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Anaerobic microbial toluene catabolism is initiated by addition of fumarate to the methyl group of toluene,
yielding (R)-benzylsuccinate as first intermediate, which is further metabolized via B-oxidation to benzoyl-
coenzyme A (CoA) and succinyl-CoA. A specific succinyl-CoA:(R)-benzylsuccinate CoA-transferase activating
(R)-benzylsuccinate to the CoA-thioester was purified and characterized from Thauera aromatica. The enzyme
is fully reversible and forms exclusively the 2-(R)-benzylsuccinyl-CoA isomer. Only some close chemical
analogs of the substrates are accepted by the enzyme: succinate was partially replaced by maleate or methyl-
succinate, and (R)-benzylsuccinate was replaced by methylsuccinate, benzylmalonate, or phenylsuccinate. In
contrast to all other known CoA-transferases, the enzyme consists of two subunits of similar amino acid
sequences and similar sizes (44 and 45 kDa) in an o,f3, conformation. Identity of the subunits with the
products of the previously identified toluene-induced bbsEF genes was confirmed by determination of the exact
masses via electrospray-mass spectrometry. The deduced amino acid sequences resemble those of only two
other characterized CoA-transferases, oxalyl-CoA:formate CoA-transferase and (E)-cinnamoyl-CoA:(R)-phe-
nyllactate CoA-transferase, which represent a new family of CoA-transferases. As suggested by kinetic analysis,
the reaction mechanism of enzymes of this family apparently involves formation of a ternary complex between

the enzyme and the two substrates.

Some bacteria are known to metabolize aromatic hydrocar-
bons, such as toluene, in the absence of oxygen. The metabolic
pathway involved in the anaerobic catabolism of toluene is
currently under investigation (for a review, see reference 19).
Opverall, toluene is oxidized to benzoyl-coenzyme A (CoA), a
common intermediate in the anaerobic catabolic pathways of
many aromatic compounds (reviewed in reference 20). The
first step is an unusual addition of the methyl group of toluene
to the double bond of a fumarate cosubstrate (5, 7; Fig. 1). This
reaction is catalyzed by the glycyl-radical enzyme (R)-benzyl-
succinate synthase and yields exclusively the (R)-(+)-enan-
tiomer of benzylsuccinate (6, 25, 26). Further catabolism of
(R)-benzylsuccinate to benzoyl-CoA proceeds via a specific
B-oxidation pathway (26; Fig. 1). The enzymes of this pathway
are encoded by nine genes, which are arranged in a toluene-
induced operon (24). B-Oxidation of benzylsuccinate is initi-
ated by a succinyl-CoA:(R)-benzylsuccinate CoA-transferase
producing benzylsuccinyl-CoA (26). Analogous initial reactions
as outlined for anaerobic toluene metabolism have recently
also been described for anaerobic catabolism of m-xylene (23),
m-cresol (28), p-cresol (29), and 2-methylnaphthalene (2), and
the corresponding benzylsuccinate analogs of these substrates
have been identified (2, 23, 28, 29). However, the subsequent
reactions of these pathways are not yet known.

CoA-transferases catalyze the reversible transfer of CoA
between organic acids and are known from many bacterial and
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eukaryotic species. Based on their reaction mechanisms and
amino acid sequences, the currently known enzymes can be
grouped into three families. (i) CoA-transferases of family I,
e.g., for 3-oxoacids (15, 30, 35), acetate, butyrate (4, 33, 36), or
glutaconate (9, 22, 27), contain two dissimilar subunits in dif-
ferent aggregation states (a,, or a,B,), except for mamma-
lian succinyl-CoA:acetoacetate CoA-transferases, where the
subunits are fused to a single polypeptide (15, 30). A conserved
amino acid sequence motif in the B-subunit (Prosite entry
PS01274) contains an active-site glutamate residue, which is
involved in the reaction mechanism (27, 31); another con-
served amino acid sequence motif is present in the a-subunit
(Prosite entry PS01273). These enzymes operate by a ping-
pong mechanism: in the first half of the reaction a covalently
bound glutamyl-CoA thioester intermediate of the enzyme is
formed by reacting with a suitable CoA-donor compound. The
enzyme-CoA intermediate then reacts with a CoA-acceptor
compound in the other half of the reaction (27, 31, 35). CoA-
transferases of family I are specifically inactivated by treatment
with hydroxylamine or borohydride when they are preincu-
bated with a CoA-donor compound. The former inhibitor
causes formation of a hydroxamate at the CoA-activated glu-
tamate, and the latter reduces glutamyl-CoA to glutamic alco-
hol (27, 31, 35). (ii) A second family of CoA-transferases is
defined by the transferase subunits of citrate and citramalate
lyases. The physiological substrate transferred by these en-
zymes is an enzyme-associated acyl-carrier protein (ACP) sub-
unit containing a protein-bound CoA moiety. Transfer of free
CoA moieties is only observed as a side reaction under in vitro
conditions (10, 11, 17). The catalytic mechanisms of these
enzymes require ternary-complex formation of the enzyme,
donor ACP-thioester (acetyl-ACP), and a thioester-acceptor
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FIG. 1. Pathway of anaerobic toluene degradation. Enzymes: BSS,
(R)-benzylsuccinate synthase; BSCT, succinyl-CoA:(R)-benzylsucci-
nate CoA-transferase; BSDH, (R)-benzylsuccinyl-CoA dehydrogenase;
PIH, (E)-Phenylitaconyl-CoA hydratase; HADH, 3-hydroxyacyl-CoA
dehydrogenase; BST, benzoylsuccinyl-CoA thiolase; SDH, succinate
dehydrogenase. Chiral C atoms of as-yet-unknown configuration are
indicated with circles.

compound (citrate or citramalate; 10, 11). (iii) Finally, the first
members of a third family of CoA-transferases were recently
characterized: (E)-cinnamoyl-CoA:(R)-phenyllactate CoA-
transferase from Clostridium sporogenes (16) and formyl-CoA:
oxalate CoA-transferase from Oxalobacter formigenes (3, 32).
These enzymes differ in sequence from the enzymes of families
I and II, and a reaction mechanism similar to that of family II
enzymes has been suggested for one member (16).

In this communication, we report on the purification and
biochemical characterization of succinyl-CoA:(R)-benzylsucci-
nate CoA-transferase from the denitrifying bacterium Thauera
aromatica, the second enzyme of anaerobic toluene metabo-
lism. We provide evidence that this enzyme belongs to the
emerging family III of CoA-transferases.

MATERIALS AND METHODS

Materials and bacterial strains. Chemicals were obtained from Fluka, Merck,
Sigma, or Roth; biochemicals were from Boehringer or Gerbu; and the ATP
monitoring kit was from Merlin. High-performance liquid chromatography
(HPLC) equipment was from Merck or Waters, and fast-performance liquid
chromatography (FPLC) equipment was from Pharmacia. [2,3-'*CJsuccinate
(specific radioactivity, 2.6 GBq mmol ') was from American Radiolabeled Com-
pounds. The R and S enantiomers of benzylsuccinate were prepared from the
racemate as described previously (26); enantiomer purities were >90%. CoA-
thioesters of benzylsuccinate and other dicarboxylic acids were synthesized via
the internal anhydrides as described elsewhere (26). T. aromatica strain K172 (1)
was isolated by Tschech and Fuchs (34) and has been deposited in Deutsche
Sammlung von Mikroorganismen (DSMZ 6984). Azoarcus sp. strains T (DSMZ
9506; 18) and M3 (DSMZ 12184; 21) were obtained from Josef Zeyer, ETH
Ziirich; Azoarcus sp. strain B5-1 was isolated from an enrichment culture on
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3-methylbenzoate in the laboratory of Georg Fuchs, University of Freiburg
(unpublished results).

Growth of bacterial cells and preparation of cell extract. Denitrifying bacteria
were grown at 30°C under denitrifying conditions in mineral salt medium, as
described previously (7). Cell harvesting and storage were performed as de-
scribed earlier (7). Cell extract was prepared under aerobic conditions at 4°C.
Frozen cells were suspended in one volume of buffer A (10 mM triethanolamine
hydrochloride-NaOH [pH 7.5], 10% [vol/vol] glycerol) containing 0.05 mg of
DNase I (g of cells) ~'. Cells were broken by passage through a French pressure
cell at 137 MPa; the lysate was centrifuged at 100,000 X g for 60 min. The
supernatant was used immediately or kept frozen at —70°C without detectable
loss of activity for up to 3 months.

Enzyme assays. The forward reaction of succinyl-CoA:(R)-benzylsuccinate
CoA-transferase was measured by a photometric assay coupled to the reaction of
endogenous succinate dehydrogenase of 7. aromatica as described previously
(26) or by analysis of benzylsuccinyl-CoA formation via HPLC (reference 26 and
as described below). The reverse reaction of the enzyme was measured by a
coupled luminometric assay with the endogenous succinate-CoA ligase of T.
aromatica and luciferase as auxiliary enzymes. The enzyme was assayed in 100
mM triethanolamine hydrochloride-NaOH (pH 7.5) containing 2.5 mM MgCl,,
5 mM NaH,PO,, 0.1 mM ADP, 1 mM succinate, 2% (vol/vol) ATP-monitoring
kit, 0.1 mU of partially purified succinate-CoA ligase (0.2 pg of protein), 10 .l
of diluted cell extract or column fraction, and (if necessary) 0.1 mM P,-Ps-bis-
(adenosine-5")-pentaphosphate to inhibit myokinase activity. The reaction was
started by adding benzylsuccinyl-CoA to a final concentration of 0.1 mM. The
reaction was followed continuously in a luminometer 1250 (Pharmacia-LKB) and
calibrated with an ATP standard (Merlin). The auxiliary enzyme succinate-CoA
ligase was enriched by passing extracts of toluene-grown cells over a DEAE-
Sepharose column (Pharmacia; diameter, 2.2 cm; volume, 30 ml). The column
was eluted with a linear gradient of 50 to 200 mM NaCl in buffer A over 7 column
volumes. Succinate-CoA ligase eluted between 90 and 115 mM NaCl with a
recovery of 95% and an enrichment factor of 3.8. The active fractions were
pooled; they contained 7.8 mg of protein ml™! and a specific activity of 0.5 pwmol
min~! (mg of protein) ~'. No succinyl-CoA:(R)-benzylsuccinate CoA-transferase
activity was detectable in these fractions. Steady-state kinetic experiments were
performed for the reverse reaction with purified enzyme, using varied concen-
trations of succinate and chemically synthesized (R)-benzylsuccinyl-CoA that
contained both possible regioisomers (2-and 3-benzylsuccinyl-CoA; see below).
Concentrations of both substrates varied from 0.25 to 7 times the respective K,
values.

Product analysis. Routine analysis of the CoA-thioesters produced was per-
formed by HPLC at room temperature with UV detection at 260 nm using a C
reversed-phase column (5 wm; LiChrospher 100 RPC-18; Merck), as described
previously (26). However, chemically synthesized benzylsuccinyl-CoA consisted
of two isomeric compounds (2- and 3-benzylsuccinyl-CoA), which comigrated
under the standard HPLC conditions (26). Partial separation of the two com-
pounds was achieved by a modified HPLC protocol. The column was eluted over
25 min at a flow rate of 1 ml min~! with a gradient of 1 to 25% (vol/vol)
acetonitrile in 50 mM acetate buffer containing 50 mM phosphate (pH 4.5).
Chemically synthesized benzylsuccinyl-CoA and enzymatically produced benzyl-
succinyl-CoA were analyzed in portions of 1 to 2 nmol per run. Because of the
poor peak resolution, comigration tests of the enzymatically produced benzyl-
succinyl-CoA regioisomer were confirmed by spiking enzymatic conversion re-
action mixtures with different amounts of chemically synthesized benzylsuccinyl-
CoA.

Enzyme purification. All purification steps were performed under aerobic
conditions at 6°C with an FPLC System (Pharmacia). Extracts of T. aromatica
cells grown on toluene (12.5 ml of a 100,000 X g supernatant) were applied to a
DEAE-Sepharose column (Pharmacia; diameter, 2.2 cm; volume, 30 ml) which
had been equilibrated with buffer A. The column was washed with buffer A at a
flow rate of 1 ml min~ " for 4 column volumes. The column was eluted with steps
of 100 and 180 mM NaCl; each step was applied over 4 to 5 column volumes.
Fractions of 5 ml were collected. Succinyl-CoA:benzylsuccinate CoA-transferase
activity eluted in a volume of 60 ml when the 180 mM NacCl step was applied.
Two-thirds of the eluate (40 ml) were loaded on a ceramic hydroxyapatite
column (Bio-Rad; diameter, 1.6 cm; volume, 20 ml) equilibrated with buffer A.
The column was washed with 60 ml of buffer A, and the CoA-transferase activity
was eluted with 22 mM sodium phosphate in buffer A over 2 to 3 column
volumes. The active fractions were pooled (final volume, 60 ml). Half of the pool
(30 ml) was applied on a Q-Sepharose column (Pharmacia; diameter, 1.1 cm;
volume, 10 ml) which was equilibrated with buffer A containing 180 mM NaCl.
The column was eluted with steps of 180 and 250 mM NaCl at a flow rate of 1
ml min~'. Each step was applied over 3 to 4 column volumes. The CoA-
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transferase activity eluted in a volume of 70 ml when 250 mM NaCl was applied.
The eluate was concentrated to a volume of 1.5 ml by ultrafiltration with an
exclusion limit of 30 kDa (Amicon 8400, with a PM-30 membrane). Concen-
trated eluate (500 pl) was loaded on a Superdex 200 column (Pharmacia; diam-
eter, 1.6 cm; volume, 120 ml). The column was equilibrated and eluted with
buffer A containing 100 mM NaCl at a flow rate of 0.8 ml min~", and fractions
of 1.6 ml were collected. The CoA-transferase eluted in a volume of 8 ml. The
fractions were pooled and concentrated 35-fold by ultrafiltration. No loss of
activity was recorded during the concentration steps.

Analysis of substrate preference. The products of the CoA-transferase reac-
tion were analyzed by HPLC as described previously (26). To test the substrate
preference of succinyl-CoA:(R)-benzylsuccinate CoA-transferase, succinate was
replaced by (R,S)-methylsuccinate, maleinate, fumarate, formate, acetate, pro-
pionate, glutarate, malonate, or oxalate; benzylsuccinate was replaced by (R, S)-
methylsuccinate, (R,S)-phenylsuccinate, 2- or 3-phenylpropionate, 4-phenylbu-
tyrate, or benzylmalonate. An analogous test was performed with benzoyl-CoA
as the potential alternative CoA donor instead of succinyl-CoA and (R,S)-
benzylsuccinate as acceptor. The assays (total volume, 100 pl) were performed in
100 mM Tris-HCI [pH 7.5] containing a 2.5 mM concentration of the substrate
analog to be tested and 3 pg of purified CoA-transferase after preparative gel
filtration. The reactions were started with 0.5 mM of the appropriate CoA-
thioester and incubated at 30°C. After 10 min, the assay mixtures were split: one
half (50 pl) of each assay mixture was retrieved and acidified to pH 3 with formic
acid (10% [vol/vol] final concentration); the remaining half was brought to pH 9
by adding 10 pl of 0.1 M NaOH and heating at 80°C for 15 min to hydrolyze
CoA-thioesters. The alkaline-treated samples were then acidified to pH 3 with
formic acid (10% [vol/vol] final concentration). Precipitated protein was re-
moved by centrifugation (20,000 X g; 4°C; 10 min), and the samples were
analyzed by HPLC (26). If the substrate analogs were converted to CoA-thio-
esters, new peaks absorbing at 260 nm were observed, which disappeared after
alkaline treatment. The correlation of these peaks with the predicted CoA-
thioesters was checked by chemical synthesis and HPLC analysis of CoA-thio-
esters of maleate, methylsuccinate, and phenylsuccinate. Although the chemi-
cally synthesized CoA-thioesters were mixtures of the possible positional and
conformational isomers, they all contained one compound that comigrated with
the enzymatically formed thioester (data not shown).

Isotope exchange experiments. Assay mixtures containing 100 mM Tris-HCI
(pH 7.5), 6.5 pg of purified CoA-transferase, and 125 Bq of [**C]succinate (final
concentration, 0.5 wM) were prepared in a total volume of 100 pl. Control assay
mixtures also contained 1 mM benzylsuccinate. The reactions were started by
adding 1 mM succinyl-CoA and incubating at room temperature. After 5 and 20
min, samples (50 wl) were taken; the reaction was stopped by adding formic acid
(10% [vol/vol]) and reaction products were analyzed by HPLC as described
before. UV absorption at 260 nm and radioactivity (Ramona detector; Raytest)
of the eluate were monitored simultaneously.

Inactivation experiments. Two types of experiments were performed. (i) The
first type was inactivation by sodium borohydride. Enriched CoA-transferase
after the Q-Sepharose step (160 g of protein) was added to 1 ml of a 0.5 M
triethanolamine hydrochloride buffer (pH 7.5), which either contained or lacked
benzylsuccinyl-CoA (250 wM). The enzyme was treated with 10 wl of a 1 M
NaBH, solution in 1 M NaOH, and 10 pl of a 1 M HCI solution was added
immediately afterwards. The mixtures were incubated for 10 min at room tem-
perature and tested for CoA-transferase activity by the coupled luminometric
assay. (ii) The second type of experiment involved inactivation by hydroxylamine.
The same enzyme batch as used for the above experiments (3.2 pg of protein)
was added to 0.1 ml of a 0.1 M Tris-HCI buffer (pH 7.5), which either contained
or lacked benzylsuccinyl-CoA (250 pM). The enzyme was treated with 10 mM
hydroxylamine for 15 min at room temperature and assayed by the coupled
luminometric assay.

Native molecular mass determination. The molecular mass of the native
CoA-transferase was determined by size exclusion chromatography and by Fer-
guson plot analysis. Concentrated eluate of the preparative gel filtration (100 I,
1.4 mg ml~!) was applied on a Superdex 200-HR (Pharmacia; diameter, 1.1 cm;
volume, 20 ml). The column was equilibrated and eluted with buffer A containing
100 mM NaCl. The following molecular mass standard proteins were used to
calibrate the column: ferritin (450 kDa), catalase (240 kDa), alcohol dehydro-
genase (150 kDa), bovine serum albumin (67 kDa), and ovalbumin (45 kDa);
inclusion and exclusion volumes were determined with blue dextran and vitamin
B,,, respectively. Additionally, the native mass of the enzyme was confirmed by
Ferguson plot. Purified CoA-transferase and standard proteins were separated
on native acrylamide gels (5, 6, 6.5, and 8% polyacrylamide [wt/vol]). The fol-
lowing proteins were used as standards: different aggregation forms of bovine
serum albumin (monomer, 67 kDa; dimer, 134 kDa; trimer, 201 kDa; tetramer;
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268 kDa); ovalbumin (45 kDa); and carboanhydrase (29 kDa). The migration
positions of the proteins were used to calculate the molecular mass of the native
CoA-transferase after staining the gels with Coomassie blue or by silver staining
(12).

Other methods. Evaluation of kinetic experiments and fitting to equations
describing different two-substrate mechanisms was performed by the program
Leonora (13), using the original data from duplicated experiments. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (8% [wt/vol]
polyacrylamide gels) was performed as described previously (12). Proteins were
stained with Coomassie blue. Protein concentrations were determined according
to the method of Bradford (8) or by a modification of the Lowry method (12),
using a bovine serum albumin standard which had been calibrated by its absorp-
tion at 280 nm. UV-visible spectra were recorded by a Perkin-Elmer UV/Vis
spectrometer Lambda 2S. Electrospray-mass spectrometry of purified protein
was performed with a Finnigan TSQ700 mass spectrometer with electrospray
interface. The protein was applied on a C, HPLC column (0.8 by 150 mm;
Vydac) directly coupled to the mass spectrometer and eluted by a linear gradient

from 10 to 95% acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 20 .l

min~ 1.

RESULTS

Enzyme assays for succinyl-CoA:(R)-benzylsuccinate CoA-
transferase. Continuous enzyme assays were developed to
measure the forward and reverse reactions of succinyl-CoA:
(R)-benzylsuccinate CoA-transferase of toluene-grown cells of
T. aromatica. The assay for the forward reaction coupled ben-
zylsuccinate-dependent formation of free succinate from suc-
cinyl-CoA to the succinate dehydrogenase reaction. The rate
(= standard deviation) measured by this assay in cell extracts
was 15 = 5 nmol min~' (mg of protein) ! (26). The reverse
reaction, synthesis of succinyl-CoA from benzylsuccinyl-CoA
and succinate, was measured by a luminometric coupled en-
zyme assay with succinate-CoA ligase and firefly luciferase.
Partially purified succinate-CoA ligase from 7. aromatica was
used as auxiliary enzyme. The enzyme preparation was devoid
of CoA-transferase activity and had a specific succinate-CoA
ligase activity of 510 = 15 nmol min~* (mg of protein) ~*. The
specific activity of succinyl-CoA:(R)-benzylsuccinate CoA-
transferase in cell extracts, as measured by this assay, was 25 =
5 nmol min~' (mg of protein) .

Analysis of reaction products. We have previously shown
that succinyl-CoA:(R)-benzylsuccinate CoA-transferase specif-
ically forms a CoA-thioester from (R)-benzylsuccinate (26).
However, the biologically relevant benzylsuccinyl-CoA isomer
has not yet been fully identified, since two different regioiso-
mers can be formed, 2- or 3-benzylsuccinyl-CoA (Fig. 2).
Chemically synthesized (racemic) benzylsuccinyl-CoA indeed
consisted of 2- and 3-benzylsuccinyl-CoA in a reproducible
molar ratio of 2:1, respectively, as evident from the chemical
shifts of the thioester-carbonyl groups detected by '*C-nuclear
magnetic resonance (NMR) analysis (26; W. Eisenreich, A.
Bacher, C. Leutwein, and J. Heider, unpublished data). The
two isomers of racemic or enantiomerically pure benzylsucci-
nyl-CoA comigrated under standard HPLC conditions but
were partially separated by a modified HPLC procedure (Fig.
2). The molar ratio of the two isomers was calculated as 2:1
from the integrated peak areas, assuming similar absorption
coefficients at 260 nm. Therefore, the earlier eluting peak can
be assigned to 2- and the latter to 3-benzylsuccinyl-CoA (Fig.
2). Although enzymatically synthesized benzylsuccinyl-CoA
was not obtained in sufficient amounts for '*C-NMR analysis,
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FIG. 2. HPLC analysis of the enzymatically formed benzylsuccinyl-
CoA isomer. Chemically synthesized (solid line) and enzymatically
synthesized (broken line) benzylsuccinyl-CoA were separated by
HPLC and monitored by their absorption at 260 nm. The dotted line
represents the hypothetical elution profile of 3-benzylsuccinyl-CoA; it
represented 30 to 40% of the amount of chemically synthesized ben-
zylsuccinyl-CoA. The curve was calculated by subtracting the elution
profile of enzymatically synthesized benzylsuccinyl-CoA from that of
the chemically synthesized isomer mixture. The structures of the ben-
zylsuccinyl-CoA isomers were inferred from correlation with NMR
data as shown.

it eluted as a single compound in HPLC assays and comigrated
with 2-benzylsuccinyl-CoA (Fig. 2).

Purification of succinyl-CoA:(R)-benzylsuccinate CoA-trans-
ferase. Succinyl-CoA:(R)-benzylsuccinate CoA-transferase was
purified from toluene-grown cells of 7. aromatica in four chro-
matographic steps (Table 1). The enzyme was stable in air, and
therefore all purification steps were performed under aerobic
conditions. In initial experiments, we observed that the enzyme
was completely inactivated during passage over DEAE-Sepha-
rose when eluted with linear gradients of NaCl. Therefore, all
anion exchange and hydroxyapatite chromatographic steps
were performed with step gradients, which were not detrimen-
tal for enzyme activity. Monitoring of enzyme activity during
purification was done by the luminometric assay for the reverse
reaction. Addition of the myokinase inhibitor bis-adenosine
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pentaphosphate was necessary for luminometric assays with
cell extracts and fractions of the first column, but not with the
active fractions of the later steps of the purification. Activity
eluted from the DEAE-Sepharose column between 100 and
180 mM NaCl. The larger portion of the active fractions was
applied to a hydroxyapatite column, and enzyme activity eluted
in a step between 0 and 22 mM sodium phosphate. The next
purification step was chromatography on Q-Sepharose: half of
the active fraction after hydroxyapatite chromatography was
applied, and the enzyme eluted in a step between 180 and 250
mM NaCl. The final step of the purification, gel permeation
chromatography on Superdex 200 HR, was only applied for
small aliquots. Although this step obviously caused severe in-
activation of the enzyme, it was necessary for purification.
Several other columns, such as Mono-Q, hydrophobic col-
umns, or dye affinity columns, were tested, but they either
inactivated the enzyme or did not yield further purification
effects. An SDS-polyacrylamide gel of the active fractions dur-
ing the purification is shown in Fig. 3; the enzyme is essentially
pure after the gel filtration step. As calculated from the en-
richment factor and yield, the CoA-transferase corresponds to
at least 0.6% of the total soluble protein of toluene-grown cells
of T. aromatica.

Molecular properties of succinyl-CoA:(R)-benzylsuccinate
CoA-transferase. Purified succinyl-CoA:(R)-benzylsuccinate
CoA-transferase consisted of two polypeptides migrating at
apparent masses of 44 and 45 kDa during SDS-PAGE (Fig. 3).
Both subunits of the purified enzyme were blocked for N-
terminal sequencing. However, exact molecular masses of the
subunits were determined by electrospray-mass spectrometry
(44.81 and 45.47 kDa). These masses match well with those
predicted for two recently identified toluene-induced proteins,
BbsF (44.798 kDa) and BbsE (45.482 kDa). These are encoded
in a common operon (bbs, for beta-oxidation of benzylsucci-
nate) together with other enzymes involved in B-oxidation of
benzylsuccinate (24). The mass of the native enzyme (mean =+
standard deviation) was determined as 215 = 15 kDa by pas-
sage over a calibrated Superdex 200 HR gel filtration column
and as 225 * 26 kDa by a Ferguson plot from native gel
electrophoresis. Thus, the subunit composition of succinyl-
CoA:(R)-benzylsuccinate CoA-transferase appears to be a,(3,.
The UV-visible spectrum of purified enzyme did not exhibit
unusual features. The absorption coefficient of the enzyme at
280 nm was 304 mM ! cm ™! per holoenzyme («,f,), which is
in reasonable agreement with the absorption coefficient calcu-
lated from the tryptophan and tyrosine content of BbsE and
BbSF (g,50 = 284 mM ' cm™1).

TABLE 1. Purification of succinyl-CoA:benzylsuccinate CoA-transferase from 7. aromatica“

Purification step Volume Protein Activi_ty Speciﬁ_c activity Enrichment Yield
(ml) (mg) (nmol min~1) (nmol min~! mg™") factor (%)

Crude extract 12.5 56.3 13.3 23.7 1 100
DEAE-Sepharose 60 17.7 12.1 68.1 2.9 91
Hydroxyapatite 60 84 89.4 3.8 73
Q-Sepharose 70 22.5 100 42 45
Gel filtration 8 0.5 300 12.7 9

“Yield values have been corrected for the fractions of active pools which were not used for the next purification steps.
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FIG. 3. SDS-PAGE of active fractions during purification of succi-
nyl-CoA:benzylsuccinate CoA-transferase. A Coomassie-stained gel is
shown, in which the pooled fractions of the purification were analyzed.
Low polyacrylamide concentrations (8% [wt/vol]) were used to sepa-
rate the two CoA-transferase subunits. The purified enzyme was
checked for the absence of contaminating proteins smaller than 30
kDa, which migrated in the front in these gels. Lanes: 1, protein
standards; 2, crude extract (16 pg of protein); 3, DEAE-Sepharose
fraction (12 pg of protein); 4, hydroxyapatite fraction (12 ug of pro-
tein); 5, Q-Sepharose fraction (12 pg of protein); 6, gel filtration
fraction (1.5 pg of protein). The masses of standard proteins in kilo-
daltons are indicated on the left margin.

Catalytic properties of succinyl-CoA:(R)-benzylsuccinate
CoA-transferase. Purified enzyme was assayed with succinyl-
CoA and (R)- or (S)-benzylsuccinate (2 mM final concentra-
tion); the products formed after different incubation times
were analyzed by HPLC. Only (R)-benzylsuccinate was con-
verted to 2-benzylsuccinyl-CoA at rates of 320 = 50 nmol
min~ ' (mg protein) !, whereas no reaction was observed with
the (S) enantiomer. Rates of 2-(R)-benzylsuccinyl-CoA forma-
tion were not significantly lowered in assays containing 2 mM
(R)-benzylsuccinate plus (§)-benzylsuccinate in up to fivefold
excess. Enantiomer specificity of the reverse reaction was
tested by the luminometric assay, using chemically prepared
(R)-, (S)-, and racemic benzylsuccinyl-CoA. All preparations
were mixtures of 2- and 3-benzylsuccinyl-CoA (molar ratio of
2:1, as analyzed by HPLC). Purified enzyme was active with
(R)-benzylsuccinyl-CoA, whereas no activity was detected
when (§)-benzylsuccinyl-CoA was used as substrate. In con-
trast to the free acid, (§)-benzylsuccinyl-CoA inhibited CoA-
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FIG. 4. Double-reciprocal plot of succinyl-CoA:benzylsuccinate
CoA-transferase activity versus succinate concentration. The assays
were performed by the standard luminometric assay in the presence of
5 (a), 15 (b), 30 (c), 60 (d), or 120 (e) pM concentrations of a chem-
ically synthesized regioisomer mixture of 2- and 3-(R)-benzylsuccinyl-
CoA (molar ratio, 2:1). Reactions were started with the indicated
concentrations of succinate. The symbols represent mean values of two
measurements.

transferase activity, as evident from enzyme assays containing
(R)-benzylsuccinyl-CoA (90 uM) and increasing concentra-
tions of (S)-benzylsuccinyl-CoA. Activities dropped to 70%
with racemic benzylsuccinyl-CoA, to 40% with a 5-fold excess,
and below the detection limit with a 10-fold excess of (§)-
benzylsuccinyl-CoA.

Kinetic parameters of succinyl-CoA:(R)-benzylsuccinate
CoA-transferase were only recorded for the reverse reaction
because the assays for the forward direction were not sensitive
enough to obtain reliable initial activity values at low substrate
concentrations. The assays were performed with chemically
synthesized (R)-benzylsuccinyl-CoA (2- and 3-benzylsuccinyl-
CoA in 2:1 ratio). The indicated concentrations of (R)-benzyl-
succinyl-CoA relate to the isomer mixture as applied in the
experiments; concentrations of the relevant regioisomer cor-
respond to 67% of these values. The kinetic data were evalu-
ated by curve fitting of the data to the Michaelis-Menten equa-
tion and statistical evaluation (13). They were consistent with
an assumed ternary-complex mechanism but significantly dif-
ferent from those expected from ping-pong kinetics. This is
also evident from double-reciprocal plots of activity versus
benzylsuccinyl-CoA or succinate concentrations, which yielded
intersecting lines (Fig. 4). K,,, values of 40 = 8 uM for 2- plus
3-(R)-benzylsuccinyl-CoA and 160 =+ 30 uM for succinate were
calculated from the best-fitting ternary complex equation (13,
14).

The substrate preference of succinyl-CoA:(R)-benzylsucci-
nate CoA-transferase was tested by HPLC analysis of the CoA-
thioesters formed in enzyme assays with chemical analogs of
benzylsuccinate and succinate, respectively. Benzylsuccinate
analogs were tested with succinyl-CoA, and succinate analogs
were tested with (racemic) benzylsuccinyl-CoA as CoA donor
(Table 2). From these tests, it became evident that the enzyme
is quite specific for the two natural substrates. Detectable
CoA-thioester formation was observed with (R, S)-phenylsuc-
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TABLE 2. Substrate analogs of succinyl-CoA:benzylsuccinate
CoA-transferase

Thioester HPLC retention

CoA acceptor CoA donor formed (% times of CoA-

relative amt)  thioesters (min)
Succinate Benzylsuccinyl-CoA 100 6.0
Methylsuccinate Benzylsuccinyl-CoA 82 8.2
Maleinate Benzylsuccinyl-CoA 28 8.0
Benzylsuccinate  Succinyl-CoA 100 14.3
Methylsuccinate = Succinyl-CoA 58 8.2
Benzylmalonate Succinyl-CoA 46 10.3
Phenylsuccinate ~ Succinyl-CoA 6 12.0

“ CoA-thioester formation from the given compounds was determined after 20
min of incubation with benzylsuccinyl-CoA or succinyl-CoA as CoA donors. The
100% values correspond to 96 pM for formation of succinyl-CoA and 84 uM for
formation of benzylsuccinyl-CoA. No CoA-thioesters were formed with benzyl-
succinyl-CoA as CoA donor and formate, acetate, propionate, oxalate, malonate,
glutarate, or fumarate as acceptors, or with succinyl-CoA as CoA donor and
2-phenylpropionate, 3-phenylpropionate, or 4-phenylbutyrate as acceptors.

cinate and benzylmalonate in lieu of benzylsuccinate, and with
maleinate replacing succinate. (R, S)-Methylsuccinate was the
only substrate tested that replaced either succinate or benzyl-
succinate as a CoA-acceptor compound (Table 2). The CoA-
transferase reaction was also analyzed for isotope exchange
activity between unlabeled succinyl-CoA and [2,3-'*C]succi-
nate. About 50% of '*C-labeled succinate was converted to
[**C]succinyl-CoA after 20 min in the absence of benzylsucci-
nate, suggesting that the enzyme indeed catalyzes CoA trans-
fer between succinyl-CoA and succinate. However, no isotope
exchange between ['*C]succinate and ['*C]succinyl-CoA oc-
curred under the same conditions in the presence of 1 mM
benzylsuccinate. Finally, succinyl-CoA could not be replaced as
CoA donor for benzylsuccinate by benzoyl-CoA, the second
product of B-oxidation of benzylsuccinyl-CoA besides succinyl-
CoA (7).

Inactivation assays of succinyl-CoA:(R)-benzylsuccinate
CoA-transferase. CoA-transferases of family I are specifically
inactivated by incubation with NaBH,, or hydroxylamine in the
presence of CoA-thioesters (27, 31). Therefore, we tested the
effect of these compounds on succinyl-CoA:(R)-benzylsucci-
nate CoA-transferase. Enzyme was incubated in the absence of
CoA-thioesters or in the presence of 0.25 mM benzylsuccinyl-
CoA for 10 min with 0.1 to 10 mM NaBH, and with 10 mM
hydroxylamine, respectively, and then assayed by the coupled
luminometric test. No inactivation by hydroxylamine was
recorded in the tests with and without benzylsuccinyl-CoA,
suggesting that no reactive enzyme-CoA intermediate was
present. However, the inactivation data with borohydride were
somewhat ambiguous. No inactivation was detected with 0.1
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mM NaBH,, but a decrease of activity in the presence of
benzylsuccinyl-CoA to 25% and further to 3.5% was observed
at NaBH, concentrations of 1 and 10 mM, respectively. The
same treatments did not affect the enzyme in the absence of
benzylsuccinyl-CoA. The reason for this partial inactivation is
not known.

Succinyl-CoA:benzylsuccinate CoA-transferase activity in
other denitrifying bacteria. General occurrence of the benzyl-
succinate-activating enzyme was tested by determining succi-
nyl-CoA:benzylsuccinate CoA-transferase activity by the lumi-
nometric test in other alkylbenzene-metabolizing denitrifying
bacteria; the toluene-degrading Azoarcus sp. strain B5-1 and
the Azoarcus sp. strains T and M3, which degrade toluene or
m-xylene (18, 21), were chosen for these tests. Enzyme activity
was detected in extracts of toluene-grown cells of all these
strains, whereas extracts of control cells grown on benzoate did
not show detectable activity (Table 3). The observed specific
enzyme activities were close to the calculated minimum values
which are needed to explain the observed growth rates of cells
grown on toluene. Surprisingly, m-xylene-grown cells of Azo-
arcus sp. strains T and M3 also contained specifically induced
CoA-transferase activity for the “wrong” substrate, benzylsuc-
cinyl-CoA, which was more than two times higher than the
activity in toluene-grown cells of the same strains (Table 3).

DISCUSSION

Succinyl-CoA:benzylsuccinate CoA-transferase of 7. aro-
matica is a strictly toluene-induced enzyme that catalyzes the
reversible regio- and enantio-selective synthesis of 2-(R)-ben-
zylsuccinyl-CoA. The detected specific activity in cell extracts is
in accordance with the calculated rate of toluene degradation.
The enzyme is the first described CoA-transferase consisting
of two subunits of very similar amino acid sequences. The
subunits were identified as the gene products of the toluene-
induced bbsE and bbsF genes. The two subunits of succinyl-
CoA:benzylsuccinate CoA-transferase are similar to the se-
quences of known and putative CoA-transferases of family III,
e.g., oxalyl-CoA:formate CoA-transferase from O. formigenes
(32), (E)-cinnamoyl-CoA:(R)-phenyllactate CoA-transferase
from C. sporogenes, and a probable homologue of the latter
derived from the Clastridium difficile genome (16). No se-
quence similarity was detected with CoA-transferases of fam-
ilies I and II. CoA-transferase activities acting on benzylsucci-
nate were found in different strains of toluene- or m-xylene-
degrading denitrifying bacteria. These and previously reported
data (5, 26) suggest that activation of benzylsuccinate [and
probably also that of (3-methylbenzyl)-succinate generated
from m-xylene] occurs by a CoA-transferase rather than an
ATP-dependent CoA-ligase reaction in all known strains.

TABLE 3. Succinyl-CoA:benzylsuccinate CoA-transferase activities in toluene- and m-xylene-degrading denitrifying bacteria“

Growth substrate Toluene Benzoate m-Xylene 3-Methylbenzoate
T. aromatica 29 =4 <0.1 NA NA
Azoarcus sp. strain B5-1 116 = 8 <0.1 NA NA
Azoarcus sp. strain T 9*1 <0.1 23 £10 <0.1
Azoarcus sp. strain M3 25+4 <0.1 49 +3 <0.1

¢ Strains B5-1, T, and M3 are all Azoarcus sp. Values are in nanomole of succinyl-CoA formed per minute per milligram of protein, as determined by the luminometric

assay NA = not applicable.
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Succinyl-CoA:(R)-benzylsuccinate CoA-transferase shows a
rather strong preference for its natural substrates, succinate
and (R)-benzylsuccinate, respectively, and the corresponding
CoA-thioesters, and it does not react with the (S)-enantiomer
of benzylsuccinate. Surprisingly, the enzyme is inhibited by
high concentrations of (§)-benzylsuccinyl-CoA, while it is ap-
parently not affected by free (S)-benzylsuccinate. It may be
speculated that the attached CoA moiety affords better binding
of the wrong enantiomer to the enzyme. However, since no
defined 2-or 3-(S)-benzylsuccinyl-CoA isomers are available,
we have not further investigated the mechanism of this inhibi-
tion so far. The enzyme is partially active when succinate is
replaced by maleate and is inactive with fumarate, suggesting
that the two carboxyl groups of succinate bind to the enzyme in
syn conformation. The distance of the carboxyl groups of suc-
cinate seems to be another important factor, since neither
malonate nor glutarate were accepted as substrate analogs.
Alternative substrates partially replacing (R)-benzylsuccinate
were benzylmalonate and phenylsuccinate, but the enzyme did
not accept analogs with only one carboxy group, such as 3-phe-
nylpropionate and 4-phenylbutyrate. Thus, recognition of (R)-
benzylsuccinate probably requires both carboxyl groups. The
isotope exchange experiment between succinate and succinyl-
CoA and the relatively high conversion rates of succinyl-CoA
with methylsuccinate indicate that the benzylsuccinate-binding
site may also accept small nonaromatic dicarboxylic acids.

The kinetic investigations on succinyl-CoA:(R)-benzylsucci-
nate CoA-transferase indicate that catalysis proceeds via a
ternary complex of enzyme and the two substrates without an
enzyme-bound intermediate. In addition to these data, several
other observations are consistent with an assumed ternary-
complex mechanism of the enzyme. (i) The recently charac-
terized similar family III enzyme (E)-cinnamoyl-CoA:(R)-
phenyllactate CoA-transferase was also shown to operate by a
ternary-complex mechanism by kinetic analysis (16). (ii) Suc-
cinyl-CoA:(R)-benzylsuccinate CoA-transferase preincubated
with benzylsuccinyl-CoA was insensitive against hydroxylamine
treatment, which would inactivate CoA-transferases of family
I. (iii) The observed inhibition of isotope exchange between
succinyl-CoA and succinate by added benzylsuccinate may be
explained by outcompeting succinate for binding to the ben-
zylsuccinate site, if a ternary-complex mechanism is assumed.
The only observation not consistent with this assumption is the
inactivation of the enzyme by high concentrations of NaBH,,
but the same behavior was also reported for the related en-
zyme (E)-cinnamoyl-CoA:(R)-phenyllactate CoA-transferase
(16). Therefore, we suggest a CoA transfer mechanism be-
tween succinyl-CoA and (R)-benzylsuccinate without an
enzyme-bound CoA intermediate, similar to the proposed
mechanism of (E)-cinnamoyl-CoA:(R)-phenyllactate CoA-
transferase (16). It remains to be proven whether this is a
general property of CoA-transferases of family III. A ternary-
complex mechanism is also used by CoA-transferases of family
II; the major difference between the enzymes of families IT and
III seems to reside in the activated substrates used, as the
natural substrates of family II enzymes are thioesters of small
enzyme-associated ACPs (10, 11, 17), whereas all known family
IIT enzymes employ diffusible thioesters of CoA.

Apart from their similar amino acid sequences and enzyme
kinetics, family III CoA-transferases seem to be surprisingly
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different. This relates to the relatively strong substrate prefer-
ence of the respective enzymes, and especially to their subunit
compositions. All three characterized enzymes exhibit different
oligomeric states: formyl-CoA:oxalate CoA-transferase is mo-
nomeric (3); succinyl-CoA:(R)-benzylsuccinate CoA-transfer-
ase is an o,3, heterotetramer of two very similar subunits; and
thesubunitof(E)-cinnamoyl-CoA:(R)-phenyllactate CoA-trans-
ferase is part of a larger phenyllactate dehydratase enzyme
complex which also contains the subsequent enzyme of the
metabolic pathway, (R)-phenyllactyl-CoA dehydratase (16).
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