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ABSTRACT: Benzoyl-CoA reductase from the anaerobic bacteriirauera aromaticaatalyzes the ATP-

driven two-electron reduction of the aromatic moiety of benzoyl-CoA. A Birch mechanism involving
alternate one-electron and one-proton transfer steps to the aromatic ring was previously proposed for
benzoyl-CoA reductase. Due to the high redox barrier, the first electron transfer step yielding a radical
anion is considered the rate-limiting step in this reaction. Focusing on the mechanism of substrate reduction,
this work combines the kinetic analysis of a number of substrate analogues with a model based on the ab
initio calculated electron density of the radical anion of benzoyl-CoA, a transition state model of the
proposed Birch mechanism. Baih, andk.,: of ortho-substituted benzoyl-CoA increased in parallel with

the substituent’s acceptor strengthXFCl = H > OH > NHy). Among the isomers of monofluorobenzoyl-

CoA, reduction rates decreased in the following order: orthmeta> para; theK, values increased in

the following order: meta ortho > para. Five-ring heteroaromatic acid thiol esters were reduced in the
following order: thiophene> furan> pyrrole; the 2-isomers are reduced much faster than the 3-isomers.
Most of these results could be rationalized by the model. A Hammett plot indicated that the reaction
mechanism is only slightly polar, suggesting the involvement of a partial protonation of the carbonyl
oxygen of benzoyl-CoA and/or a simultaneous transfer of the first electron and proton. Surprisingly,
benzoyl-CoA reductase exhibited a hydrogen kinetic isotope effe&tofor pyridine-2-carbonyl-CoA

(2.1) but only a negligible one for benzoyl-CoA (1.2), indicating that pyridine-2-carbonyl-CoA reduction
proceeds according to a varied mechanism.

In organic chemistry, the so-called Birch reduction is a Oy SC0A b 2 aDP Oy SCoA
widely used synthetic tool for achieving selective 1,4-dihydro- +2H,0 +2P;
addition in aromatic compoundg)( Due to the extremely
negative single-electron redox potential, especially for
aromatic systems that do not bear an acceptor substitutent, ]
this reaction makes use of solvated electrons, the most potent’GURE 1: Reaction catalyzed by benzoyl-CoA reductase fiom

. . : - . aromatica Benzoyl-CoA is reduced in a two-electron reduction,
reductant known (obtained by dissolving alkali metals in the electrons being supplied by ferredoxin, with two ATP molecules

liquid ammonia). Taking into account these harsh and com- peing hydrolyzed for each cyclohexa-1,5-diene-1-carbonyl-CoA
pletely unphysiological reaction conditions, it was surprising molecule formed.

to discover an enzyme catalyzing a similar reaction: benzoyl-
CoA reductase catalyzes the two-electron reduction of benzoyl- -

(<]
COA to cyclohexa-1,5-diene-1-carbonyl-CoA. Remarkably, OS50 Oy oSCoA Oy S ° | SCoA
the product of benzoyl-CoA reductase is a conjugated diene e ) e
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and not the expected 1,4-diene from a classical Birch -

reduction for which the protonation steps are kinetically

H
jE H

. HH
controlled. Th(_% transfer of wo electrons_from ferredoxin to FiIGUrRe 2: Postulated Birch mechanism for the reduction of
the substrate is coupled to the hydrolysis of two molecules benzoyl-CoA by benzoyl-CoA reductase. Transfer of the first

of ATP to ADP and P (2—4) (Figure 1). Benzoyl-COA  electron is the rate-governing step with an in vitro redox potential
reductase catalyzes a reaction analogous to that of nitroge-of approximately—1.9 V, yielding the radical anion. Subsequent

nase, which similarly couples ATP hydrolysis to electron Steps of proton and electron transfers give the product cyclohexa-
transfer to overcome kinetic limitations. In addition, there 1.5-diéne-1-carbonyl-CoA.
are intriguing problems involved in the mechanism. Benzoyl-

CoA reductase has to provide a very low-potential electron donor and at the same time shield this donor from an
environment where protons abound. In analogy to the Birch
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gemeinschaft and the Fonds der Chemischen Industrie. ) via alternate steps of one-electron and proton transfer and
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previous study, the redox potential for this first step was EXPERIMENTAL PROCEDURES
—1.9 V as determined for the model compouhdthylthio-
benzoate4). The thiol ester functionality has been suggeste

to play an essential role in this step by stabilizing a ketyl ; ; .
play Py g y 4-Hydroxybenzoate and nitrate in a ratio of 1:3.5 served as

radical anion intermediate sole sources of energy and cell carbon. Continuous feedin
Benzoyl-CoA reductase serves as a central enzyme in the gy ) 9

anoxic metabolism of aromatic compounds in bacteria; most g; (t:gﬁ jﬁﬁ—fg?@z'r:ﬁgrnz;\/gilgg’ dsetscgraiggc'i a?:\/ig:j(laspi;r(atlon
of the known low-molecular mass aromatic compounds are P :

converted to benzoyl-CoA8|. So far, the biochemistry of Protein Purification and Sample Storadeartial purifica-

the 170 kDa protein benzoyl-CoA reductase has exclusively 10N 0f benzoyl-CoA reductase from aromatica(wet cell
been studied in the denitrifying bacteriufihauera aro- ~ mass of 200 g) was performed under strictly anaerobic

matica. In analogy to the Fe protein of nitrogenase, two conditions in a glovebox under an/M (95:5 by volume)
subunits (29 and 49 kDa) form a module with two ATP- &tmosphere as described previously. (The enzyme used

binding sites and an interfacially ligated [4Fe-4S] cluster. througout this study was more than 90% pure. Protein

Amino acid sequence comparisons revealed that the molec-Samples were immediately frozen in liquid nitrogen and

ular architecture of this module is most similar to the Stored anaerobically at196°C for several months.
monodimeric activating enzyme (activase) of 2-hydroxyglu- _ Synthesis and Purification of Coenzyme A Thiol Esters
taryl-CoA dehydratase7j. Notably, a mechanism involving BenzoyI-CoA was synthe3|z_ed from CoA and benzou_: acid
a ketyl radical has also been proposed for this enzyme systennhydride £2). All other thiol esters were synthesized
(5). The remaining subunits of benzoyl-CoA reductase (44 starting from the corresponding acids according to the general
and 48 kDa) carry two further [4Fe-4S] clusters and are Method of Gross and Zenkl®). The crude product of
involved in binding benzoyl-CoA. The midpoint potentials thiol ester synthesis was further purlflled on a preparative
of the three cysteine-ligated [4Fe-4S] clusters are in the rangeHPLC column (250 mmx 20 mm, Lichrosphere C-18,
from —500 to—600 mV @), still leaving a large gap to that Merck), using similar conditions as in analytical HPLC (see
of a thiol ester of benzoic acid), An EPR study of benzoyl- ~ below).
CoA reductase has identified an uns@#= 7/ high-spin Miscellaneous Synthesea-Cyanobenzoic acid was not
state of a [4Fe-4S]cluster. Its formation is strictly dependent ~available commercially and was therefore synthesized as
on ATP hydrolysis and concomitant conformational changes reported previously 1@). Its NMR spectrum was in ac-
(8). This cluster is likely to play a key role in the cordance with that of the expected produdtMethylpyri-
transformation of chemical into redox potential. It is impor- dine-3-carboxylic acid was synthesized by adding 30 mmol
tant to notice that the ATP-dependent processes account foof iodomethane in 5 mL of ethanol to 50 mL of a 0.4 M
more than half of the catalytic cycle as determined in single- Methylpyridine-3-carboxylate in 80% ethanol. After being
turnover studies 9). Even in the case of a complete stirred fa 1 h at room temperature, the mixture was
conversion of the energy to be gained from hydrolysis of lyophilized. This crude product (HPLG;95% conversion)
two molecules ATP, the maximal lowering of the redox Was used for thiol ester synthesis.
potential of an electron would be approximateil.0 V, HPLC Analysis of CoA Thiol Esters and Produckar
still leaving a large gap to the potential required for the the analysis of thiol ester purity, as well as for product
formation of the radical anion. Therefore, further activation analysis, samples were applied to an analytical RP-C18
of benzoyl-CoA by suitable solvation in the active site is column (120 mmx 4 mm, Grom-Sil 120 ODS-4 HE, 5M;
required to enable electron transfer to this substrate. A using a Waters HPLC system), preequilibrated with 2%
“partial protonation” of benzoyl-CoA at its carbonyl moiety ~acetonitrile in 50 mM potassium phosphate (pH 6.8) at a
has been proposed to shift the required redox potential of flow rate of 1 mL/min. A gradient from 2 to 15% acetonitrile
the aromatic substrate to a more positive valbe For a in the same buffer over the course of 25 min was applied.
carbonyl compound that cannot be protonated at physiologi- Elution was monitored with a photodiode array detector. To
cal pH, high-level ab initio calculations showed that partial characterize each thiol ester, the retention times and spectra
protonation can lower the transition state barrier to almost of the pure substances were recorded.
the same extent as covalent protonatidf) ( Spectrophotometric Assay of Benzoyl-CoA Reductase
So far, no experimental evidence has been given for a (Oxidation of Reduced Methyl Viologermhe MgATP- and
Birch mechanism in enzymatic aromatic ring reduction. Our benzoyl-CoA-dependent oxidation of methyl viologen was
work presents a first approach, combining the kinetic data measured in a spectrophotometric assay at 675epifsts)
obtained for several substrate analogues of benzoyl-CoA= 4.9 mM cm™) as described previously2), applying
reductase with the predictions derived from an ab initio 7.5umol of enzyme activity per minute per assay.
calculation for the rate-limiting transition state. The model  Stoichiometry of Substrate-Dependent Methyl Viologen
for the mechanism draws on the electron density of the Oxidation The stoichiometry was measured spectrophoto-
radical anion as an approximation for the transition state and metrically at 730 nm dwvzzop = 2.4 mM™t cm™ (15)] as
considers the effect of an acceptor substituenkgpand the change in absorption per amount of substrate applied.
Km in terms of its position at the aromatic moiety. The results An ATP-regenerating system consisting of pyruvate kinase
that we obtained support what we term a “Birch-like” (1 unit) and phosphoenolpyruvate (10 mM) was added to
mechanism in benzoyl-CoA reductase catalysis, in which the the standard assay. For each substrate that was tested, at least
transfer of the first electron is assisted by a partial protonation four measurements of varying concentrations were per-
at the carbonyl atom and/or a simultaneous covalent proto-formed. Only substrates that could be converted 1rh were
nation. tested.

d Growth of Bacterial CellsT. aromatica(DSM 6984) was
grown anoxically at 28°C in a mineral salt medium.
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Kinetic Analysis The reaction was studied under pseudo- A. O _SCoA O. SCoA O _SCoA O _SCoA O SCoA

first-order conditions with all substrates except the thiol ester = % S s s s

present in saturating amounts (from here on, only thiol esters F a OH NH;

will be termed substrates). The kinetic parameters were
determind by fitting the data to the Michaelidenten

equation, which was followed well at low rates and low keat: 145% 106% 100% 64% 11%
substrate concentrations (up te-2Ky). To obtain oneKy, Km: 152pM  66puM  37uM 56 uM 19 uM
value, at least four different measurements at a minimum of

four different substrate concentrations were performed; two B. Oy SC0A Oy ~SCoA Oy -SCoA
independent measurements were performed (the standard F

deviations of both the apparéedt, andk.,: were in the range

of 10%). k.ot Wwas determined at saturating amounts of F

substrate a¥ma/[E]. As different aliquots from the same F

batch of enzyme exhibited small variations in specific kcat: 145% 31% <1%

activity, the k. of benzoyl-CoA reductase/substrate is Km: 152pM 43uM - Ki:540 uM

reported relative to thek of benzoyl-CoA reductase/
benzoyl-CoA measured on the same occasion (typically 0.85 C. 0y SCoA Oy _SCoA Oy_-SCoA Oy_-SCoA O _ SCoA
s™1). The thiol ester concentration was determined before | e;

\ 0

and after the measurements. In the case of substrates that 7S 70 ® 7 "NH
are susceptible to hydrolysis, aliquots for three to four = = S
measurements were frozen in liquid nitrogen and kept20 keat: 144% 28% 10% <1% <1%

°C until they were used. As pyridine-4-carbonyl-CoA Km: 94uM  2500pM  nd. n.d. n.d.
exhibited a pH-dependent, nonenzymatic reduction, the pH

was chosen to minimize it (pH 7.7). D. Oy, SCoA Oy -SCoA Oy _-SCoA Oy SCoA
Kinetic Isotope EffectTo test the possible involvement

of a proton in the rate-determining step of the reaction, a ON O ON ONe

determination of the rates in ;@ versus RO of benzoyl- N ~

CoA and pyridine-2-carbonyl-CoA reduction at the respective keat: 67% 41% <1% 18%

maxima was performed (under saturating substrate concen- Km: 375uM 625 uM nd. nd.

trations). The maxima were determined in the pH range of FIGURE 3: kg4 Of enzymatic reduction (relative to benzoyl-CoA
6.5-8.0 and the pD range of 8.6 and found to be similar g apparé%n(tm value); for ortho-substitgted benzoyI-CoAy(A), foa
for both substances (pH 7.0 and pD 7.6) with the typical the position isomers of monofluorinated benzoyl-CoA (B), for
shift of 0.6 unit on changing to 0. For buffers in RO, various heteroaromatic five-ring CoA thiol esters (C), and for the
the pD was adjusted with KOH in £, where the reading ~ Position isomers of pyridine carbonyl-CoA (D).

of the glass pH electrode, pki, was corrected by 0.40 unit,

so that pD= pHnom + 0.40 (L6). Each rate was measured RESULTS

four times (two sets of measurements). N . .
( ) Kinetic Properties of Ortho-Substituted Benzoyl-CdA.

Further Determinations.Protein concentrations were  qy,qy the polar influence of substituents, 2-cyano-, 2-fluoro-,
determined according to the Bradford method, using BSA 5_-por0- 2-hydroxy-, and 2-aminobenzoyl-CoA were syn-

as a standardy). Concentrations of thiol esters were assayed yqgj;ed and their kinetic properties were determined (Figure

with Ellman’s reagent [5,5dithiobis(2-nitrobenzoic acid)] . 3A). Bothk.xandKy, increased in parallel with the acceptor
on the hydrolyzed versus unhydrolyzed probe. Hydrolysis qength of the substituent. The acceptor substituent fluorine

was quantitatively affected after 5 min at 26 by mixing enhanced the reaction rate to 145%, whereas the rate with
the probe (approximately 1 mM) with 0.25 equiv (volume)  5_chjorobenzoyl-CoA (106%) was similar to that of non-
of 4 M KOH. substituted benzoyl-CoA (100% refers to the rate of benzoyl-
Computational Method€Optimum geometries and their  CoA reduction). In contrast, the donor groups hydroxy and
energies were calculated with the B3LYP/643%(d,p) amino slowed the rate to 64 and 11% of its original value,
hybrid Hartree-Fock/density functional method®), using respectively. In contrast, variations i, seem to be
the GAUSSIAN94 program packagg9). Preliminary stud- dominated by electronic effects. Introduction of, for instance,
ies on the B3LYP/3-21 level gave similar geometries but a fluorine in the ortho position resulted in a 4-fold increase in
negative electron affinity. The large CoA thiol ester moiety the apparenKn, (152uM), despite the almost identical van
of benzoyl-CoA was modeled by a methylthiol ester group. der Waals radii of fluorine and hydrogen. Remarkably, the
No symmetry constraints were imposed during the calcula- donor substituent NiHlowered theK, (19 M) below that
tions. Vibrational analyses were performed with the same of benzoyl-CoA in spite of its bulkier size. For 2-cyanoben-
method to confirm that the optimum structures were station- zoyl-CoA, a determination of the kinetic properties was not
ary points. In addition, different input structures with varying feasible due to a fast, nonenzymatic reduction of the substrate
dihedral angles between carbonyl group and the benzeneby methyl viologen. This reaction was first-order, obscuring
plane (0, 3(°, 60°, and 90) led to the same structure. the enzymatic reaction. The apparéht was extrapolated
Electron densities and electrostatic potentials were calculatedto be above 2 mM. For the slowly reduced substrate
with the CUBE function of GAUSSIAN94 and visualized 2-aminobenzoyl-CoA (11%), the apparéi was confirmed
using the MOLEKEL program20). by determination of it¥, in a pseudoinhibition study. The
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typical patt_em of compet_itive inh_ibition was Ob_ser_ved in t_he Table 1: Stoichiometry of Substrate Reduction to Methyl Viologen
double-reciprocal plot (increasing slopes with increasing oxidatiort

concentrations of 2-aminobenzoyl-CoA, converging on the

methyl viologen oxidized/

ordipatg; not shoyvn). substrate substrate applied
Kinetic Propertles_ (_)f the Isome_rs of FIuorobe_nzoyI-_C_:oA benzoyl-CoA 1902
To test the susceptibility of the different aromatic positions furan-2-carbonyl-CoA 1.80.1
to electronic changes, the kinetics of the isomers of fluoro- 2-fluorobenzoyl-CoA 1.9-0.2
benzoyl-CoA were analyzed (Figure 3B). Reduction rates  3-fluorobenzoyl-CoA 2.0:0.2
decreased in the following order: orthometa> para; the pyridine-2-carbonyl-CoA 2203
K values decreased in the following order: metartho> aln a photometric assay, the change in the extinction of methyl

para. Unexpectedly, 4-fluorobenzoyl-CoA did not react viologen was related to the amount of substrate added.

at all. To probe whether the low reactivity of 4-fluoro-

benzoyl-CoA might be due to unfavorable binding properties, dinium cations 22). Of these, only the meta derivative does
an inhibition study was performed. A competitive inhibtion not form a stable one-electron adduct (like NADH) and is

was found for 4-fluorobenzoyl-CoA (appardft= 540uM), less easily reduced?®). From the pH dependence of the
establishing that 4-fluorobenzoyl-CoA does indeed bind to pseudo-first-order rates of the nonenzymatic reduction of
benzoyl-CoA reductase, although with a lower affinity. pyridine carbonyl-CoA isomers by methyl viologen (data not

In previous studies, it has been shown that both 3-hydroxy- shown), the same order of the redox potential was inferred:
and 3-methylbenzoyl-CoA were converted by benzoyl-CoA ortho> para> meta. Yet, if the rate-limiting protonation is
reductase at 12% of the rate obtained for benzoyl-C)A ( circumvented by N-methylation (equivalent to 100% proto-
Together with the rate of 3-fluorobenzoyl-CoA reduction nation), even the meta derivative is reducible (18%) and its
determined in this work (31%), the meta position shows less rate is increased at least 20-fold with respect to that of the
variation ink, than the ortho position. Furthermore, tkg nonmethylated form.
value for 3-fluorobenzoyl-CoA (4aM) is hardly changed Stoichiometry and Products of the Enzymatic Reduction
with respect to benzoyl-CoA (37M). This is consistent with ~ of Alternatie SubstratesThe reaction rates were calculated
the smaller susceptibility of the meta position for electronic assuming a ratio of 2 methyl viologen oxidized per substrate
variations derived in the model below. The trendKgfvalues added. So far, this has only been shown for benzoyl-CoA
of the three fluoro isomers is in accordance with the radical (3). To establish whether this holds true generally, the
anion transition state model (see below and Discussion). stoichiometry was determined for a number of substrates.

Kinetic Properties of Rie-Ring Heteroaromatic CoA Thiol ~ The results (Table 1) were found to be in accordance with
Esters.The kinetic properties of both isomers of thiophene the assumed stoichiometry. Two-electron reduction seems
and furan carbonyl-CoA, as well as pyrrole-2-carbonyl-CoA, to be a general feature of. aromatica benzoyl-CoA
were analyzed (Figure 3C). Surprisingly, thiophene-2-car- reductase.
bonyl-CoA (together with 2-fluorobenzoyl-CoA) proved to In an attempt to identify the nature of the products formed
be the most reactive of all the substrates that were testedfrom some alternative substrates, HPLC and NMR techniques
(144% relative rate), whereas the 3-isomer was convertedwere employed. Unfortunately, it turned out that the dienes
at a rate that was only 10% of that of benzoyl-CoA. For the formed from these substrate analogues were extremely
furan compounds, the 2-isomer (28%) was significantly more unstable, preventing their clear identification. In case of
reactive than the 3-isomer. Both furan-3-carbonyl-CoA and 2-fluorobenzoyl-CoA, a preliminan°F and 'H NMR
pyrrole-2-carbonyl-CoA were not converted. All results were analysis of the single product that formed indicated the
in accordance with the ease of reduction of five-ring presence of a reduced fluorinated diene, possibly 2-fluoro-
heteroaromatic compounds found in Birch reducti@n) ( cyclohexa-1,5-diene-1-carbonyl-CoA (unpublished data). This
The significantly greater reactivity of the 2-substituted result could not be fully confirmed due to a rapid degradation
isomers compared to the 3-substituted isomers can beat 4 °C. 3-Fluorobenzoyl-CoA gave a single, even more
rationalized by the radical anion transition state model below. unstable, product. In case of 2-amino- or 2-hydroxybenzoyl-
The variation of thé{,, for the almost isosteric 2-isomers of CoA, the expected amino- and hydroxydiene products are
thiophene (94uM) and furan (2500uM) is yet another converted further nonenzymatically into the corresponding
example of the strong influence of electronic changes on cyclohexenone compounds (with the enamine intermediate
binding. being rapidly hydrolyzed)24). In the case of the six- and

Kinetic Properties of the Isomers of Pyridine Carbonyl- five-ring heteroaromatic substrates, complex product patterns
CoA.As an additional approach to studying both polar and were observed by HPLC. This class of compounds is known
mesomeric effects, the kinetic properties of the isomers of to form fragmentation products during Birch reducti@i)(
pyridine carbonyl-CoA were analyzed (Figure 3D). The  Kinetic Isotope EffectTo probe whether proton transfer
reduction rates decreased in the following order: ortho (67%) is a rate-liming step in the mechanism of benzoyl-CoA
> para (41%)> meta (<1%). All Kp, values were increased  reductase, the hydrogen kinetic isotope effects (KHks),{
by more than 1 order of magnitude with respect to that of k. p, for benzoyl-CoA and pyridine-2-carbonyl-CoA were
benzoyl-CoA, which may partly be due to an unfavorable determined. For benzoyl-CoA, the KIE was determined to
interaction of the nitrogen lone electron pair. As presented be 1.2+ 0.1, a value that can be ascribed to a pure solvent
in detail below, the reduced species might rather be theisotope effect. In contrast to this, pyridine-2-carbonyl-CoA
N-protonated form. This helps explain the strong variation

in rates, which are in parallel with the redox potentials_ * Abbreviations: KIE, kinetic isotope effect; LFER, linear free energy
reported for an analogous group of compounds, the pyri- relation; SOMO, singly occupied molecular orbital.
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-14 Benzoyl-CoA
- 2-Chlorobenzoyl-CoA
) A
-2 X 2-Aminobenzoyl-CoA Y
B X -
2 « -2 1 ® V- Thiopheee-2-
- (_?) T ‘ carbonyl-CoA
§ .é‘ 2-Hydroxy 2-Fluorobenzoyl-CoA
-:0 5-3- 5\ benzoyl-CoA
2 3
; Pyridine-2-
~ .4 carbonyl-CoA Pyridine-4- Furan-2-
carbonyl-CoA carbonyl-CoA

1 v T T T T T T
1 2 3 4
pK, of free acids

Ficure 4: Hammett plot K, in micromolar) for heteroaromatic
(a) and ortho-substituted) substrate analogues. With the
exception of thiophene-2-carbonyl-CoA, the two classes of com-
pounds form two distinct correlations. For that of the aromatic Ficure 5: (A) B3LYP/6-3H-G(d,p) optimum geometry and
compounds, the slope was 0.26 & 0.78), whereas for the  electron density of benzoic acid methylthiol ester radical anion.
heteroaromatics, it was0.56 (2 = 1.00). The electron density is illustrated by the electrostatic potential
mapped onto the 0.002 electron/Bohr van der Waals surface of

displays a total KIE of 2.3 0.1. Although small, this effect benzoic acid methylthiol ester radical anion (the electrostatic
is in the range of primary KIEs ' potential decreases from the red to the blue pole of the spectrum,

) ) i.e., red is negative charge, green neutral, and blue positive charge).
A Hammett Plot for the Reduction of Different Substrates The surface is rendered transparent to show the backbone. (B) Map

by Benzoyl-CoA Reductada.a Hammett plot, two correla-  of the difference electron density between benzoic acid methylthiol
tions between 10&enzoy+coa-analogulkbenzoyt-coa [Where the ester radical anion and BC mapped onto the 0.002 electron/Bohr
rate constark is extrapolated téiafKnm (K in micromolar)] van der Waals surface of benzoic acid methylthiol ester radical
. . g anion.
and logK, values of the free acids could be obtained (Figure
4). As, in organic chemistry, substituent constants are only
defined for the meta and para positions, we refer to original
pKa values 25). The prerequisite of negligible entropic
contributions is ascribed to the small extent of steric effects
on theK,, and the small steric requirements of both electron
and proton transfers. Apparently, the compounds group into
two separate correlations: one with a slgpef 0.28 (2 =
0.78) and the other with @ of —0.56 (> = 1.00). Inter- FIGURE 6: Modified, Birch-like mechanism of benzoyl-CoA
estingly, the latter group consists of heteroaromatics only. reductase. Prior to reduction, the carbonyl oxygen is partially
Computatonal Sudies on Benzoyl-CoA and s Radical Poeriie DY, Wiy 260 poon, Simitercensy wi e
Amor.]'AS a basis fo.r a rational L.mderStand'.ng of the klnet!C proton is formed. Finally, ythe cy’clohexadienyl intpermediate isg
data in terms of a Birch mechanism, the optimum geometries equced by a further electron and proton transfer.
and electron distributions for the benzoyl-CoA model benzoic
acid methylthiol ester and its radical anion were calculated the carbonyl group and the ring (whereas the other ring bonds
ab initio (Figure 5). The B3LYP/6-3tG(d,p) electron and the carbonyl bond are stretched).
affinity of benzoic acid methylthiol ester was calculated to
be 12 kcal/mol (no zero-point correction), which is in the DISCUSSION
range of the experimental value of benzaldehyde (9 kcal/ By virtue of its similarity in both geometry and energy,
mol) (26). Figure 5A shows the optimum geometry and the the benzoic acid methylthiol ester radical anion can be
electron density of the benzoic acid methylthiol ester radical considered a good approximation of the transition state of
anion. The geometries of benzoic acid methylthiol ester (not the first step in the Birch-like mechanism of benzoyl-CoA
shown) and benzoic acid methylthiol ester radical anion are reduction, the rate-limiting addition of an electron yielding
both essentially planar, a finding that is consistent with earlier a radical anion. Accordingly, the relative energies of the
ab initio calculations of analogous acceptor-substituted radical anions formed from different substrates are directly
benzene radical aniong%). The difference electron density linked to their kinetic behavior. This model will also hold
between the neutral and radical anion state demonstrates howrue if the transfer of the first electron is facilitated by a
the density of the additional electron is distributed (Figure partial protonation at the carbonyl oxygen and/or if the first
5B). Notably, the additional electron is located preferentially covalent protonation at the aromatic ring occurs more or less
at the carbonyl C, at the alternating ortho and para positions,at the same time as the first electron transfer (see below and
and on the S and O atoms. The difference electron densitiesFigure 6). Although this would change the difference electron
can be rationalized by a Jahileller distortion along the  density, its pattern will be retained. In the following, we
pseudomirror plane perpendicular to the ring yielding a summarize how the kinetic data that we obtained support
p-quinonoid system and by the inductive effects of the thiol this model.
ester group. Both effects result in a shortening of the bonds Effect on ks A map of the electrostatic potential of
between the ortho and meta positions and the bond betweerbenzoic acid methylthiol ester radical anion (Figure 5A)
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shows that the electron density is larger in the ortho position CoA at the carbonyl oxygen that in reducing the polarity of
than it is in the meta and para positions. Thus, the the reaction could explain the finding of the Hammett plot.
introduction of an electron-withdrawing group should have In addition to this initial partial protonation, the transfer of
the greatest effect where maximal conjugation can be the first electron and the covalent protonation of the ring
achieved, i.e., in the ortho position. Accordingly, these should occur simultaneously (Figure 6). This would result
compounds should be reduced faster than benzoyl-CoA (vicein a kind of proton relay at the active site of benzoyl-CoA
versa for donor-substituted substrates) which is accordancereductase which facilitates electron transfer by balancing the
with the kinetic data: donor substituents decrease the ratecharge of the reaction. The Hammett plot suggests that the
of reduction, whereas the two acceptor substituents increasesequence of partial protonation, electron transfer, and
it. While the model correctly predicts that the meta isomer covalent protonation might be altered for different types of
of fluorobenzoyl-CoA is less reactive than the ortho isomer, substrates; the two slopes indicate that the polarity of the
one would expect it to be reduced at least as fast as benzoyl+eaction mechanism for the three heteroaromatic substrates
CoA. In general, meta isomers of benzoyl-CoA seem to be is inverted compared to that of the substituted aromatics.
less susceptible to the nature of the substituent (12% for The electron rich heteroaromatic substrates allow a larger
3-hydroxybenzoyl-CoA compared to 31% for 3-fluoroben- extent of protonation prior to electron transfer (e.g., the
zoyl-CoA), which can be understood in terms of the lower pyridine thiol esters could be protonated to yield a pyridinium
electron density. The lower reactivity of the meta and para cation). This assumption is supported by the KIE analysis.
isomers when compared with that of benzoyl-CoA might be The KIE of benzoyl-CoA reductase for pyridine-2-carbonyl-
due to the fact that this is the site where the protons appearCoA is in the range of a primary one, whereas the one for
in the product4). In the case of a simultaneous protonation benzoyl-CoA is negligible. The latter finding might reflect
at these positions (see below), subsituents might decreasean unsually highApK, in the covalent protonation of the
the overall rate. aromatic ring. Small primary KIEs that are close to unity
For the configurational isomers of the thiol esters of these despite a proton transfer in the rate-limiting step have been
five-ring heteroaromatic compounds, an argument similar to reported for a number of NADH-dependent oxidoreductases
that above applies. In their SOMO, the carbon atom adjacent(29), for which a simultaneous proton and single-electron
to the heteroatom exhibits the highest electron density. transfer also is discussed.
Therefore, the electron-withdrawing effect of the thiol ester  The modified, Birch-like mechanism presented above
group exerts the greatest effect in the 2-isomers, which shouldcircumvents the harshness of charge separation that was
be reduced faster than the 3-isomers. proposed in the previous mechanism and gives an improved
Effect on K. Schramm and co-worker2®) have suc-  idea of how the catalysis of benzoyl-CoA reduction can be
cessfully related the binding constant of a substrate analogueachieved under physiological conditions.
to its electronic similarity with the transition state. The data
obtained in this work provide evidence that this approach ACKNOWLEDGMENT
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