500 M~ ' cm ™). The reaction mixture
(0.3 ml) contained 0.5 ug of PaaZ, 50 mm Tris-HCI (pH 8.0), and
1.0-1.5mMNADP " (or NAD " to determine cofactor-specific-
ity) and was started by the addition of 0.1 mm purified oxepin-
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CoA. The K, value for oxepin-CoA was determined by adding
variable amounts of oxepin-CoA (10-100 uM) to the assay
while keeping the NADP™ concentration constant (1.5 mm).
The K, value for NADP* was determined by adding variable
amounts of NADP " (0.3-3 mm) to the assay while keeping the
oxepin-CoA concentration constant (0.1 mm).

To determine the hydrolysis rate of oxepin-CoA through the
ECH domain of PaaZ, a spectrophotometric assay with PaaZ-
E256Q was used in which NADH formation through the auxil-
iary enzyme PacL was followed at 365 nm (€;45 ,,,,, for NADH of
3400 M~ ' cm ™). The reaction mixture (0.3 ml) contained 0.5
ug of PaaZ-E256Q, an excess of 0.14 mg of PacL, .0 mMNAD™,
and 50 mM Tris-HCI (pH 8.0) and was started by the addition of
0.1 mM oxepin-CoA. A similar assay was used to measure
ECH-Aa activity. The reaction mixture (0.3 ml) contained 0.03
mg of ECH-Aa, an excess of 0.4 mg of PacL, 1.0 mm NAD™, 50
mM Tris-HCI (pH 8.0), and was started by the addition of 0.1
mM oxepin-CoA. This photometric assay was also used to
determine the K, value of ECH-Aa for oxepin-CoA by record-
ing the time course of complete NADH formation after addi-
tion of 0.1 mm oxepin-CoA followed by a graphic determina-
tion of the curve point at which half-maximal velocity was
attained.

To determine the pH optima of PaaZ and ECH-Aa, (N-
(2-acetamido)-2-aminoethanesulfonic acid-tris-ethanolamine
(ATE) buffer was used, which shows a constant ionic strength
between pH 6 and 10 (22). The specific activities were com-
pared in 0.5 steps between pH 6 to 10 by using the above
described photometric assays.

To determine the stereospecificity of the PaaZ-ECH and
ECH-Aa catalyzed hydration, the backward dehydration reac-
tion of 3-hydroxybutyryl-CoA to crotonyl-CoA was measured
in a coupled assay with crotonyl-CoA carboxylase/reductase as
an auxiliary enzyme (23). The reaction mixtures contained 1
mm NADPH, 100 mm Tris-HCI (pH 8.0), 0.03 mg of crotonyl-
CoA carboxylase/reductase, 40 mm NaHCO, (as a source of
CO,), 0.5 mm concentrations of either the (R)- or the (S)-enan-
tiomer of 3-hydroxybutyryl-CoA and 0.05 mg of PaaZ-E256Q
or 0.24 mg of ECH-Aa, respectively.

A spectrophotometric assay was used to measure the croto-
nyl-CoA hydration rate to (R)-3-hydroxybutyryl-CoA by PaaZ-
ECH or ECH-Aa, respectively, in which the absorption
decrease at 263 nm was quantified due to the removal of the
enoyl-thioester bond (€43 ., for the enoyl-thioester bond of
6700 M~ ' cm ™! (24)). The assays (220 ul) contained 50 mm
Tris-HCI (pH 8.0), 0.1 mg of PaaZ or 0.03 ug of ECH-Aa and
were started by the addition of 0.1- 0.5 mm crotonyl-CoA. For
PaaZ, also butyryl-CoA, B-methylcrotonyl-CoA, acryloyl-CoA,
and methacryloyl-CoA were tested as substrates.

A photometric test to measure PacL activity would require
an excess of ECH-Aa or PaaZ-E256Q. This was not possible due
to overlapping spectra of the derivative (which is inevitably
formed once the labile semialdehyde accumulates) and NADH;
therefore, a HPLC assay was used. The reaction mixture (100
wl) contained 1.0 mm NAD ™, 0.2 mm oxepin-CoA, 50 mm Tris-
HCI (pH 8.0), 1.3 ng of PaaZ-E256Q), and 2.8 ug of PacL. Sam-
ples (30 ul) were taken after 25, 50, and 75 s, and the reaction
was immediately stopped by adding 1% formic acid to obtain

11024 JOURNAL OF BIOLOGICAL CHEMISTRY

pH 4.5 before denatured protein was removed by centrifuga-
tion. The supernatants were analyzed by RP-HPLC. The for-
mation of 3-oxo-5,6-dehydrosuberyl-CoA was quantified by
determining the relative peak areas of oxepin-CoA and 3-oxo-
5,6-dehydrosuberyl-CoA at different time points. The product
formation was plotted against time, and the specific activity was
calculated based on the best-fit line. The same assay was used
for determination of PacL cofactor specificity with NADP™"
instead of NAD " and also to determine BoxD activity by replac-
ing PacL.

Derivatization of Carbonyl Groups with Phenylhydrazine or
Semicarbazide—To trap the reactive keto group of 3-oxo-5,6-
dehydrosuberyl-CoA, a reaction mixture (0.4 ml) containing
1.5 mM NADPH, 1 mM NADP*, 100 mm Tris-HCI (pH 8.0), 0.03
mg of PaaG, 0.1 mg of PaaZ, 0.32 mg of PaaABC(D)E, 0.7 mm
phenylacetyl-CoA, and 10 mm phenylhydrazine was incubated
for up to 30 min at 22 °C. Samples were taken after different
incubation times, the reactions were stopped by adding 1% for-
mic acid to obtain pH 4.5, and denatured protein was removed
by centrifugation. The samples were analyzed by RP-HPLC. A
new product eluting at 11.8 min was formed over time that was
collected and analyzed by MS. Similarly, assays containing
either 10 mm phenylhydrazine or semicarbazide failed in
trapping the labile ring-cleavage product 3-oxo-5,6-dehy-
drosuberyl-CoA semialdehyde or the derivative 2-hydroxy-
cyclohepta-1,4,6-triene-1-formyl-CoA. Furthermore, ali-
quots of the enzymatic assay were quenched after different
reaction times in MES-HCI (pH 5.5), which contained 10 mm
semicarbazide or phenylhydrazine followed by additional
incubation for 10 min. Again, no derivatization product was
detected.

Labeling Experiments—For H,'®O-labeling assays, reaction
mixtures (0.3 ml) containing 0.2 mg PaaABC(D)E, 0.01 mg of
PaaG, 0.01 mg of PaaZ, 1 mm NADPH, 1 mm NADP™", 50 mMm
Tris-HCI (pH 8.0), and 0.4 mm phenylacetyl-CoA were incu-
bated in 1.5-ml reaction tubes with 50% H,"®O and 50% H,'¢O
(v/v). Alternatively, ECH-Aa (0.12 mg) and PacL (0.08 mg) were
used instead of PaaZ. For '®0-labeling experiments a closed
tube (total volume 7.5 ml) with 50% *#0,, 50% *°O, (v/v) gas
phase was used. The reaction assay (2.5 ml) contained 0.1 mg of
PaaZ, 1 mm NADP™, 50 mm Tris-HCI (pH 8.0), and 0.2 mMm
oxepin-CoA. The assay mixtures were stirred at 30 °C for 3 min
before the reactions were stopped by adding 1% formic acid to
obtain pH 4.5, and denatured protein was removed by centrifu-
gation. The products were purified by RP-HPLC and frozen in
liquid nitrogen until MS measurement.

Analysis of Oxygen Exchange by Mass Spectrometry—Unla-
beled 3-oxo-5,6-dehydrosuberyl-CoA was enzymatically syn-
thesized without '*O and purified by RP-HPLC. 200 wul of
the unlabeled 3-o0x0-5,6-dehydrosuberyl-CoA (containing 13%
acetonitrile) was mixed with 174 ul of H,'®O (resulting in 50%
H,'®0, 50% H,'°0O) and analyzed by MS after different time
intervals.

Spectroscopic Analysis of 3-Oxo-5,6-dehydrosuberyl-CoA—
UV spectra of HPLC-purified 3-oxo0-5,6-dehydrosuberyl-CoA
were recorded in the range of 220 — 400 nm using a Cary 100 Bio
spectrophotometer (Varian). After measurement of the sample,
80 mMm Na,CO, was added, which caused a pH shift from 6.8 to
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FIGURE 1. Aerobic phenylacetate catabolic pathway. A, reactions and intermediates of the pathway and proposed enzyme names are shown. 1, phenyl-
acetate-CoA ligase (AMP forming); 2, ring-1,2-phenylacetyl-CoA epoxidase (NADPH); 3, ring-1,2-epoxyphenylacetyl-CoA isomerase (oxepin-CoA forming),
postulated 3,4-dehydroadipyl-CoA isomerase; 4, oxepin-CoA hydrolase/3-oxo-5,6-dehydrosuberyl-CoA semialdehyde dehydrogenase (NADP*); 5, 3-oxoadi-
pyl-CoA/3-ox0-5,6-dehydrosuberyl-CoA thiolase; 6, 2,3-dehydroadipyl-CoA hydratase; 7, 3-hydroxyadipyl-CoA dehydrogenase (NAD™) (probably (S)-3-spe-
cific). Later steps resemble B-oxidation and lead to acetyl-CoA and succinyl-CoA. Compounds: /, phenylacetate; /I, phenylacetyl-CoA; lll, ring-1,2-epoxypheny-
lacetyl-CoA; IV, 2-oxepin-2(3H)-ylideneacetyl-CoA (oxepin-CoA); V, 3-oxo-5,6-dehydrosuberyl-CoA semialdehyde, VI, 3-oxo-5,6-dehydrosuberyl-CoA. B, shown
is the mechanism of hydrolytic ring fission by PaaZ-ECH or ECH-Aa. Proposed hydrolytic ring-cleavage of oxepin-CoA (IV) by PaaZ-ECH is via an acid-base
mechanism. A conserved histidine and an aspartic acid (His-566 and Asp-561in E. coli) may function as catalytic residues, whereas a conserved glycine (Gly-584)

may form an oxyanion hole. This step is also catalyzed by ECH-Aa from A. aromaticum.

10 before the sample was measured again. In a second sample
20 mm MgCl, was added to purified 3-oxo0-5,6-dehydrosuberyl-
CoA before measurement.

Computational Analysis—The BLASTP searches were per-
formed via the NCBI BLAST server (www.ncbi.nlm.nih.gov)
(25, 26). The search was performed in June of 2010. All acces-
sion numbers are from GenBank™". The amino acid sequences
of PaaA and PaaC were used as queries for BLASTP searches
against assembled bacterial genomes (www.ncbinlm.nih.gov).
Unfinished bacterial genome projects were excluded from the
BLASTP search. Occurrence and similarity of PaaA and PaaC
were analyzed in a total number of 728 completely sequenced
bacterial genomes. The percentage of organisms, which con-
tained homologues for both key enzymes, was 16.6% (121 of 728
bacterial genomes). Homologues taken into account had an
expectation value of <e " for PaaA or <e '' for PaaC. The
genomes of the organisms harboring the key genes were further
analyzed for the presence of the different types of ALDHs
involved in aerobic phenylacetate catabolism using the
sequences of PaaZ (E. coli), PacL (A. aromaticum), and Bacillus
ALDH (Bacillus subtilis) as queries for BLASTP searches. For
construction of a phylogenetic tree, the amino acid sequences
of a selection of the respective orthologues were aligned using
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Clustal W implemented within MEGA4 (27). The evolutionary
history was inferred using the Neighbor-Joining method (28).
The phylogenetic tree is drawn to scale, with branch lengths in
the same units as those of the evolutionary distances used to
infer the phylogenetic tree. The evolutionary distances were
computed using the Poisson correction method and are in the
units of the number of amino acid substitutions per site. Phy-
logenetic analyses were conducted in MEGA4. Other amino
acid sequences were aligned using ClustalW implemented
within BioEdit software.

RESULTS

Oxepin-CoA Ring Cleavage by the PaaZ-ECH Domain—The
structure of oxepin-CoA (IV) suggests that the enoyl-CoA
hydratase-like C-terminal domain (PaaZ-ECH) of the PaaZ
fusion protein (accession number NP_415905) catalyzes the
hydrolytic ring-cleavage, yielding an open-chain aldehyde (V,
3-0x0-5,6-dehydrosuberyl-CoA semialdehyde) (Fig. 1, A and B)
(10). The N-terminal PaaZ-ALDH domain strongly resembles
aldehyde dehydrogenases and may, thus, catalyze the subse-
quent oxidation of the aldehyde to the corresponding carbox-
ylic acid (VI) (10). To identify the hydrolysis product, we incu-
bated enzymatically synthesized and HPLC-purified (IV) with
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purified recombinant MBP-tagged PaaZ in the absence of
NAD(P)*, as ALDH function strictly depends on NAD(P)* in
contrast to ECHs. HPLC analysis showed the rapid appearance
of a new product that differed in retention time and UV spec-
trum from the PaaZ product (VI) formed in the presence of
NADP™.

To corroborate that this represents the product of the PaaZ-
ECH domain and to determine the reaction rate, we produced
mutated MBP-tagged PaaZ in which we impaired ALDH func-
tion by exchanging an assumed catalytic glutamate of the
ALDH domain for a glutamine (E256Q). As expected, the
ALDH-deficient mutant protein PaaZ-E256Q formed the new
product even in the presence of NADP™ (Figs. 2 and Fig. 34).
We then determined the rate of oxepin-CoA hydrolysis via a
photometric test, by coupling PaaZ-E256Q-catalyzed ring
cleavage with aldehyde oxidation by NAD *-dependent recom-
binant ALDH PacL from A. aromaticum (which catalyzes an
analogous reaction to PaaZ-ALDH; see below). The specific
hydratase activity amounted to 33 * 1 units/mg (all activities
were corrected for the size of untagged protein).

Spontaneous Formation of a Stable Derivative from Labile
3-Oxo0-5,6-dehydrosuberyl-CoA Semialdehyde—To test if the
new product presents the expected hydrolysis product (V), we
converted oxepin-CoA with the ALDH-deficient PaaZ-E256Q.
We then tested by HPLC if further addition of unimpaired PaaZ
produces (VI). Surprisingly, this was not the case. Therefore,
the new product must present a rapidly generated derivative, as
no other peaks were observed during the HPLC runs. Mass
spectrometry showed that this non-physiological compound
exhibited a mass of MH™* = 902 (supplemental Fig. S1) equal to
oxepin-CoA, whereas the mass of 920 was expected for the
hydrolytic ring cleavage product.

NMR analysis identified the enzymatically produced
[U-"2C]-labeled derivative as a seven-membered carbon-cycle,
[U-"2C]2-hydroxycyclohepta-1,4,6-triene-1-formyl-CoA (VII)
(Table 1, Fig. 4). Apparently, after hydrolytic ring fission, the
proposed open-chain aldehyde (V) rapidly forms a seven-mem-
bered carbon ring through Knoevenagel-type condensation. C2
deprotonates, which is facilitated by the electron-withdrawing
forces of the adjacent thioester and keto group. It enables a
nucleophilic attack at the reactive terminal C8 aldehyde group
with subsequent water elimination, forming the seven-mem-
bered ring. This is followed by rearrangement of the keto group
to the more stable enol-form of the compound, yielding the

FIGURE 2. Conversion of phenylacetyl-CoA to oxepin-CoA, 2-hydroxy-
cyclohepta-1,4,6-triene-1-formyl-CoA, and 3-oxo-5,6-dehydrosuberyl-
CoA by recombinant enzymes of the phenylacetate catabolic pathway
from E. coli K12 (PaaZ, PaaZ-E256Q) and A. aromaticum (ECH-Aa, PacL).
Products were separated by RP-HPLC in an acetonitrile gradient in 40 mm
NH,Ac (pH 6.8) and detected at 260 nm. The initial reaction mixture contained
50 mm Tris-HCl (pH 8.0), 0.5 mm phenylacetyl-CoA, 2 mm NADPH, 1 mmNADP*,
and 30 ug PaaG and was started by the addition of 160 ug of PaaABC(D)E to
produce oxepin-CoA. The samples are before the addition of PaaABC(D)E (A)
and 2 min after reaction start (B). Then the assay was split and incubated for
another 1.5 min with 1.5 pug of PaaZ-E256Q (C) or 1.5 ug of PaaZ (D). A second
initial reaction mixture, which contained 1 mm NAD ™" instead of NADP ™", was
incubated for 2 min, split, and incubated for additional 1.5 min with 35 ug of
ECH-Aa (E) or 35 ug of ECH-Aa and 41 ug PacL (F). CoA is released (B-F)
through decomposition of the labile epoxide intermediate (PaaABC(D)E
product). The roman numerals indicate the compounds in Figs. 1 and 4.

YASHEWE\  VOLUME 286-NUMBER 13-APRIL 1,2011


http://www.jbc.org/cgi/content/full/M110.196667/DC1

Hydrolytic Ring Cleavage in Phenylacetate Catabolism

observed (VII) (Fig. 4). This compound likely inhibits PaaZ as the
initial oxepin-CoA hydrolysis rate slowed down with increasing
derivative concentration as observed by HPLC (data not shown).
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FIGURE 3. Time course of substrate consumption and product formation
by recombinant purified enzymes PaaZ or PaaZ-E256Q from E. coli K12
(A) and ECH-Aa and PacL from A. aromaticum (B). The reaction mixtures
contained 50 mm Tris-HCI (pH 8.0), 0.25 mm oxepin-CoA, and 1.5 mm NADP*
(for A) or 1.5 mm NAD™ (for B). The reactions at 30 °C were started by the
addition of PaaZ (0.5 ng), PaaZ-E256Q (0.8 ng), or ECH-Aa (46 ng). The con-
tinuous lines in A present the time course for PaaZ, and the dotted lines present
the time course for PaaZ-E256Q. The continuous lines in B show the time
course for ECH-Aa in the presence of 28 ug of PacL, and the dotted lines show
the time course for ECH-Aa alone. The roman numerals indicate the com-
pounds in Figs. 1 and 4.
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TABLE 1

Aldehyde Oxidation by PaaZ-ALDH—PaaZ converted oxepin-
CoA in the presence of NADP™ mainly to the final product (VI),
whereas only trace amounts of (VII) were produced (Figs. 2 and
Fig. 3A). To determine the ALDH reaction rate, we quantified
the formation of NADPH in a photometric assay and measured
aspecific activity of 32 = 3 units/mg, which is nearly identical to
the enoyl-CoA hydratase activity (33 = 1 units/mg). With
NADT, PaaZ exhibited 50% activity.

80-Labeling of 3-Oxo-5,6-dehydrosuberyl-CoA after Trans-
formation of Oxepin-CoA by PaaZ in the Presence of H,"50O—
We applied '®O-labeling studies to verify the hydrolytic ring
cleavage of (IV) and aldehyde oxidation of (V) by PaaZ. For this
purpose, we enzymatically produced (VI) in the presence of
50% H,'%0, 50% H,'¢0. In case of hydrolytic ring cleavage and
subsequent aldehyde oxidation by PaaZ, we would expect the
incorporation of up to two labeled oxygen from water (Fig. 1, A
and B). The mass of the proposed PaaZ product (VI) is MH™* =
936 (10). When 50% H, 'O is used, one would expect a ratio of
1:2:1 of unlabeled (MH™ = 936), single-labeled (MH™* = 938),
and double-labeled product (MH" = 940). However, we ob-
served a ratio of 4:5:1 (supplemental Fig. S2). This discrepancy
can be explained as follows.

Proof of Oxygen Exchange between the Carbonyl Oxygen of
3-Oxo0-5,6-dehydrosuberyl-CoA and Oxygen from Water—It is
well known for aldehydes and ketones that the carbonyl oxygen
rapidly exchanges with oxygen from water (29). This exchange
is also expected for the free keto group of labeled (VI), which
would result in an exchange of **0 with '°O from water via the
ketone hydrate (Fig. 5A4). This substitution can take place dur-
ing sample preparation when the product was isolated in unla-
beled water; double-labeled (VI) would then exchange *#0 with
'°O at the keto group leading to more single-labeled product.
Moreover, the part of the single-labeled (VI) that harbors '#O at
the keto group exchanges with the same rate, thus, forming
more unlabeled product. Finally, after sufficient incubation
time, one would expect a 1:1 ratio of unlabeled to single-labeled
(VI), as labeled oxygen at the carboxyl group (i.e. from aldehyde
oxidation) cannot exchange with water. Because the sample
preparation via HPLC took about 10 min, we observed a yet
incomplete exchange. To verify that oxygen does exchange
between carbonyl **0 of the PaaZ product and *°O from water,
we measured the exchange reaction in the opposite direction.
Enzymatically synthesized and HPLC-purified '°O-(VI) was

NMR data of [U-'3C4]2-hydroxycyclohepta-1,4,6-triene-1-formyl-CoA (VII)

Coupling constants were observed in the one-dimensional ">*C NMR spectrum (coupling partners are in parentheses). ND, not determined due to signal overlap; d, doublet;
dd, double-doublet; t, pseudo-triplet; qua, pseudo-quartet; m, multiplet. The compound was enzymatically synthesized from [U-**C,]phenylacetyl-CoA. Note that in the
table the C-atom numbering is according to Fig. 4 and not to nomenclature, meaning that e.g. the hydroxy group at position C3 represents C2 (2-hydroxy-) according to

nomenclature.

Chemical shifts Correlations observed in
Position 'H (HSQC) 13C Coupling constant HSQC HSQC-TOCSY INADEQUATE
ppm Hz
1 194.9 (d) 61 (2)
2 110.1 (qua) 62(1,3,8) 8
3 166.4 (dd) 44.(4), 69 (2)
4 2.67 33.9(t) 42 (3,5) 4 4,5,6
5 5.5 119.7 (dd) 38 (4), 67 (6) 5 4,5,6,7,8 6
6 6.21 128.3 (m) ND 6 4,5,6,7,8 5
7 6.35 124.9 (m) ND 7 6,7,8 8
8 6.87 129.3 (m) ND 8 56,7,8 7,2
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FIGURE 4. Proposed mechanism of 2-hydroxycyclohepta-1,4,6-triene-1-
formyl-CoA formation. The highly reactive 3-oxo-5,6-dehydrosuberyl-CoA
semialdehyde (V, ring-cleavage product) undergoes spontaneous intramo-
lecular Knoevenagel-type condensation forming the derivative 2-hydroxycy-
clohepta-1,4,6-triene-1-formyl-CoA (VII). The aromatic tropone (IX) is likely
formed from VII, whereas the antibiotics tropodithietic acid (IX) and thio-
tropocin (X) as well as the w-cycloheptyl fatty acids (XI) are derived either
directly from VII or from the same compound after hydrolysis of the CoA
thioester. Note that the numbering of C-atoms for the cyclic compounds is
not according to nomenclature.

incubated with 50% H,'®0, 50% H,'°O and analyzed by MS
after several time intervals. In fact, we could observe the forma-
tion of single-labeled **O-(VI) with a rate that may well explain
the initial labeling pattern (Fig. 5B, supplemental Fig. S2).

As a control, we converted purified (IV) with PaaZ in the
presence of 50% 20, 50% '°0,. As expected, we could not
observe labeled (VI). Taken together, the data provides evi-
dence for a hydrolytic rather than oxygenolytic nature of the
ring fission.

Substrate Specificity and Stereospecificity of the PaaZ-ECH
Domain—We tested crotonyl-CoA, butyryl-CoA, B-methyl-
crotonyl-CoA, acryloyl-CoA, and methacryloyl-CoA as possi-
ble substrates for the PaaZ-ECH domain. Significant activity
(0.23 *= 0.01 units/mg) was shown exclusively for crotonyl-
CoA. The hydration product was identified as 3-hydroxybu-
tyryl-CoA using HPLC (data not shown). It should be noted
that earlier studies with PaaZ reported a specific activity of 48
units/mg for crotonyl-CoA (12). The assay conditions were
similar, and the reasons for such a great discrepancy to our
results are unclear.
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To test the stereospecificity of the PaaZ-ECH hydration, we
measured the backward dehydration reaction of 3-hydroxybu-
tyryl-CoA to crotonyl-CoA in a coupled assay with crotonyl-
CoA carboxylase/reductase. This enzyme converts crotonyl-
CoA to ethylmalonyl-CoA under consumption of NADPH and
CO, (23). The reaction was only observed with (R)-3-hydroxy-
butyryl-CoA, but not with (5)-3-hydroxybutyryl-CoA, proving
that the PaaZ-ECH domain acts as (R)-specific hydratase.

Derivatization with Phenylhydrazine and Semicarbazide—
To test for reactive keto groups, we enzymatically synthesized
(VI) in the presence of phenylhydrazine and observed the for-
mation of a new product by HPLC (data not shown). We
applied MS and detected a mass corresponding to 3-phenylhy-
drazono-5,6-dehydrosuberyl-CoA (see supplemental Fig. S3),
which supports the reported structural data for the PaaZ prod-
uct (10). To prove an aldehyde intermediate as the ring-cleav-
age product, we tried to trap (V) with phenylhydrazine or semi-
carbazide as a stable phenylhydrazone or semicarbazone under
different conditions (up to 10 mm (pH 5.5—8.0)), by converting
(IV) with ALDH-deficient PaaZ-E256Q. Apparently, formation
of (VII) from (V) occurred too rapidly to permit derivatization,
as no new peak was detected by HPLC. The 2-hydroxy group
of (VII) may form a keto group through keto-enol tautom-
erism (Fig. 4), which should also become trapped. It is
unclear why derivatization did not occur. Probably, the keto-
enol-enolate equilibrium favors the enolate and may, thus,
impede derivatization.

Spectroscopic Features of 3-Oxo-5,6-dehydrosuberyl-CoA—
The UV spectrum of the PaaZ product (VI) showed a small
shoulder between 290 -330 nm beside the maximum at 260 nm
caused by the nucleotide of the CoA ester. To test if this shoul-
der is caused by the enolate form that equilibrates with the
B-keto group, we used Mg>" or, alternatively, a pH increase to
10 to stabilize the enolate (16). As expected, the substance
showed in both cases typical spectroscopic features of a 2,3-
enolate group, with a significant absorption increase at 310 nm
(supplemental Fig. S4).

Ring Cleavage in Organisms Lacking the PaaZ Fusion Protein—
Many phenylacetate degrading organisms lack paaZ-like genes
but instead harbor genes in their paa clusters that only encode
predicted ALDHs without PaaZ-ECH-like domains. An exam-
ple is pacL from A. aromaticum, which is currently mislead-
ingly annotated as paaZ. Consequently, an obvious candidate
for hydrolytic ring cleavage is missing in the clusters of many
other phenylacetate-degrading bacteria (see supplemental
Table S1). We, thus, performed a genome-wide BLASTP search
in A. aromaticum for predicted PaaZ-ECH-like proteins ((R)-
specific Hot dog-fold hydratases) using the PaaZ-ECH domain
of E. coli as a query.

Two candidates were found; the MBP-tagged proteins were
heterologically produced and purified. One of them (accession
number CAI09349.1) showed no activity toward (IV), whereas
the other candidate (ECH-Aa, accession number CAI08632.1)
exhibited oxepin-CoA ring-cleavage activity. Ring fission with
ECH-Aa yielded the same derivative as did cofactor-deprived
PaaZ or ALDH-deficient PaaZ-E256Q, as shown by HPLC
(Figs. 2 and 3B) and MS, however, with a much lower rate of
1.2 * 0.1 units mg ™~ ". It is noteworthy that ECH-Aa exhibited
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FIGURE 5. Mechanism (A) and kinetic behavior (B) of oxygen exchange between the carbonyl oxygen of 3-oxo-5,6-dehydrosuberyl-CoA and oxygen
from water in 50% H,'80/50% H,"0. Phenylacetyl-CoA was converted by PaaABC(D)E, PaaG, and PaaZ, and the product 3-oxo-5,6-dehydrosuberyl-CoA was
purified by reverse-phase HPLC. After sample collection, 50% H,'®0 (v/v) was added, and the first sample was immediately injected into the electrospray
ionization source of a Finnigan LTQ-FT mass spectrometer and measured within 1.5 min. Further measurements were done in several time intervals. The curve
demonstrates the incorporation of '®0 from labeled water into the 3-oxo group via the keto hydrate and explains the reduced amount of double labeled
3-ox0-5,6-dehydrosuberyl-CoA in the performed H,'80 labeling experiments (see supplemental Fig. S2). '®0-atoms are illustrated as black dots in A.

TABLE 2

Catalytic properties of recombinant PaaZ (Escherichia coli) and PacL and ECH-Aa (both from Aromatoleum aromaticum)

ND, not determined.

Organism and enzyme” E. coli PaaZ

A. aromaticum PacL A. aromaticum ECH

Substrates Oxepin-CoA, crotonyl-CoA, NADP™*

3-Oxo0-5,6-dehydrosuberyl-CoA

Oxepin-CoA, crotonyl-CoA

semialdehyde, NAD™

Products 3-Oxo0-5,6-dehydrosuberyl-CoA, (R)-3-

3-Ox0-5,6-dehydrosuberyl-CoA,

3-Oxo0-5,6-dehydrosuberyl-CoA semialdehyde,

hydroxybutyryl-CoA, NADPH, H™" NADH, H" (R)-3-hydroxybutyryl-CoA
Specific activity" (units/mg) 32 (£3) 5.8 (*£0.1) 1.2 (+0.1)
Apparent K, (um) Oxepin-CoA, 11 (x1); NADP*, 56 (=4) ND Oxepin-CoA 35 (*4)
Optimum pH 8 ND 8
Turnover (s~ ') 39 6 0.32
Catalytic efficiency (I/mol's) 3.5 X 10° ND 0.01 X 10°

Specificity (%) Oxepin-CoA 100, crotonyl-CoA 1

Oxepin-CoA 0.02, crotonyl-CoA 100

“ Accession numbers are NP_415905 for PaaZ, CAI08120 for PacL and CAI08632.1 for ECH-Aa.
? Activities were determined using photometric tests (PaaZ, ECH-Aa) or HPLC tests (PacL) and are corrected for the size of an untagged protein.

high activity for crotonyl-CoA (2300 * 340 units/mg), indicat-
ing that oxepin-CoA hydrolysis might be a side reaction. As
expected, ECH-Aa was also found to be (R)-specific, like PaaZ-
ECH. We then tested by HPLC if ECH-Aa and purified recom-
binant MBP-tagged PacL (accession number CAI08120) are
able to substitute for PaaZ. In fact, the concerted action of
ECH-Aa and PacL lead to the formation of (VI), which was
identified by retention time, UV spectrum, and MS (Figs. 2
and 3B). Furthermore, according '®O-labeling patterns were
observed for (VI) when ECH-Aa and PacL were used instead of
PaaZ (data not shown).

A photometric test to measure the rate of the PacL-catalyzed
reaction was not possible because an excess of PaaZ-E256Q or

APRIL 1,2011+VOLUME 286+NUMBER 13

ECH-Aa (which is needed to provide substrate (V)) for the
determination of PacL activity inevitably led to accumulation of
the derivative (VII). This interfered with detection of NADH
formation due to overlapping spectra. We, therefore, used
HPLC for quantifying the PacL-catalyzed formation of (VI)
from (V) and determined a specific activity of 5.8 £ 0.1 units
mg . The concurrent non-enzymatic formation of (VII) from
(V) indicated the required excess of PaaZ-E256Q for determi-
nation of PacL activity. PacL preferred NAD ™" as a cofactor with
60% activity with NADP™.

Determination of the Catalytic Properties of PaaZ, PacL, and
ECH-Aa—A summary of some catalytic features of the three
enzymes characterized in this work is shown in Table 2. The
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stoichiometry of the PaaZ-catalyzed reaction was 1 NADP™
reduced per 1 oxepin-CoA converted. No K, value could be
determined for PacL due to the instability of the substrate (V).

Different ALDHs Involved in Phenylacetate Metabolism—To
gain insight into the PacL and PaaZ relation, we performed
BLASTP searches against assembled bacterial genomes with
the NCBI data base. Our results showed that 121 of 728 (>16%)
bacterial species harbor key genes for the phenylacetate path-
way (see supplemental Table S1). We searched the proteome of
those bacteria for the presence of homologues of PaaZ from
E. coli and of PacL from A. aromaticum using the respective
amino acid sequences as queries. Most (56 organisms) showed
homologues for PaaZ, 42 for PacL and 3 for both proteins (see
supplemental Table S1). Strikingly, no homologues for either
protein were found in Firmicutes. We checked their phenyl-
acetate degradation cluster and found a further candidate gene
located between paaG and paaH for the processing of the labile
aldehyde intermediate in Bacillus halodurans (accession num-
ber BAB03922). All 11 members of the Firmicutes and one
member of the Chloroflexi that make use of this route harbored
homologues for this protein. We found no obvious (i.e. clus-
tered) candidate gene in the remaining 10 bacterial species.

Phylogeny of PaaZ and Related Enzymes—PaaZ-ALDH of
E. coli showed high similarity to aldehyde dehydrogenase BoxD
of A. aromaticum (43% amino acid sequence identity, accession
number CAI07676) and other bacteria. BoxD oxidizes 3,4-de-
hydroadipyl-CoA semialdehyde to 3,4-dehydroadipyl-CoA in
the (micro)aerobic benzoate catabolic pathway (11). Despite
the similarity of both enzymes, purified BoxD exhibited only
minor activity toward (V) (=0.02 units mg ') as determined by
HPLC.

The different types of ALDHs prompted us to construct a
phylogenetic tree of the three types of aldehyde dehydroge-
nases involved in phenylacetate degradation, of BoxD and of
several other ALDHs whose functions are known (see Fig. 6).
The tree suggested that PaaZ-ALDH and BoxD very likely share
a recent common ancestor as they cluster together. PacL and
Bacillus ALDH formed different self-contained branches unre-
lated to PaaZ-ALDH, although they probably catalyze the same
reaction. Bacillus-ALDH was highly similar to bovine mito-
chondrial ALDH2 (see Fig. 6) and to glycine betaine aldehyde
dehydrogenase GbsA from B. subtilis (30) (42% amino acid
identity), which may have been the ancestral function of the
enzyme. PacL does not show significant homology toward any
of the discussed ALDHs (=28% amino acid identity).

DISCUSSION

Hydprolytic Ring Cleavage by PaaZ-ECH—The predicted Hot
dog-fold PaaZ-ECH domain acts as an (R)-specific hydratase
that exhibits high catalytic efficiency for oxepin-CoA (Table 2).
This enables efficient ring cleavage and removal of toxic path-
way intermediates. Catalytic residues of (R)-specific Hot dog-
fold hydratases (EC4.2.1.119) have been identified by structural
and mutational analysis of the hydratase 2 domain of eukaryotic
multifunctional enzyme type 2 (MFE-2) and of Aeromonas
caviae hydratase, suggesting an acid-base mechanism with
strictly conserved catalytic aspartate and histidine residues
(31-33). A similar mechanism also applies to (S)-specific hy-
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dratases despite lacking amino acid sequence and structural
similarity. In this case, two glutamate residues serve as cat-
alytic acid and base (34). Hydration by both types of hydra-
tases, hence, occurs with reciprocal stereochemistry due to
mirror-image active centers (31). Multiple sequence align-
ments of the hydratase 2 domains from MFE-2 and eukary-
otic and prokaryotic fatty acid synthases revealed the
conserved consensus sequence (Y/F)X,; ,(L/V/I/G)(S/T/G/
C)GDXNP(L/I/V)HX,(A/S) (35) with the catalytic residues
shown in bold. The remaining conserved amino acids likely
stabilize the structure with hydrophobic and hydrogen bond
interactions (33). Alignment of all 56 PaaZ revealed the
consensus sequence F-(A/G/S)X,(S/T)(G/W)DXFY(A/M)HX(D/
N)X;(A/L/T) for the PaaZ-ECH domain. Consistently, this con-
sensus sequence also shows the strictly conserved Asp and His
(shown in bold) with a spacer of four amino acids, suggesting
that those residues are responsible for oxepin-CoA hydroly-
sis (Fig. 7, see also supplemental Fig. S5).

Proposed Catalytic Mechanism of PaaZ-ECH—The structure
of the PaaZ substrate (IV) allows two possible sites for hydro-
Iytic cleavage, at C3 or C8 (see Fig. 1B). PaaZ adds water to
crotonyl-CoA, which harbors a double bond between C2 and
C3 adjacent to the CoA-ester like oxepin-CoA, thus indicating
that the PaaZ-ECH domain likely introduces water at C3 of the
side chain. In the case of hydrolytic ring cleavage at C8, one
would not expect '#O-exchange with water, as observed. The
keto-group of (VI) should then be derived from the former
epoxy-oxygen, which in turn derives from (unlabeled) O, intro-
duced during enzymatic synthesis of (IV) by monooxygenase
PaaABC(D)E (Fig. 14).

We suggest a reaction mechanism that requires a positively
charged ether O-atom and an oxyanion of the CoA-thioester
(residue numbers for E. coli enzyme). A strictly conserved Gly-
584 may form an oxyanion hole stabilizing this enolate anion
intermediate (34) (Figs. 1B and 7 and supplemental Fig. S5),
similar to other (R)-specific hydratases (31, 33). This state is
also favored through mesomerism. It enables the addition of a
hydroxyl group to C3 and a proton to C2, likely mediated by
Asp-561 and His-566 (Fig. 1B and 7 and supplemental Fig. S5).
The proton of the attached hydroxyl group then dissociates,
forming a keto group. Simultaneously, ring cleavage between
C3 and the ether O-atom occurs. Finally, the resulting ring-
opened Cg alcohol rearranges through keto-enol tautomerism
to (V), the substrate of the ALDH domain of PaaZ (Fig. 1B).
PaaZ, hence, exploits the structure of the oxepin for an attack
that resembles conventional hydration of e, 3 unsaturated acyl-
CoA esters (like crotonyl-CoA) to achieve ring cleavage. The
need of CoA esters for the formation of an enolate intermediate
in this reaction and also in the PaaG-catalyzed epoxide-oxepin
(ITI-IV) isomerization may explain why the pathway interme-
diates are processed as CoA-esters.

Ring Cleavage in Organisms Lacking PaaZ—A PaaZ-ECH-
like protein from A. aromaticum ECH-Aa encoded outside the
paa gene cluster is able to cleave oxepin-CoA (IV), yet with low
catalytic efficiency. Possibly, a similar gene may code for the
true enzyme. Here we searched only for homologues of (R)-
specific Hot dog-fold hydratases. However, despite the stereo-
selectivity of the PaaZ-ECH domain for crotonyl-CoA hydra-
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FIGURE 6. Phylogenetic unrooted tree of a selection of orthologues of PaaZ-ALDH, PacL, Bacillus ALDH, BoxD, and some ALDHs that are not involved
in aromatic degradation. The tree was constructed using the Neighbor-Joining method (28) and is drawn to scale, with branch lengths in the same units as
those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method and
are in the units of the number of amino acid substitutions per site. Asterisks indicate bootstrap values <70%. ALDHs that are not involved in aromatic
catabolism are: GapN, glyceraldehyde-3-phosphate dehydrogenase from Streptococcus mutans (64) (accession number Q59931); mitochondrial bovine ALDH2
(53) (accession number P20000); GbsA: glycine betaine aldehyde dehydrogenase from B. subtilis (30) (accession number NP_390984); Vibrio harveyi ALDH (60)

(accession number AAA89078).

tion, the hydrolytic cleavage semialdehyde product (V) does not
harbor a stereocenter. Therefore, an (S)-specific enoyl-CoA
hydratase may well catalyze oxepin-CoA (IV) ring fission via an
acid-base mechanism. This possibility is supported by the fact
that some bacteria contain neither genes for PaaZ nor for (R)-
specific Hot dog-fold hydratases. In A. evansii lacking a fusion
protein, a pacL knock-out mutant was unable to grow aerobi-
cally on phenylacetate but accumulated the aromatic tropone
(VIII) (2,4,6-cycloheptatriene-1-one; Fig. 4) during growth in
the presence of phenylacetate (36). Recently, (VIII) was also

APRIL 1,2011+VOLUME 286+NUMBER 13

shown to be derived from phenylacetate (37). It resembles the
derivative (VII) which is formed during oxepin-CoA hydrolysis
by PaaZ in trace amounts along with the main product (VI) or
exclusively if PaaZ-ALDH function is impaired through muta-
tion or by lack of NAD(P) ". Moreover, ECH-Aa produces the
same derivative in the absence of PacL (Fig. 2). The unstable
hydrolysis product (V) may undergo spontaneous Knoevena-
gel-type condensation forming (VII) (tropone precursor, Fig.
4). Hydrolysis of the CoA-thioester, subsequent decarboxyla-
tion, and oxidation then likely leads to tropone (VIII).
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FIGURE 7. Schematic view of fusion protein PaaZ from E. coli K12. The N-terminal ALDH domain and the C-terminal ECH domain of PaaZ are illustrated as
separate parts. The highlighted amino acids are: Thr-184, responsible for cofactor specificity; Gly-232 and Gly-237, important for cofactor binding; Glu-256, likely
acting as catalytic general base; Cys-295, catalytic residue responsible for the initial formation of a covalent thiohemiacetal intermediate; His-472, possible
candidate for the catalytic general base; Asp-561 and His-566, proposed catalytic residues for hydrolytic ring-cleavage; Gly-584, likely responsible for the

formation of an oxyanion hole.

Bacterial Primary and Secondary Metabolites with the Deriv-
ative (VII) as Precursor—The antibiotics tropodithietic acid
(IX) and its tautomers, e.g. thiotropocin (X) from Roseobacter,
Pseudomonas, and Caulobacter species (37—40) are also highly
similar to (VII). Their formation proceeds via phenylacetate
and depends on early phenylacetate catabolic pathway enzymes
(37,41). Tropodithietic acid may even act as a quorum signal in
symbiotic Roseobacter species (42). Moreover, a very similar
sulfur-bridged dicyclic tropolone with broad antibacterial
activity spectrum was isolated from Burkholderia cenocepacia
(43, 44), which can grow on phenylacetate (45). Astonishingly,
the derivative (VII) resembles parts of the unusual predomi-
nant eponymous w-cycloheptyl fatty acids (XI) from Alicyclo-
bacillus cycloheptanicus (46). The terminal cycloheptane ring is
derived from phenylacetate and formed through a so far
unknown ring expansion mechanism similar to the production
of tropodithietic acid/thiotropocin (46). Possibly all tropone/
tropolone-related compounds found in bacteria may be formed
this way either from proffered phenylalanine/phenylacetate
(catabolic) or from a C, Shikimate pathway intermediate (ana-
bolic). Analogous formation may also apply to some tropone/
tropolone compounds from plants/fungi, as there is limited
knowledge at present (44).

We postulate that the derivative (VII) is the sought pre-
cursor of the discussed secondary metabolites and w-cyclo-
heptyl fatty acids. The proposed spontaneous intramolecular
Knoevenagel-type condensation of the labile ring-cleavage
product (V) is, thus, pivotal for the formation of such hepta-
cyclic compounds. The required minimum set of enzymes
for an efficient production of (XII) from phenylacetate are,
thus, PaaK, PaaABC(D)E, PaaG (Fig. 14), and a ring-cleaving
hydratase that lacks ALDH function (e.g. PaaZ-E256Q). This
knowledge may set the stage for antibiotics-producing bac-
terial systems when combined with enzymes for the final
conversions of (XII) into tropodithietic acid or related bio-
active compounds.

Oxidation of the Labile 3-Oxo-5,6-dehydrosuberyl-CoA
Semialdehyde—The resulting semialdehyde ring-cleavage
product (V) is further oxidized to the respective carboxylic acid
(VI) by PaaZ-ALDH (or PacL) under formation of NADPH (Fig.
1A). This fits well with the NADPH consumption through the
multicomponent oxygenase/reductase PaaABC(D)E (10), thus,
creating a short NADPH/NADP™ cycle for the initial steps of
phenylacetate degradation. PaaZ-ALDH, PacL, Bacillus ALDH,
and BoxD all belong to the large enzyme family of NAD(P)*-
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dependent ALDHs (EC 1.2.1.x) (47). They contain a character-
istic Rossman-fold for cofactor binding with the conserved fin-
gerprint motive GXXXXG (17, 48, 49). Only the first glycine is
mandatory for cofactor binding (49) as observed in the BoxD
orthologues and in some PaaZ orthologues, whereas both gly-
cines are conserved in PaaZ from E. coli (Fig. 7), PacL, and
Bacillus ALDH (supplemental Fig. S6).

NADT™ specificity of ALDHs is largely determined by a glu-
tamate residue (50), whereas polar amino acid residues (e.g.
threonine, as observed in PaaZ, Thr-184, see Fig. 7) at this posi-
tion favor the binding of NADP™ (51, 52) (for sequence align-
ments of PaaZ, PacL, Bacillus ALDH, BoxD (27), and NAD*-
specific bovine mitochondrial ALDH2 (53) see supplemental
Fig. S6). Some other PaaZ orthologues harbor Ser, Pro, Gly, or
His instead of Thr. PacL, which has an isoleucine (Ile-236) at
this location, prefers NAD™; this may apply to all PacL ortho-
logues, with some harboring a valine instead of isoleucine.
Bacillus ALDH orthologues harbor a serine or a glutamate at
that position (Ser/Glu-177) with yet no available experimental
data for cofactor specificity.

Aldehyde oxidation is achieved through initial formation of a
covalent thiohemiacetal intermediate of the substrate with a
cysteine residue of the ALDH-NAD(P) ™ (54 -57). Homologues
to this catalytic cysteine (Cys-295 in PaaZ E. coli; see Fig. 7 and
supplemental Fig. S6) as well as two strictly conserved gluta-
mate residues were identified in the discussed ALDHSs (in PaaZ
E. coli Glu-256 and Glu-395; see Fig. 7 and supplemental Fig.
S6). A conserved histidine or glutamate residue, which is close
to the catalytic cysteine, may act as a general base (58 — 60). This
conserved histidine is not present in all ALDHs but can be
found in PaaZ (Fig. 7) and BoxD (supplemental Fig. S6). The
crystal structure of BoxD from Burkholderia xenovorans LB400
indicates that the glutamate (Glu-255 in BoxD A. aromaticum)
is the most likely candidate for the general base (61). This sug-
gests that the corresponding Glu-256 in PaaZ from E. coli has
the same essential function that is underlined by the ALDH-
deficient PaaZ-E256Q mutant.

Consequences for Nomenclature of MaoC-like Proteins—It is
noteworthy that the paaZ gene was originally identified as
monoamine oxidase C (maoC) without knowledge of the
encoded proteins function, as it is flanked upstream by maoA,
padA, and maoB in Klebsiella aerogenes (62), whereas the paa
genes are located downstream. MaoA is an amine oxidase that
accepts various substrates like tyramine or phenylethylamine,
the latter yielding phenylacetaldehyde. This is the substrate for
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phenylacetaldehyde dehydrogenase PadA, producing phenyl-
acetate (63). Therefore, two related pathways are clustered, but
PaaZ itself is not involved in the processing of amines. How-
ever, mainly the ECH domain of PaaZ and similar proteins and
their genes are currently misleadingly referred to as MaoC-like.
We, therefore, suggest the renaming of these proteins and the
respective genes and propose the correct term (R)-specific
enoyl-CoA hydratase.

Evolutionary Considerations—Formation and accumulation
of (VII) is likely inevitable during growth on phenylacetate, and
apparently some bacteria found use for this “dead-end prod-
uct,” making secondary metabolites and even unusual fatty
acids. Likely, the PaaZ fusion protein does not release the semi-
aldehyde intermediate but immediately oxidizes it to the more
stable carboxylic acid to largely prevent formation of dead-end
products. These products are not only inhibitory but also trap
CoA. Metabolic channeling achieved by fusion of two genes
thus was positively selected. At least three different ALDHs
have been recruited for the processing of the labile semialde-
hyde (V). They do not share a recent common ancestor and
evolved independently as illustrated by a phylogenetic tree (Fig.
6). The fact that BoxD is homologous to PaaZ-ALDH tempts to
speculate whether one is derived from the other or if the two
proteins just share a common ancestor.
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