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Benzoyl-CoA reductase, isolated from the anaerobic bacterium Thauera

aromatica, catalyzes the ATP-dependent, two-electron reduction of the aromatic

ring of benzoyl-CoA.  A Birch-like mechanism, which involves two separate one

electron and one proton additions to the aromatic ring of benzoyl-CoA, has been

previously proposed for benzoyl-CoA reductase.  The first electron transfer of this

reaction, which produces a radical anion, is thought to be the rate-limiting step. 

Other mechanisms, such as hydride reduction and catalytic hydrogenation, are

possible.  In an effort to determine how the enzyme reduces its substrate, several

substrate analogues were synthesized and studied using kinetic and/or product

analysis.  Of the nitrogen-containing, heterocyclic analogues, only picolinoyl-CoA

proved to be a substrate for the reductase, having a kcat similar to that of benzoyl-

CoA.  Nicotinoyl-CoA did not react with the enzyme and isonicotinoyl-CoA was



reduced by the electron donor in the absence of the enzyme.  Mass spectrometric

analysis of the products formed by the fluorinated analogues, m-fluorobenzoyl-

CoA and p-fluorobenzoyl-CoA indicated that both substrates were defluorinated by

benzoyl-CoA reductase, supporting a Birch-like mechanism with the first electron

being added to the carbonyl functionality of the thioester.  Also, benzoyl-CoA

reductase only exhibited a small kinetic isotope effect (1.8), arguing against

simultaneous hydrogen and electron transfer and hydride transfer.  It was also

found that under aerobic conditions and without ATP, benzoyl-CoA reductase

could carry out the oxidation of its native reduction product reforming the substrate

of the reaction, benzoyl-CoA.  Since the reduction capability of benzoyl-CoA

reductase is quickly and irreversibly inactivated by oxygen, it is thought that the

enzyme is degraded under aerobic conditions.  However, these finding suggest that

benzoyl-CoA reductase may only be partially degraded by oxygen exposure and

that some of its subunits may still retain some of its functionality and structure.
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CHAPTER I.  Background and Theoretical Rationale

Background.

Impact of aromatic compounds on the environment.  As concerns over

the environment grow, interest has been directed toward the fate of chemical toxins

released into the environment.  One class of environmental toxins are aromatic

hydrocarbons, which are commonly found in chemical solvents, pesticides and

petroleum-base products.  The increased production of these aromatic compounds

has led to their widespread dispersion into our environment, which can occur either

through their direct use, such as the spraying of crops with pesticide, or by

accidental release during the storage, transport, or use of these chemicals.  Such

occurrences have resulted in the release of more than four hundred organic

chemicals into the environment.  The presence of these chemicals in the

environment can have harmful effects, including increases in cancer risks for

humans and a reduction in the population of some species (Young, 1984). 

However, not all aromatic compounds in the environment are man-made.  In fact,

aromatic compounds derived from natural sources make up the majority of those

found in the environment.  These natural sources include the simple aromatics, like

those found in amino acids, and large polymeric aromatics, such as lignin.  Lignin
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makes up approximately thirty percent of the dry weight of vascular plant tissue

and is one of the most abundant polymers in the environment (Elder, 1994).  The

aromatic ring systems present in these compounds provide them with a large

resonance energy and a great deal of stability, making them resistant to

environmental degradation (Gibson, 1984).  In fact, most animal and plants can not

metabolize aromatic compounds and for the most part, aromatic compounds are

degraded by microorganisms, such as fungi, bacteria, and some algae (Heider,

1997).  The actions of these microorganisms prevent the buildup of harmful,

potentially carcinogenic, aromatic compounds in the environment and recycle the

carbon atoms contained within these compounds back into the carbon cycle so life

can continue (Gibson, 1984).  

Aerobic metabolism of aromatic compounds.  In order to metabolize

aromatic hydrocarbons, microorganisms must develop a strategy to overcome the

inherent stability of these compounds.  One such strategy involves the use of

molecular oxygen to hydroxylate and then cleave the aromatic ring (Lipscomb,

1992).  These microorganisms can transform a variety of aromatic compounds into

a few, central aromatic intermediates (Heider and Fuchs, 1997).  These central

intermediates have similar characteristics.  They all have hydroxyl substituents

located on the aromatic ring system and are all capable of undergoing aromatic

ring cleavage, chemically and enzymatically.  These microorganisms use peripheral

pathways, which feed into the metabolic central pathway is to remove any



3

H

H

OH
OH

OH

OH

NADP+ NADPHNAD+NADH

O2

Benzene cis-Benzene Dihydrodiol Catechol
Figure 1.  The initial reactions of the aerobic metabolism of benzene. 
Benzene is oxidized to cis-benzene dihydrodiol by benzene dioxygenase.  Cis-
benzene dihydrodiol dehydrogenase then converts the dihydrodiol to catechol,
which can then undergo aromatic ring cleavage.  Figure adapted from Gibson,
1984.

substituents from the aromatic ring and replace them with hydroxyl groups (Heider

and Fuchs, 1997).  The addition of hydroxyl substituents to the aromatic ring is

carried out by a variety of oxygenases.  As seen in Fig. 1, benzene dioxygenase

catalyzes the conversion of benzene to cis-benzene dihydrodiol, which is then

oxidized to catechol by a dehydrogenase (Gibson, 1984).  These central

intermediates then undergo cleavage of the aromatic ring  and the resulting product

is further broken down to common metabolites, such as acetyl-CoA.  The cleavage

of the aromatic ring system also requires the use of an oxygenase.  Ring cleavage

occurs either ortho or meta to an aromatic hydroxyl substituent, as shown in Fig 2

(Heider and Fuchs, 1997). This metabolic pathway employs monooxygenases and

dioxygenases to carry out the transformation and cleavage reactions on the

aromatic ring.  These enzymes use the reactivity of molecular oxygen to overcome

the large activation energy needed to cleave the stable aromatic ring structure.  
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Figure 2. Dearomatizing reactions in aerobic metabolic pathways.  The
reactions shown represent the gentisic acid (top) pathway, the ortho-cleavage
pathway (middle), and the meta-cleavage pathway (bottom).  Figure adapted
from Heider and Fuchs, 1997.

Oxygen is a required cosubstrate of these enzymes and is incorporated into the

final product (Lipscomb and Orville, 1992).  

Anaerobic metabolism of aromatic compounds.  However, in anaerobic

environments, where the biological use of oxygen exceeds the rate at which oxygen

enters the environment due to a lack of exchange with the environment, or where it

is too dark for photosynthesis, this strategy cannot be used to degrade aromatic

compounds.  Such places occur in the digestive tracts of animals, in waterlogged
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and compacted soils, and in sediments found under bodies of water (Young, 1984). 

In these environments, microorganisms use terminal electron acceptors other than

oxygen to carry out respiration, such as nitrate, sulfate, manganese, iron, and

carbon dioxide (Bouwer, 1992).  Since the previously described pathway requires

oxygen, it would be logical to assume that the metabolism of aromatic compounds

can only be performed by microorganisms living in oxygen-rich environments.  

However, it has been shown that simple aromatic compounds do not accumulate in

anaerobic environments (Tarvin and Buswell, 1934; Evans, 1977).  Therefore,

microorganisms living under these conditions must use a different strategy for

degrading aromatic compounds that does not require the use of oxygen.  Instead of

using oxygenases and molecular oxygen to disrupt the stable aromatic character of

aromatic compounds, it was proposed that the ring character of aromatic

compounds is eliminated by a reduction pathway (Evans, 1977; Evans and Fuchs,

1988).  

Similar to its aerobic counterpart, the anaerobic scheme of metabolizing

aromatic compounds contains several peripheral pathways that funnel into one

central metabolic pathway, allowing anoxic organisms to utilize a variety of

aromatic substrates, while only having to solve the energy barrier problem for one

substrate, benzoyl-coenzyme A (CoA) (Fig. 3).  However, while the aerobic

peripheral pathways add hydroxyl substituents to the ring system, their anaerobic

counterparts remove substituents from the ring and if needed, introduce a single 
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anaerobic bacteria converge at a common intermediate, benzoyl-CoA.
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carboxylic acid substituent.  The carboxylic acid substituent is then reacted with

CoA, through the action of a CoA ligase enzyme, to produce a thioester (Heider

and Fuchs, 1997). The central intermediate of the pathway, benzoyl-CoA,

undergoes an adenosine triphosphate (ATP)-dependent, two-electron reduction of

the aromatic ring, producing a cyclohexa-1,5-diene-1-carbonyl-CoA (Heider and

Fuchs, 1997).  With the aromatic character of the ring gone, the cyclohexadiene is

then metabolized further.  In the first steps, water is added across each of the two

double bonds to form a 2,6-hydroxycyclohexane-1-carbonyl-CoA.  This is then

followed by the oxidation of one of the hydroxyl groups to yield a keto group,

which allows for the subsequent hydrolysis of the bond between carbon-one and

carbon-two by a hydrolase.  The resulting product, 3-hydroxypimelyl-CoA,  is then

oxidized to produce three molecules of acetyl-CoA and one molecule of carbon

dioxide through a series of reactions similar to those seen in ß-oxidation (Heider

and Fuchs, 1997; Evans and Fuchs, 1988).  The anaerobic degradation pathway for

benzoyl-CoA is shown in Fig. 4. 

The enzyme responsible for catalyzing the ATP-dependent, two-electron

reduction of the aromatic ring of benzoyl-CoA, is benzoyl-CoA reductase, which

was first isolated and purified from the denitrifying bacterium Thauera aromatica

(formerly known as Pseudomonas strain K172) (Boll and Fuchs, 1995).  Since the

anaerobic metabolic pathways of numerous aromatic compounds feed into the

common intermediate, benzoyl-CoA, this enzyme has a central role in the
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Figure 4. The anaerobic metabolism of benzoyl-CoA.  Figure adapted from
Heider and Fuchs, 1997.

anaerobic metabolic pathway of aromatic compounds (Heider and Fuchs, 1997). 

The mechanistic details of this enzymatic reduction are still unclear, but what is

known about it draws comparisons to the Birch reduction, a synthetic reaction

which involves the two-electron reduction of aromatic compounds via a radical

mechanism.  For this reason, the enzymatic reaction has been affectionately named

the “biological Birch reduction” (Heider and Fuchs, 1997).
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The Birch reduction.  The Birch reduction is a useful and intriguing

reaction in organic chemistry.  The Birch reduction of benzene is a four-step

process in which two electrons and two protons are added to an aromatic ring to

produce a cyclohexa-1,4-diene, or in the case of an aromatic acid, a cyclohexa-2,5-

diene (Fig. 5). The first, and usually rate-limiting, step of the reaction involves the

donation of one electron from a metal with a low reduction potential (such as

sodium or lithium) to the aromatic ring forming a radical anion (Zimmerman and

Wang, 1993).  The transfer of this electron is mediated by liquid ammonia, as it is



10

a good solvating agent for electrons.  Since this step generates a carbanion, an

electron withdrawing substituent, such as a thioester, would help stabilize the

formation of this species and in turn favor reduction.  Thus, in the case of an

aromatic acid, such as benzoic acid, carbanion formation at the one position would

be favored due to the stabilizing interactions with the electron withdrawing

carboxylic acid substituent (Birch and Slobbe, 1976).  The second step of the

reaction is the protonation of the radical anion by either an added alcohol, or the

solvent, forming a radical intermediate.  This step can be rate-limiting as the

radical anion has a low basicity, requiring the presence of a more acidic proton

source than the ammonia solvent (Birch and Slobbe, 1976).  This step is quickly

followed by the addition of a second electron to the ring and a subsequent

protonation of the resulting carbanion to form the unconjugated 2,5-

cyclohexadienoic acid (Zimmerman and Wang, 1993).  This unconjugated

cyclohexadiene is the kinetic product of the reaction, forming first and being

higher in energy than the more thermodynamically stable conjugated

cyclohexadiene.  This kinetic product normally cannot rearrange into the

conjugated cyclohexadiene (Fig 5-4a) (Birch and Slobbe, 1976).  However, if

reversible protonation is allowed to occur, such as through the addition of a strong

base, then the kinetic product can isomerize, forming the conjugated

thermodynamic product, cyclohexa-1,5-diene-1-carboxylic acid (Fig 5-4b) (Birch
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and Slobbe, 1976; Kuehne and Lambert, 1958).  The conjugated cyclohexadiene,

unlike the unconjugated product, may undergo further reduction to cyclohexene in

the presence of excess metal (Birch and Slobbe, 1976).

The components of benzoyl-CoA reductase.  The oxygen-sensitive

benzoyl-CoA reductase, the enzyme responsible for catalyzing the “biological

Birch reduction”, is a 170 kDa iron-sulfur (Fe-S) protein made up of four subunits:

48, 45, 38, and 32 kDa.  The subunits have an [abcd] configuration.  The enzyme

also contains a substoichiometric amount of a flavin.  The role of this flavin, if any,

or whether it is an artifact of purification, has yet to be determined (Boll and Fuchs,

1995).  Electron paramagnetic resonance (EPR) investigations of the protein found

that the enzyme contains three cysteine-ligated [4Fe-4S] clusters, two of the
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clusters interacting (Boll, Fuchs et. al., 2000).  An example of a cysteine-ligated

[4Fe-4S] cluster is shown in Fig. 6.  Benzoyl-CoA reductase is proposed to have

two functionally distinct modules.  The first module, consisting of the a and d

subunits, contains two binding sites for ATP and a symmetrically coordinated [4Fe-

4S] cluster.  This module is where the ATP-dependent electron activation is

thought to take place.  The second module is proposed to be the site of substrate

reduction and is made up of the b and c subunits, which contain the two interacting

[4Fe-4S] clusters (Unciuleac and Boll, 2001).  

Characteristics of Fe-S cluster-containing proteins.  Fe-S cluster-

containing proteins, such as benzoyl-CoA reductase, can perform a variety of roles

in biological systems.  Simple Fe-S proteins contain standard Fe-S clusters of the

form, FeCys4, Fe2S2, Fe3S4, or Fe4S4.  Simple Fe-S proteins primarily carry out

electron transfer processes and non-redox catalysis.  Complex Fe-S proteins can

contain several Fe-S clusters, some of which are of the standard variety and some

that are unusual, and additional prosthetic groups, such as flavins.  These unusual

Fe-S cluster-containing proteins can carry out electron transfer, catalysis, or both

electron transfer and catalysis (Holm et. al., 1996).  The enzyme nitrogenase,

which catalyzes the reduction of dinitrogen to ammonia, is a complex Fe-S protein. 

Nitrogenase is similar to benzoyl-CoA reductase as they both catalyze the ATP-

dependent reduction of a stable substrate (Howard and Rees, 1996).  Nitrogenase

has two unusual metalloclusters, the P-cluster, consisting of two Fe4S4 clusters
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joined by two cysteinate bridges, and a cofactor, FeMo-co, consisting of a complex

Fe-S cluster containing either a molybedenum, or a vanadium, atom (Long and

Holm, 1995).  An unusual Fe-S cluster, known as the H-cluster, can also be found

in iron-only hydrogenases, which generate molecular hydrogen from solvated

protons and an electron donor (Leger et. al., 2002).  In both the hydrogenase and

nitrogenase systems, unusual Fe-S clusters are required to carry out difficult

reactions.  EPR studies on benzoyl-CoA reductase have not revealed the presence

of any unusual Fe-S clusters (Boll, Fuchs et. al., 2000).  The 2-hydroxyglutaryl-

CoA dehydratase system of Acidaminococcus fermentans, which carries out the

ATP-dependent hydration of hydroxyglutaryl-CoA (Fig. 7),  shares sequence

homology (Unciuleac and Boll, 2001).  The proposed catalytic mechanism of 2-

hydroxyglutaryl-CoA dehydratase is similar to that of benzoyl-CoA reductase

(Unciuleac and Boll, 2001).  However, unlike benzoyl-CoA reductase, 2-

hydroxyglutaryl-CoA dehydratase carries out a non-redox catalytic function and is

thus considered to be a simple iron-sulfur protein.  The 2-hydroxyglutaryl-CoA

dehydratase system contains similar Fe-S clusters to that of benzoyl-CoA reductase

and like benzoyl-CoA reductase, contains a flavin. 

Mechanism of the activase/2-hydroxyglutaryl-CoA dehydratase system

of Acidaminococcus fermentans.  As stated previously, it has been found that

benzoyl-CoA reductase has an amino acid sequence similar to that of the
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activase/2-hydroxyglutaryl-CoA dehydratase system of Acidaminococcus

fermentans.  

Sequence homology studies have shown that the two enzyme systems share

38-52% similarity (Unciuleac and Boll, 2001).  2-hydroxyglutaryl-CoA dehydratase

carries out a reaction that has a proposed mechanism similar to that of benzoyl-

CoA reductase, shown in Fig. 7 (Heider and Fuchs, 1997).  The dehydratase does

not actually carry out a redox reaction.  Instead, it removes water from a 2-

hydroxycarboxylic acid.  This is a difficult reaction because the ß-proton is not

acidic enough to assist in water elimination.  This reaction is much easier for a 3-

hydroxy carboxylic acid because the a-proton is more acidic and is a good leaving

group (Heider and Fuchs, 1997).  Instead of using proton removal to facilitate this

reaction, the enzyme transfers an electron to the substrate.  This step requires that

the substrate be in the CoA-thioester form instead of the free acid and the

dehydratase needs to be actively reduced by an activating enzyme.  The activating

enzyme contains an ATP binding site and a [4Fe-4S] cluster (Locher et. al., 2001). 

The transfer of the electron from the activating enzyme to the dehydratase requires

the hydrolysis of one molecule of ATP, which binds to the activating enzyme

(Locher et. al., 2001).  The dehydratase contains a [4Fe-4S] cluster at the catalytic

site, which mediates electron transfer between the activating enzyme and the

substrate.  This cluster also accepts an electron from the radical ion formed by the

substrate during catalysis (Locher et. al., 2001).  After the transfer of the electron to 
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the substrate, the resulting radical ion then rearranges, eliminating the hydroxyl

group and generating the neutral 1-enoxy radical (Heider and Fuchs, 1997).  The

formation of this 1-enoxy radical increases the acidity of the ß-protons and makes

it possible for one of the protons to leave, creating a second radical anion.  This

new radical anion then transfers an electron back to the enzyme, which can then

carry out another round of catalysis (Heider and Fuchs, 1997).  Other similarities

between 2-hydroxyglutaryl-CoA dehydratase and benzoyl-CoA reductase include

that they are both deactivated by oxygen exposure and require a CoA-thioesterified

substrate (Heider and Fuchs, 1997).       

Proposed mechanism for benzoyl-CoA reductase.  Although the details

on how benzoyl-CoA reductase carries out its reaction are unclear, some clues

about its mechanism have been found through EPR analysis.  EPR analysis of the

dithionite-reduced enzyme in the presence of benzoyl-CoA and ATP  found that the

iron-sulfur clusters, which act to transfer an electron from the electron donor to the

substrate, were mostly in their oxidized state, suggesting either ATP hydrolysis or

the reduction of the enzyme as the rate limiting step (Boll et al., 1997).  EPR has

also shown the presence of an organic radical during the steady-state enzymatic

reduction of benzoyl-CoA, supporting the idea that the reduction occurs via a

radical mechanism, similar to that of the Birch reduction. (Boll et. al., 1997). 

However, EPR studies have not shown that a phenyl radical forms during the

reduction of benzoyl-CoA by the enzyme (Boll et al., 1997).  This observation
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refuted the presence of a radical on the aromatic ring, lending support to a

previously proposed mechanism where the radical is a ketyl radical located on the

carbonyl group of the thioester (Buckel and Keese, 1995).  This alternate

mechanism, shown in Fig. 8, yields the conjugated cyclohexa-1,5-diene-1-carbonyl-

CoA without the need for an additional isomerization step and is similar to the

mechanism of 2-hydroxyglutaryl-CoA dehydratase shown in Fig 7. (Heider and

Fuchs, 1997).  However, studies on the metabolism of benzoyl-CoA by the

phototropic bacterium Rhodopseudomonas palustris under anaerobic conditions
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found the presence of two cyclic diene intermediates, a cyclohexa-1,4-diene-1-

carboxylate and a cyclohexa-2,5-diene-1-carboxylate, which suggest that

isomerization may occur.  Furthermore, it was also found that the organism could

use either of these compounds anaerobically  as a carbon source (Gibson and

Gibson, 1992).  

Energetics of the “biological Birch reduction.”  Unlike the Birch reduction, the

"biological Birch reduction" occurs under physiological conditions and it requires

the involvement of CoA and ATP.  Benzoyl-CoA reductase will not reduce

benzoate and requires the formation of the benzoyl-CoA thioester (Boll and Fuchs,

1995).  The formation of the benzoyl-CoA thioester significantly reduces the

midpoint potential for the addition of the first electron, from -3.15 V for benzene,

to -1.9 V.  The formation of these CoA thioesters are catalyzed by CoA ligases and

several such CoA ligases have been isolated and purified (Heider and Fuchs, 1997). 

The “biological Birch reduction” also requires ATP, suggesting that the energy

produced by ATP hydrolysis is used to overcome the high activation energy barrier

for reducing the chemically stable bonds of an aromatic ring system (Boll and

Fuchs, 1995).  The hydrolysis of one molecule of ATP can theoretically lower the

redox potential of an electron by about 500 mV under physiological conditions

(Boll and Fuchs, 1998).  However, the actual amount ATP can lower the redox

potential of an Fe-S cluster is probably much smaller.  In the case of the Fe protein

component of nitrogenase, the binding of ATP to the protein only lowers the redox
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potential of the Fe-S cluster approximately 100 mV (Howard and Rees, 1996). 

Benzoyl-CoA reductase requires two molecules of ATP to reduce one molecule of

benzoyl-CoA.  The electrons transferred to the benzoyl-CoA by its natural electron

donor, ferredoxin, have a midpoint potential of -0.45V.  With the midpoint

potential for the addition of the first electron to benzoyl-CoA being -1.9 V and the

theoretical limit that ATP can lower the potential of an Fe-S cluster being -0.5 mV,

there is still about -0.4 V difference that needs to be overcome in order to make the

reduction of the aromatic ring favorable (Boll and Fuchs, 1998).  The details on

how ATP hydrolysis is used to assist in the reduction of benzoyl-CoA in benzoyl-

CoA reductase are still unclear, but ATP hydrolysis could be causing conformation

changes in the protein.  Fe-S clusters can fluctuate between redox potentials

depending on conditions in the surrounding environment (Stephens et al., 1996). 

Thus, the ATP-hydrolysis-mediated alteration of the interactions between the

protein and a Fe-S cluster, or solvent and the cluster, could affect the redox

potential of the cluster.  In cases where electron and proton transfer are coupled,

the redox potential of the cluster may be pH dependent (Holm et. al., 1996).  For

the enzyme nitrogenase, which is analogous to benzoyl-CoA reductase as both

enzymes catalyze the ATP-dependent reduction of a stable substrate, it is thought

that conformational changes in the enzyme, induced by the binding and hydrolysis

of ATP, are essential for allowing electron transfer from the Fe-S clusters of the

protein to the substrate (Howard and Rees, 1996).  In fact, it has been observed that
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the redox potential of the Fe-S cluster in the Fe protein component of nitrogenase

drops by about 200 mV upon the formation of the Fe protein-MoFe protein

complex (Lanzilotta and Seefeldt, 1997).  Although, nitrogenase and benzoyl-CoA

do not share any sequence homology,  this does not imply that the two enzymes

can’t use the same strategy when directing electron transport.(Heider and Fuchs,

1997).  It is thought that benzoyl-CoA reductase facilitates the reduction of

benzoyl-CoA by rapidly protonating the hypothesized radical anion intermediate

that forms after the first electron addition (Boll and Fuchs, 1998).  This differs

from the Birch reduction, for which the reaction conditions can make the

protonation of the radical anion intermediate slow and rate-limiting (Zimmerman

and Wang, 1993).

Theoretical rationale.

Possible mechanisms for aromatic ring reduction.  There are least three

possible reduction mechanisms that could be employed by benzoyl-CoA reductase

to reduce the stable aromatic ring of benzoyl-CoA.  The first, is a mechanism

similar to the Birch reduction, consisting of two alternating one-electron transfer

and protonation steps.  This mechanism has been discussed earlier in this work and

is the most feasible based on chemical precedence and what is known about the

enzyme.  Two other possible mechanisms: hydride reduction and “catalytic”

hydrogenation, shown in Fig. 9, would be unusual for carbon-based aromatic rings,

but cannot be dismissed.  In the case of hydride reduction, two electrons are added 
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to the aromatic ring simultaneously in the form of a hydride ion.  This step is then

followed by protonation of the ring, to give the reduced aromatic ring.  Hydride

reductions usually require a cofactor, such as a nicotinamide (NAD(P)H), or a

flavin (FAD, FMN).  An enzymatic hydride reduction where the hydride transfer

between the cofactor and the substrate is the rate limiting step will exhibit a

significant deuterium isotope effect when the cofactor is transferring a deuteride

instead of a hydride (Bridge et al., 1995).  In cases where the hydride transfer is not

the rate-limiting step and some other step during catalysis, such as

cofactor/substrate binding and release, is deuterium isotope effect when the

cofactor is transferring a deuteride instead of a hydride (Bridge et. al., 1995).  The

deuterium isotope effects for NAD(P)+ dependent alcohol dehydrogenases, where

hydride transfer is the rate limiting step, have been observed to be around 3 to 5,

when dividing the catalytic rate observed for hydride transfer (kh) by the catalytic

rate observed for deuteride transfer(kd).  In cases where the hydride transfer is not

the rate-limiting step and some other step during catalysis, such as

cofactor/substrate binding and release, is influencing the enzymatic reaction rate,

there is little or no deuterium isotope effect (kh/kd = 1).  For catalytic

hydrogenation, two hydrogen atoms, in the form of a hydrogen molecule (H2), are

added in a concerted fashion to the same face of a double bond.  This mechanism

does not allow for isomerization and it requires the presence of dissolved hydrogen

gas molecules.  This mechanism seems unlikely, as dissolved hydrogen is not an
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apparent requirement for the enzymatic reduction of benzoyl-CoA.  However, some

enzymes, like hydrogenase, are capable of generating molecular hydrogen from

solvated protons and an electron donor (Leger et. al., 2002).  It might then be

possible that benzoyl-CoA reductase could generate molecular hydrogen, which

could then be used to reduce the aromatic ring.    

Use of substrate analogues to study the mechanism of benzoyl-CoA

reductase.  Benzoyl-CoA reductase has previously been shown to have activity on

benzoyl-CoA analogues with small substituents on the aromatic ring, such as m-

fluorobenzoyl-CoA, o-fluorobenzoyl-CoA, and p-fluorobenzoyl-CoA (Boll and

Fuchs, 1995).  The identification of the products of the reactions with benzoyl-CoA

reductase and benzoyl-CoA analogues may provide an insightful look into which

mechanism the enzyme uses to carry out the reduction of its native substrate,

benzoyl-CoA, and is the focus of this investigation.  With the fluorinated

anologues, the enzyme activity is highest with the fluorine in the ortho position,

about 78 percent as active as with the native substrate, and lowest with the fluorine

in the para position, about ten percent as active as with the native substrate (Boll

and Fuchs, 1995).  Birch reductions carried out on fluorobenzoic acids can result in

the elimination of the fluorine atom from the aromatic ring as a fluoride ion,

especially if the fluorine substituent is either ortho, or para to the carboxylic acid

(Rabideau, 1992).  The removal of a fluoride yields benzoic acid, which can

undergo further reduction to the 2,5-cyclohexadienoic acid.  However, Birch
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reductions on m-fluorobenzoic acids usually do not result in the loss of fluorine

and the aromatic ring is reduced directly to the 2,5-cyclohexadiene (Fig. 10)

(Rabideau, 1992).  So, if benzoyl-CoA reductase follows the “biological Birch

reduction”, then its action on a p-fluorobenzoyl CoA substrate would result in the

elimination of fluorine from the aromatic ring and the production of benzoyl-CoA. 

By the same logic, the enzymatic reduction of the m-fluorobenzoyl CoA substrate,

would yield 4-fluorocyclohexa-1,5-diene-1-carbonyl-CoA.  Nitrogen-containing,

aromatic heterocycles, such as nicotinic acid, isonicotinic acid, and picolinic acid

(Fig. 11) have not yet been used as substrates for benzoyl-CoA reductase, but if the

CoA-thioester derivatives of these compounds are found to be substrates for the
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enzyme, they may also provide some clues about the enzyme’s mechanism. 

Carbon-nitrogen double bonds have a higher affinity for electrons than carbon-

carbon double bonds.  Nitrogen has a higher electron-affinity than carbon, allowing

it to support a negative charge easier and making the first reduction step of the

Birch reduction more favorable (Birch and Slobbe, 1976).  If the presence of

nitrogen in the aromatic ring facilitates a Birch reduction of the aromatic ring and

benzoyl-CoA reductase follows a similar mechanism as the Birch reduction, then

the enzyme might catalyze the reduction of the CoA thioester derivatives of these

compounds at a faster rate than that of its native substrate, benzoyl-CoA.

Reversibility of electron transfer by benzoyl-CoA reductase.  As seen earlier

with 2-Hydroxyglutaryl-CoA dehydratase, the enzyme adds an electron to its

substrate, but at end of the catalytic cycle, that electron is transferred back to the

enzyme (Locher et. al., 2001).  Since benzoyl-CoA reductase and 2-

hydroxyglutaryl-CoA dehydratase share sequence homology, it could then be
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possible that the electrons are transferred back to benzoyl-CoA reductase from its

reduction product.  This possibility will be examined by isolating the cyclohexa-

1,5-diene-1-carbonyl-CoA product from benzoyl-CoA reductase enzymatic reaction

on benzoyl-CoA and reintroducing the product to the enzyme under oxidizing

conditions.  If benzoyl-CoA reductase is able to take the product and form benzoyl-

CoA under these conditions, then it suggests that the enzyme can oxidize its

reduction product, the cyclohexadienoyl-CoA, back to form benzoyl-CoA, the

substrate for the “reductase” activity.  This would mean that benzoyl-CoA

reductase can carry out this process even though its reduction capability has been

irreversibly inactivated by oxygen.
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CHAPTER II.  Materials and Methods

Materials and bacterial strain.  Chemicals were obtained from Sigma, Acros

Organics, Bio-Rad, Sigma, Fisher, and Aldrich.  All liquid chromatography and fast

protein liquid chromatography (FPLC) materials and equipment were from

Pharmacia or BioRad.  High performance liquid chromatography (HPLC) materials

and equipment were from Shimadzu.  Thauera aromatica strain K172 (DSM 6984)

was obtained from Deutsche Sammlung von Mikroorganismen (Braunschweig,

Germany).  All ultraviolet (UV) and visible (Vis) spectroscopy was performed

using a HP 8453 UV-visible photo-diode array spectrophotometer unless otherwise

noted.

Growth of bacterial cells.   The minimal salts medium contained 11 mM

Na2HPO4, 9 mM NaH2PO4, 1 ml/l of selenite tungstate solution (Tschech and

Pfennig, 1984), and 1ml/l of trace element solution SL7 (Widdel and Pfennig,

1981).  The medium was autoclaved and cooled under an atmosphere of nitrogen. 

MgCl2 · 6 H2O, CaCl2 · 2 H2O, and NaHCO3 were then added to the medium as

described (Tschech and Fuchs, 1987).  The pH of the medium was adjusted to 7.2

by the addition of 1M HCl or NaOH.  T. aromatica was grown in this medium at 28

degrees Celsius.  5 mM benzoic acid served as the carbon source and 20 mM
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potassium nitrate served as the terminal electron acceptor.  These two chemicals

were added to the bacterial cell cultures periodically from sterile, oxygen-free

stock solutions to maintain these concentrations.  Growth of the bacterial cell

cultures was monitored by measuring the optical density in 1 cm cuvettes at 650

nm.  Consumption of benzoic acid, nitrate, and nitrite were measured by taking the

UV absorption spectra of the aqueous layer of a chloroform-extracted, centrifuged

sample of the culture liquid.  The UV absorption of this solution was measured at

272 nm, 302 nm, and 360 nm in order to determine the concentration of benzoate,

nitrate, and nitrite respectively.  These values were compared to a standard curve

constructed from solutions containing known concentrations of benzoate, nitrate,

and nitrite.

Harvesting of bacterial cells.  Bacterial cells were harvested under nitrogen using

either centrifugation, or flow-through centrifugation at 6000 rpm.  Bacterial cells

were then stored on liquid nitrogen.  

Preparation of cell extracts.  Cell-free extracts were prepared anaerobically at 4

degrees Celsius by re-suspending bacterial cells in a buffer (2ml/g cells) containing

20 mM triethanolamine (TEA), 0.25 mM dithionite, and 1mM dithioerythritol. 

DNAse (0.2mg/g cells), RNAse (0.2 mg/g cells), lysozyme (0.5 mg/g cells), and

1%(volume/volume) Trition X-100  were then added to the buffer and mixed for

one hour.  This preparation was then centrifuged at 12000 rpm for one hour.  2 mM
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MgCl2, 10% glycerol, and 0.2 mM Fe(II) were then added to the cell extract to

stabilize the Fe-S cluster containing proteins.

Purification of benzoyl-CoA reductase.  Purification was performed at 4 degrees

Celsius under a nitrogen atmosphere in a glove box.  All buffers contained 0.25

mM dithionite and 1 mM dithioerythritol as reducing agents.  The purification

started with the cell extract from 80 grams (wet cell mass) of T. aromatica. 

Benzoyl-CoA reductase activity was determined using the spectrophotometric

assay described below.

Diethylaminoethyl (DEAE)-Sepharose chromatography.  150 ml of the cell-

free extract (12000 rpm supernatant) was applied to a FPLC column (diameter 2.6

cm., volume 120 ml.) of DEAE CL-6B resin (fast-flow, Pharmacia).  The column

was equilibrated and run, using a flow rate of 1 ml min-1, as described  (Boll and

Fuchs, 1995).  A greenish-brown protein band eluted from the column with 115

mM KCl in a volume of 135 ml.

Hydroxyapatite chromatography.  The combined fractions from the DEAE-

Sepharose column containing benzoyl-CoA reductase activity were applied to a

FPLC column (diameter 1.6 cm, volume 30 ml.) of Macro-Prep (ceramic

hydroxyapatite type I with a diameter of 40 µm, Biorad).  The column was

equilibrated and run, using a flow rate of 1 ml min-1, as described (Boll and Fuchs,

1995).  Activity eluted from the column in a volume of 75 ml.  The pooled

fractions containing benzoyl-CoA reductase activity were concentrated
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anaerobically with an ultra-filtration stirred cell apparatus (Amicon) to a volume

less than 5 ml.  

Gel filtration.  The concentrated fractions from the hydroxyapatite column

were applied to a FPLC Sephacryl 300 column (Pharmacia; diameter 2.6 cm,

volume, 130 ml.).  The column was equilibrated and run, using a flow rate of 0.6

ml min-1,  as described (Boll and Fuchs, 1995).  Activity was eluted from the

column in a volume of 70 ml.  The fractions containing benzoyl-CoA reductase

were pooled and concentrated to a volume less than 5 ml as described previously.

DEAE-Sepharose chromatography.  The concentrated fractions from the

gel filtration column were applied to a FPLC column (diameter 1.6 cm., volume 5

ml.) of DEAE CL-6B resin (fast-flow, Pharmacia).  The column was equilibrated at

a flow rate of 1 ml min-1 using a buffer containing 20 mM TEA at pH 7.8, 4 mM

MgCl2, and 10% glycerol (referred to as buffer 1).  The column was then washed

with four bed volumes of buffer 1.  Benzoyl-CoA reductase activity was eluted

with a linear 0-300 mM KCl gradient (10 bed volumes) formed from buffer 1 and

300 mM KCl in buffer 1.  Benzoyl-CoA reductase activity eluted from the column

at about 110-120 mM KCl in a volume of 20 ml.  The resulting enzyme solution

was concentrated to a volume of 2 ml and stored under liquid nitrogen until use.

Sodium dodecyl sulfate (SDS)/polyacrylamide gel electrophoresis (PAGE) and

Bradford assay.  SDS/PAGE (10% polyacrylamide) was performed as described
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(Neville, 1971).  Protein concentration was determined by the Bradford method

using a bovine serum albumin standard (Bradford, 1976).

Assay of benzoyl-CoA reductase activity.  Two separate assays were used at 25

degrees Celsius under strictly anaerobic conditions.  The spectrophotometric assay

was primarily used to assay for enzymatic activity, while the HPLC assay was

mainly used to observe the products formed by the enzymatic reaction.  The

spectrophotometric assay was carried out in a sealed quartz cuvette and the HPLC

assay was carried out in 5 ml sealed glass vials.  All containers were evacuated and

refilled with nitrogen gas at least four times to remove any dissolved oxygen.

Spectrophotometric assay.  The ATP and substrate-dependent oxidation of

either reduced methyl viologen, or titanium (Ti) (III) citrate by benzoyl-CoA

reductase was monitored continuously by a spectrophotometer as described (Boll

and Fuchs, 1995).  The 1 ml standard assay mixture contained 150 mM 3-(N-

morpholino)propanesulfonic acid (MOPS)/KOH pH 7.3, 10 mM MgCl2, 5 mM

ATP, 1 mM methyl viologen or 0.8 mM Ti (III) citrate, 0.2 mM benzoyl-CoA, and

5-100 µl of enzyme solution (Boll and Fuchs, 1995). For methyl viologen, the assay

was observed at 730 nm (e730 = 2.4 mM-1 cm-1 (Fraisse and  Simon, 1988)).  For the

assays using titanium citrate,  a 80 mM Ti (III) citrate stock solution was prepared

and the reactions were monitored at 340 nm (e340 = 0.73 mM-1 cm-1 (Seefeldt and

Ensign, 1994)).  0.8 mM Ti(III) citrate was used in the assay in place of methyl

viologen.  The enzymatic assays were started by adding either the benzoyl-CoA,
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ATP, or the enzyme solution.  Due to the high background rate of redox dye

oxidation by the cell extract in the absence of substrate, it was difficult to measure

the activity of the enzyme during purification until the cell extract had been passed

over both the DEAE-Sepharose and the hydroxyapatite column.  The data from the

spectrophotometric assays were collected and analyzed using the Advanced UV-

Visible Software G1116AA Rev. A.02.05 by Hewlett Packard.  

HPLC assay.  A 0.5 ml assay mixture was prepared as described previously

for the Ti(III) citrate spectrophotometric assay.  100 µl samples were taken at

several time increments during the assay and 10 µl of 1 M H2SO4 was added.  The

samples were then centrifuged to removed the denatured protein.  20 µl of the

supernatant was passed over a C-18 reverse-phase HPLC column (All-tech

Platinum; diameter, 4.6 mm; length 150 mm; 100 A pore size; 5 µM particle size)

which was equilibrated with 97% 50 mM ammonium acetate at pH 5.5 and 3%

acetonitrile at a flow rate of 1 ml min-1.  The components of the assay were then

separated by applying a linear gradient of 3-40% acetonitrile over twenty minutes

at a flow rate of 1 ml min-1.  CoA thioesters eluting from the column were observed

using a dual-channel UV-Vis diode array detector (Shimadzu) set to monitor both

260 nm and 232 nm in order to detect any species containing an adenosine group,

such as a CoA thioester.  This procedure was also used to monitor product

formation during the spectrophotometric assay.  This was done by removing 100 µl

samples of the assay mixture at time points during the spectrophotometric assay. 
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The samples were added to 10 µl of 1M H2SO4, centrifuged, and applied to the

HPLC column as described previously.  The Class VP chromatography data system

version 4.2, supplied by Shimadzu, was used to collect and process the HPLC assay

data.

Synthesis and purification of coenzyme A thioesters.  Benzoyl-CoA was

synthesized from CoA and benzoic acid anhydride (Schachter and Taggart, 1976). 

All other thioesters were synthesized by a method based on that of Gross and Zenk.

(Gross and Zenk, 1966).  The thioesters were by reacting the acid chloride,

prepared from the respective carboxylic acid, with free CoA .  This was done by

first dissolving 220 µmol of the carboxylic acid (isonicotinic, nicotinic, picolinic,

m-fluorobenzoic, or p-fluorobenzoic acid) in 10 ml of tetrahydrofuran containing

10 mg of Na2SO4 as a drying agent.  This solution was passed through a short

column of  Na2SO4 and into a dry, sealable container.  The container was then

sealed to prevent water vapor from entering the container and to prevent the

organic reagents from evaporating.  After sealing the container, 22 µl of ethyl

chloroformate and 30 µl of triethylamine was added.  After reacting for one hour,

the solution was passed through a glass wool filter and into 10 ml of a degassed

solution at pH 7.5 containing 50 mM potassium phosphate and 32 mg of coenzyme

A (CoA).  After one hour, the pH was adjusted to between 3 and 4 using HCl.  The

resulting solution is passed through a glass wool filter and extracted with CHCl3 to

remove any contaminant.  For further purification, the reaction mixture was
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applied to a Sephadex G-10 gel filtration column (Pharmacia, 1.6 cm diameter,

140ml), equilibrated with 50 mM 3-(N-morpholino)ethanesulfonic acid (MES) at

pH 5.6.  Fractions containing the CoA-thioester were identified by

spectrophotometric detection at 260 nm.  These fractions were combined and

freeze-dried.  The synthesized thioester, which was produced with a 70% yield,

was then stored in 50 mM MES buffer at pH 5.6 at a concentration of 20 mM.  The

fractions were analyzed for purity by HPLC using the column and gradient as the

HPLC assay described above and the identity of the thioester was confirmed using

electrospray mass spectrometry on a Thermo-Finnigan LCQ with a quadrupole ion

trap.  The atomic masses of the ions that formed were observed using either the

negative or positive ion channel.  The synthesis of the thioester was further

confirmed by proton nuclear magnetic resonance spectroscopy (NMR) using a

Bruker 400 MHz NMR spectrometer.  The proton NMR spectrum for CoA and

benzoyl-CoA is shown in Fig. 12B.  An observed downfield shift in the -CH2-S

signal was indicative of a substitution on the sulfur atom and the formation of a

thioester (Mieyal et al., 1974).  Observed signals in the region between 6 ppm and

8 ppm were indicative of phenyl protons belonging to the respective aromatic

substituent (Fig. 12).  The NMR spectra of picolinoyl-CoA, nicotinoyl-CoA, m-

fluorobenzoyl-CoA, and p-fluorobenzoyl-CoA are located in the appendix.  The

amount of thioester present was determined by measuring the amount of UV

absorption by the adenosine, contained in the CoA functionality, at 260 nm.  The 
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Figure 12.  Proton nuclear magnetic resonance spectroscopy of CoA (A)
and benzoyl-CoA (B).  The formation of the thioester was indicative of a shift
in the -CH2S signal of CoA (1).  The appearance of phenyl protons from
benzoate was also observed (2).
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extinction coefficient for the adenosine group on CoA at 260 nm is 15.4 mM-1 cm-1. 

For benzoyl-CoA, the extinction coefficient 21.1 mM-1 cm-1 was used (Webster et

al., 1973).  The UV absorption of the synthesized thioester was also taken at 232 as

CoA and thioester have different ratios of 232 nm/260 nm absorptions (Webster et

al., 1973).

Enzymatic studies on benzoyl-CoA reductase using thioester analogues.  As

with the enzyme’s normal substrate, benzoyl-CoA, each of the substrate analogues,

m-fluoro, p-fluoro, nicotinoyl, picolinoyl, and isonicotinoyl-CoA, were used as

possible substrates for the spectrophotometric assay and the HPLC assay.

Spectrophotometric assay.  The continuous spectrophotometric assay, with

either Ti(III) citrate or dithionite-reduced methyl viologen as the reducing agent, 

was performed as described previously, using one of the thioester analogues in

place of benzoyl-CoA at concentrations from 0.2 mM to 2 mM.  

HPLC assay.  The HPLC assay was performed as described previously,

using one of the thioester analogues in place of benzoyl-CoA at concentration from

0.4 mM to 2 mM.

Determination of the catalytic properties of benzoyl-CoA reductase.

Determination of Km and relative Vmax values for benzoyl-CoA in H2O and

D2O.  The initial rates of the reductase reaction were measured using the

spectrophotometric assay described previously using methyl viologen as the

reducing agent.  The substrate for these reactions was benzoyl-CoA in
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concentrations ranging from 0-150 µM.  10 µl of the enzyme solution was used in

each reaction.  Two separate studies were carried out.  The first study was carried

out using a 150 mM MOPS/KOH buffer solution at pH 7.3 made in deionized

water.  The second study used a 150 mM MOPS/KOD buffer solution at pH 7.3

made in D2O.  In each case, the enzyme solution was the same in order to allow for

comparisons of the kinetic data.  The reaction rates of these assays were plotted

versus the concentrations of the substrate used.  The Km and Vmax values were then

determined from a hyperbolic fit of the resulting plot.  

Determination of Km and relative Vmax values for picolinoyl-CoA.  The

initial rates of the benzoyl-CoA reductase reaction were measured with the

spectrophotometric assay described previously using methyl viologen as the

reducing agent.  The substrate for these reactions was picolinoyl-CoA in

concentrations ranging from 60 µM to 2 mM.  10 µl of the enzyme solution was

used in each reaction.  The enzyme used for these reactions was from the same

enzyme solution used to determine the catalytic properties for benzoyl-CoA

reductase using benzoyl-CoA as the substrate.  This was done to prevent impurities

in the enzyme solution, such as oxygen-inactivated benzoyl-CoA reductase, from

interfering with the comparison between the catalytic properties of the reductase

for benzoyl-CoA and those for picolinoyl-CoA.    The reaction rates of these assays

were plotted versus the concentrations of the substrate used.  The Km and Vmax

values were then determined from a hyperbolic fit of the resulting plot.    
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Separation of the products of the benzoyl-CoA reductase catalyzed reduction

of on benzoyl-CoA and studies on the effect of oxygen on benzoyl-CoA

reductase.  The products of the benzoyl-CoA reductase reaction on benzoyl-CoA

were isolated using the HPLC assay describe previously.  Using the chromatogram,

the fractions containing the products were collected separately and freeze-dried to

remove the liquid.  Each product was then redissolved in 100 µl of 150 mM

MOPS/KOH at pH 7.3.  Each 100 µl solution was divided into two equal solutions. 

The first solution served as a time 0 for the reaction and 2 µl of enzyme was added

to the second solution and incubated for 15 minutes.  5 µl of 1M H2SO4 was added

to stop the reaction and the solution was centrifuged to remove the precipitated

protein.  The assays did not contain any reducing agents and contained dissolved

oxygen. The assays were then applied to the HPLC using the same procedure

described previously.  The effect of oxygen exposure on the benzoyl-CoA

reductase reaction was also studied by running a HPLC assay using benzoyl-CoA

for the substrate for 15 minutes.  After 15 minutes, the HPLC assay was uncapped

and exposed to oxygen.  The assay contents were mixed gently every five minutes

for a total of 40 minutes.  100 µl samples were taken from the assay at the start of

the assay, after 15 minutes (before the oxygen exposure), and then after the 40

minutes of oxygen exposure.  10 µl of 1M H2SO4 was added to each sample and the

samples were centrifuged to remove the precipitated protein.  The samples were

then applied to the HPLC using the same procedure described for the HPLC assay.
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Identification of enzymatic products by mass spectrometry.  The enzymatic

products formed by benzoyl-CoA reductase acting on its substrate and synthesized

analogues were identified using either electrospray ionization (ESI) or liquid

chromatography/mass spectrometery (LC/MS), where a Waters 2690 HPLC was

coupled to the ESI source.

Electrospray (ESI).  Electrospray on substances previously separated by

HPLC was carried out using a Thermo-Finnigan LCQ with a quadrupole ion trap. 

The atomic masses of the ions that formed were detected either by monitoring the

positive or negative ion channel.

Liquid chromatography/mass spectrometry (LC/MS).  A 20 µl sample of the

enzymatic assay of interest was applied to a reverse-phase HPLC column before

carrying out electrospray using the Thermo-Finnigan LCQ.  The atomic masses of

the ions that formed were detected by monitoring either the positive or negative ion

channel.  The reverse-phase column used was either a Zorbax C-18SB reverse-

phase HPLC column (Micro-Tech Scientific; diameter, 1.0 mm; length 150 mm;

100 A pore size; 5 µM particle size), or a Platinum C-18 reverse-phase HPLC

column (All-tech; diameter, 4.6 mm; length 150 mm; 100 A pore size; 5 µM

particle size).  CoA thioesters eluting off the HPLC column were detected by

monitoring 260 nm with a Waters 996 Photodiode Array Detector. 

The Zorbax C-18SB column was equilibrated with  95% 50 mM

ammonium acetate at pH 5.5 and 5% acetonitrile at a flow rate of 50 µl min-1.  The
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components of the assay were then separated by applying a linear gradient of 5-

80% acetonitrile over twenty five minutes at a flow rate of 50 µl min-1.

The Platinum C-18 column was equilibrated with 97% 50 mM ammonium

acetate at pH 5.5 and 3% acetonitrile at a flow rate of 1 ml min-1.  The components

of the assay were then separated by applying a linear gradient of 3-40% acetonitrile

over twenty minutes at a flow rate of 1 ml min-1.
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CHAPTER III.  Results

Enzymatic assays.  Two enzymatic assays were developed in order to monitor the

enzymatic activity of benzoyl-CoA reductase, a spectrophotometric assay and a

HPLC assay.  

The spectrophotometric assay involved measuring the ATP and substrate-

dependent oxidation of either reduced methyl viologen, or titanium (III) citrate by

benzoyl-CoA reductase.  This assay allowed for the measurement of the rate of

electron usage by benzoyl-CoA reductase as it acted enzymatically on its substrate. 

This assay, however, did not allow for the visualization of any enzymatic products.

The HPLC assay contained the same components as the spectrophotometric

assay, except that samples were taken at several time increments during the assay. 

These samples were then passed over a reverse-phase HPLC column.  Any CoA

thioesters eluting from the column were observed using a dual-channel UV-Vis

diode array detector set to monitor 260 nm.  This assay allowed for the

visualization of the consumption of substrate and the production of enzymatic

products at time points during the enzymatic reaction.  This assay yielded no

kinetic information about the enzymatic reaction and could only be used to

visualize the presence of substrate and any enzymatic products.      
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Purification of benzoyl-CoA reductase.  Benzoyl-CoA reductase was purified

from Thauera aromatica as described previously (Boll and Fuchs, 1995).  The cell-

free extract was passed through a DEAE-cellulose anion exchange column and the

fractions containing benzoyl-CoA reductase were eluted from the column at 115

mM KCl.  After the protein sample passed over the hydroxyapatite column, the

substrate dependent oxidation of methyl viologen was detectable in fractions

eluting off the column at approximately 15 mM potassium phosphate.  These

fractions, which had a light brown-green color, were pooled, concentrated and

applied to a gel filtration column.  After gel filtration, the pooled protein fractions

containing benzoyl-CoA reductase activity were applied to a second DEAE-

cellulose anion exchange column in order to remove impurities that may have

remained after the first DEAE-cellulose anion exchange column.  Due to a high

background rate of methyl viologen oxidation in the absence of substrate by the

protein sample, the spectrophotometric determination of benzoyl-CoA reductase

activity could only be used after passing the cell free extract over both a DEAE-

cellulose anion exchange column and a hydroxyapatite column.  As a result, it was

difficult to ascertain the efficiency of the purification until after the protein sample

was passed over the hydroxyapatite column.  For this reason, benzoyl-CoA

reductase was eluted from the first DEAE-anion exchange column based primarily

on previously published information regarding the salt concentration at which the
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Figure 13.  SDS/PAGE overview of a typical benzoyl-CoA reductase
purification procedure.  Lanes 1 and 10 contain 10 µl and 20 µl of a low range
protein standard (Biorad) respectively.  Lanes 2 and 3 contain 25 µg and 50 µg of
protein from the cell free lysate respectively.  Lane 4 contains 25 µg of protein
from the active pooled fractions eluted from the gel filtration column.  Lanes 5
and 6 contain 25 µg and 50 µg of protein from the active pooled fractions eluted
from the hydroxyapatite column respectively.  Lane 7 and 8 contain 25 µg and 50
µg of protein eluted from the second DEAE column respectively.  Lane 9
contains 50 µg of protein eluted from the second DEAE column which was
treated with a small additional amount of SDS in an attempt to flatten out the
protein bands.    

enzyme elutes off of the column and on the characteristic brownish-green color of

the reduced protein (Boll and Fuchs, 1995).

A SDS/PAGE following the purification of the enzyme is shown in Fig. 13. 

The final preparation coming off of the second DEAE column shows the presence

of five major protein bands.  The four subunits with the sizes of approximately 48,

45, 38, and 32 kDa correspond to that of benzoyl-CoA reductase can be seen in
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lane nine of Fig 13 (Boll and Fuchs, 1995).  The additional protein band at around

29 kDa most likely corresponds to the protein cyclohexa-1,5-diene-1-carbonyl-CoA

hydratase, which has a mass of approximately 28 kDa and has recently been

reported as a co-purifying protein when following this purification protocol (Boll

et. al., 2000).  

A typical protein purification yielded approximately 35 mg of protein from

70 g of wet cells.  Using dithionite-reduced methyl viologen as the electron donor

and under saturating concentration of both ATP and benzoyl-CoA, the activity of

the final enzyme preparation had a specific activity of 0.024 µmol benzoyl-CoA

min-1 mg -1 at 25 degrees Celsius, with the activity expressed in terms of µmol

benzoyl-CoA reduced per minute.  This is a factor of 23 smaller than that of 0.55

µmol benzoyl-CoA min-1 mg -1 previously determined for benzoyl-CoA reductase at

37 degrees Celsius (Boll and Fuchs, 1995).  The final protein sample, containing

the benzoyl-CoA reductase activity, had a dark brownish-green color,

corresponding to the color of reduced benzoyl-CoA reductase (Boll and Fuchs,

1995).  The oxidation of methyl viologen by benzoyl-CoA reductase is dependent

on the presence of both benzoyl-CoA and ATP, as shown in Fig. 14.

HPLC separation and mass spectrometry analysis of products from the

benzoyl-CoA reductase reaction on benzoyl-CoA.  The action of benzoyl-CoA

reductase on benzoyl-CoA in the presence and absence of the electron donor
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Figure 14.  The effect of ATP and benzoyl-CoA on the oxidation of
reduced methyl viologen by benzoyl-CoA reductase.  The oxidation of
methyl viologen was observed at 730 nm.  (A) ATP dependence of the
reaction. After 10 µl of enzyme solution is incubated with 1 mM dithionite-
reduced methyl viologen (1), 0.2 mM benzoyl-CoA is added (2), followed by
the addition of 5 mM ATP (3). (B) Substrate dependence of the reaction. 
After the enzyme is incubated with 1 mM dithionite-reduced methyl
viologen (1), 5 mM ATP is added (2), followed by the addition of 0.2 mM
benzoyl-CoA (3).  Note: The large observed drop in absorbance at the
beginning of each addition is caused by the presence of trace amounts of
oxygen in the stock solutions and by dilution.

titanium (III) citrate was studied using a Platinum C-18 reverse-phase HPLC

column (Figs. 15 and 16).

In the absence of titanium(III) citrate, there was no evidence of enzymatic

activity.   The benzoyl-CoA peak, which eluted off from HPLC at 13 minutes,

showed very little change in amount after 15 minutes of assay time.  Also, the
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Figure 15.  HPLC traces of a benzoyl-CoA reductase assay using benzoyl-
CoA as the substrate, without the electron donor titanium(III) citrate.  (A)
HPLC trace of the assay after one minute of incubation with the enzyme. (B)
HPLC trace of the assay after fifteen minutes of incubation with the enzyme. 
The peak at 13 minutes represents the substrate, benzoyl-CoA.  Absorbance was
measured at 260 nm, which allowed for the detection of molecules containing
adenosine, such as CoA.  The anaerobic assay was degassed and started by the
addition of the enzyme.

absence of any new peaks on the chromatogram indicated that no new CoA

thioesters were produced (Fig. 15).

In the presence of titanium(III) citrate, there was evidence of an enzymatic

reaction (Fig. 16).  The thirteen minute peak, benzoyl-CoA, is significantly reduced

after 15 minutes of incubation with ATP and titanium(III) citrate (Fig. 16: 1).  This

decrease coincided with the appearance of two new peaks (Fig. 16: 2,3).  The first

peak was more polar than the substrate peak, eluting at around 10.5 minutes, and



47

Figure 16.  HPLC traces of a benzoyl-CoA reductase assay
using benzoyl-CoA as the substrate and titanium(III) citrate
as the electron donor.  The lighter, dotted line (.......)
represents the assay after one minute of incubation with the
enzyme.  The darker, solid line ()))) ) represents the assay after
fifteen minutes of incubation with the enzyme. 1 - benzoyl-CoA
(substrate); 2,3 - enzymatic products.  The peak at seven
minutes was present in the starting reaction and remained
constant during the reaction and is most likely, a contaminant.
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Figure 17.  LC/MS chromatogram of a benzoyl-CoA reductase
assay using benzoyl-CoA as the substrate and titanium(III)
citrate as the electron donor.  The assay was applied to a Zorbax
C-18 reverse-phase column after fifteen minutes of incubation
with the enzyme. 1 - benzoyl-CoA (substrate); 2,3 - enzymatic
products.

the other peak was slightly less polar than the substrate peak, eluting just after the

substrate peak at 13.3 minutes.  The appearance of these two new peaks is

dependent on both the presence of ATP and the electron donor, titanium (III)

citrate in the enzyme assay.  The identity of these new peaks was determined by

LC/MS (Fig. 17).  The assay was passed over a Zorbax C-18SB reverse phase

HPLC column and the eluent of the column was analyzed by a Thermo-Finnigan



49

LCQ with a quadrupole ion trap.  The atomic masses of any ions that formed were

detected by monitoring the ion channel that yielded the best signal to noise ratio,

which in this case, was the negative ion channel.  The substrate, benzoyl-CoA,

peak 1 in Fig. 17, had an atomic mass of 870 (Fig. 18A).  This mass corresponds to

the atomic mass of a negative ion of benzoyl-CoA, whose mass is equivalent to the

calculated mass of benzoyl-CoA, 871, minus one proton.  The less polar product,

peak 2 in Fig. 17, had an atomic mass of 872 (Fig. 18B).  The mass of this product

is two mass units higher than that of the substrate, benzoyl-CoA, identifying this

molecule as a likely reduction product of benzoyl-CoA and will be further referred

to as the reduction product.  The more polar product, peak 3 in Fig. 17, had an

atomic mass of 890 (Fig. 19).  The mass of this product is twenty mass units higher

than that of benzoyl-CoA and eighteen mass units higher than that of the reduction

product.  The mass of this molecule could correspond to the hydration of  the

reduction product.  This molecule will be further referred to as the hydration

product.  This hydration is probably catalyzed by 1,5-dienoyl-CoA hydratase which

copurifies with benzoyl-CoA reductase (Boll et. al., 2000).  These results correlate

well with the previously identified products of the benzoyl-CoA reductase and the

1,5-dienoyl-CoA hydratase reactions, which are shown in Fig. 20 (Boll et. al.,

2000).  Thus, upon incubation with the enzyme solution, benzoyl-CoA reductase

reduces benzoyl CoA (1) to the reduction product, which is likely cyclohexa-1,5-

diene-1-carbonyl-CoA (3), and then hydrated to form the hydration product, which
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Figure 18.  Mass determination of the enzymatic products from the benzoyl-
CoA reductase reaction on benzoyl-CoA (Peaks 1 & 3).  (A) A time-slice of
the ions formed by the molecules contained in peak 1, benzoyl-CoA (Fig. 17). 
The primary ion formed had a mass of 870. (B) A time-slice of the ions formed
by the molecules contained in peak 3 (Fig. 17).  The primary ion formed had a
mass of 872.  Ions were observed using the negative ion channel.      
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Figure 19.  Mass determination of the enzymatic products from the benzoyl-
CoA reductase reaction on benzoyl-CoA (Peak 2).  A time-slice of the ions
formed by the molecules contained in peak 2 (Fig 17).  The primary ion formed
had a mass of 890.  Ions formed were observed using the negative ion channel.

is likely 6-hydroxycyclohex-2-ene-1 carbonyl-CoA (2), by the 1,5-dienoyl-CoA

hydratase (Fig. 20).  This illustrated that the LC/MS assay method could be used to

observe and identify the enzymatic products of the benzoyl-CoA reductase assay. 

Kinetic isotope studies on benzoyl-CoA reductase.  To study whether a proton

transfer might be involved in the rate-determining step of the enzymatic reaction,

which might indicate that hydride chemistry is occurring, the catalytic properties of

benzoyl-CoA reductase were studied with the spectrophotometric assay, using

methyl viologen as the reducing agent and varying concentrations of benzoyl-CoA

as the substrate,  in the presence of H2O and in the presence of D2O.  Methyl
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Figure 20.  Products formed from benzoyl-CoA by benzoyl-CoA reductase
and 1,5-dienoyl-CoA hydratase in the presence of titanium(III) citrate and
ATP.

viologen was used as the reducing agent, instead of titanium(III) citrate, because it

had a smaller background oxidation rate, providing a better signal to noise ratio. 

The Km and Vmax values for the enzyme in H2O and in D2O were determined by

fitting the kinetic data with a hyperbolic curve fit (Fig. 21).  The apparent Km of the

enzyme for benzoyl-CoA in H2O was 33 µM and in D2O, 18 µM benzoyl-CoA. 

The Vmax values for the enzyme in H2O and D2O were 5.0 nmol min-1 and 2.8 nmol

min-1 respectively.  Given that the same enzyme solution and the same amount of

enzyme was used in each reaction, the decrease in the Vmax of the benzoyl-CoA

reductase reaction in D2O results in a deuterium isotope effect of 1.8 ± 1

(Vmax(H2O)/Vmax(D2O)).  The atomic masses of the products formed  from benzoyl-

CoA by the reductase/hydratase activities in D2O were determined by LC/MS as

was done before for the same reaction carried out in H2O (Figs. 22-24).  The mass

of the benzoyl-CoA substrate remained unchanged at 870, while the mass of the

reduction product ranged from 872 to 874  (Fig 23).  The masses correspond to a 
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Figure 21.  The effect of D2O on Km and Vmax of benzoyl-CoA reductase. 
The initial velocity of the enzymatic reaction was plotted as a function of
substrate concentration for the reactions carried out in 150 mM MOPS
(square(#)) and the reactions carried out in D2O (triangle(?)). Assuming that
two mole of electrons are required to reduce one mole of benzoyl-CoA, the
rate of benzoyl-CoA consumption was calculated as being equal to twice the
rate of the oxidation of dithionite-reduced methyl viologen.
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Figure 22.  LC/MS chromatogram of a benzoyl-CoA reductase assay
in D2O using benzoyl-CoA as the substrate and titanium(III) citrate as
the electron donor.  The assay was applied to a Zorbax C-18 reverse-
phase column after fifteen minutes of incubation with the enzyme. 1 -
benzoyl-CoA (substrate); 2 - hydrated, reduced product. 3 - reduced
product.
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Figure 23.  Mass determination of the enzymatic products from the
benzoyl-CoA reductase reaction on benzoyl-CoA in D2O (Peaks 1
& 3).  (A) A time-slice of the ions formed by the molecules of peak 1
(Fig. 22).  The primary ion formed had a mass of 870. (B) A time-slice
of the ions formed by the molecules of peak 3 (Fig.22).  The primary
ions that formed had a mass of 873 and 874.  Ions were observed using
the negative ion channel.  The range of masses observed in the
reduction product were caused by a varying incorporation of protons
and deuterons into the reduction product during the enzymatic
reduction of the substrate.
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Figure 24.  Mass determination of the enzymatic products from the benzoyl-
CoA reductase reaction on benzoyl-CoA in D2O (Peak 2).  (A) A time-slice of
the ions formed by the molecules of peak 2 (Fig. 22).  The primary ions formed
had a mass of 892 and 893.  Ions were observed using the negative ion channel.

varying incorporation of deuterium atoms into the reduction product.  The main

reduction product formed had a mass of 873, which suggests that one deuterium

and one hydrogen atom were incorporated into the reduction product during the

reduction of benzoyl-CoA by benzoyl-CoA reductase.  The atomic mass of the

hydrated increased from 890, its atomic mass in the reaction carried out in H2O, to

a mass of 892 and 893 (Fig. 24).  This confirms the incorporation of deuterium in

hydration product and suggests that deuterium may have been incorporated into the

molecule during the hydration of the reduction product by the 1,5-dienoyl

hydratase.  The observed solvent kinetic isotope effect of 1.8 for benzoyl-CoA
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reductase is relatively low for a primary kinetic isotope effect (Xiaoqing and

Bisswanger, 2003).  Xanthine oxidase and trimethylamine dehydrogenase are two

enzyme systems that employ electron and proton transfer in order to catalyze their

respective reactions.  Proton transfer is involved in the rate-limiting step in both

these enzyme systems and a large solvent isotope effect, between 7 and 10, is

observed in both cases (Hille and Anderson, 2001).  The low primary kinetic

isotope effect observed for benzoyl-CoA reductase suggests that proton transfer is

only slightly rate-limiting.  Interestingly, while the Vmax of the benzoyl-CoA

reductase reaction carried out in D2O decreased by a factor of 1.8, the Km of the

reaction also decreased by a factor of 1.8, resulting in the same Vmax/Km ratio as the

reaction carried out in H2O.  As stated previously, the same enzyme solution was

used and the same amount of enzyme was used in both sets of reactions.  Therefore

it can be said that kcat/Km of the benzoyl-CoA reductase reaction remained

unchanged when the benzoyl-CoA reductase reaction took place in D2O.  The term

kcat/Km is an apparent second order rate constant that controls the rate at which the

enzyme binds to the substrate and the rate at which it turns the substrate over

(Fersht, 1985).  Therefore, if it is unchanged, then the rate of substrate binding is

unchanged by the presence of D2O.  The reduction in the observed kcat in D2O  must

be the result of an slight isotope effect occurring in a reaction step after the

enzyme-substrate complex forms, such as the protonation of an intermediate.    
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Reversibility of the 1-5-dienoyl hydratase and the oxidation of the reduction

product by oxygen-exposed benzoyl-CoA reductase.  While studying the

benzoyl-CoA reductase reaction using benzoyl-CoA, it was observed that the

hydration product and the reduction product appear simultaneously.  Also, in

several HPLC chromatograms, the two products had about the same relative peak

height to peak height ratio, suggesting that they are in equilibrium with each other

and that the hydratase activity is reversible.  In order to test this hypothesis,

benzoyl-CoA reductase was allowed to react with benzoyl-CoA in the presence of

ATP and titanium(III) citrate.  The hydration product was then separated from the

other components in the reaction using a Platinum C-18 reverse-phase HPLC

column.  The hydration product, which, as shown by HPLC, was stable in the

absence of the enzyme (Fig. 25), was then reintroduced to the enzyme in a 150 mM

MOPS/KOH buffer at pH 7.3 containing dissolved oxygen for fifteen minutes. 

This assay was then passed over the reverse-phase column again.   Benzoyl-CoA

reductase requires ATP to carry out its reaction.  Benzoyl-CoA reductase is also

rapidly degraded and inactivated by oxygen.  For this reason, the assay was carried

out in the presence of oxygen so that only the activity of the 1-5-dienoyl hydratase

would be observed.  Of course, it was assumed that the hydratase activity would

not be oxygen sensitive and that the hydratase activity would not require ATP, as

the free energy of the reaction should be near zero and thus would not need the

input of energy.  As shown in Fig. 25, the hydration product (1) decreased after 15
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1

2 3

Figure 25.  HPLC traces of an assay containing the
reduced, hydrated benzoyl-CoA product and benzoyl-
CoA reductase.  The lighter, dotted line (.......) represents
the assay after before the addition of enzyme.  The darker,
solid line ()))) ) represents the assay after fifteen minutes of
incubation with the enzyme.  The assay was carried out in
150 mM Mops/KOH at pH 7.3 containing dissolved oxygen. 
The assay did not contain ATP or a reducing agent.  1 -
hydration product; 2 - suspected benzoyl-CoA peak; 3 -
reduction product.

minutes of incubation with the enzyme and two new peaks (2 and 3) were

observed.  The retention times and elution pattern of  peaks 2 and 3 identified them

as benzoyl-CoA and the reduction product respectively.  Since it was quite
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Figure 26.  Mass determination of the suspected benzoyl-CoA peak (Fig. 25:
2) from the reversibility reaction by electrospray mass spectrometry.  The
primary ions formed had a mass of 872, 894, 910, and 932.  The atomic mass of
872 corresponds to the positive ion of benzoyl-CoA.  The 894, 910, and 932
atomic mass ions are likely K and Na complexed to benzoyl-CoA.  Ions were
observed using the positive ion channel.

surprising to see the reappearance of benzoyl-CoA, the substrate of the benzoyl-

CoA reductase reaction, it was necessary to reconfirm its identity.  To verify the

identity of the reappearing substrate peak, it was separated from the other

components of the assay as it exited the HPLC column.  These fractions were then

pooled, freeze-dried, and then re-dissolved in a small amount of 50 mM

ammonium acetate at pH 5.5.  The resulting solution was analyzed by electrospray

mass spectrometry using a Thermo-Finnigan LCQ equipped with a quadrupole ion
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trap (Fig. 26).  Ions were monitored using the positive channel because it provided

a better signal than the negative channel.  A positive ion with an atomic mass of

872 was identified in the solution.  This mass corresponds to the atomic mass of a

positive ion of benzoyl-CoA, which is the mass of benzoyl-CoA, 871,  plus the

mass of a single proton.  The other ions in the solution had an atomic mass of 894,

910, and 932.  These masses are 23, 38, and 51 atomic mass units higher than that

of benzoyl-CoA.  These can be attributed to one or more sodium, 23 atomic mass

units, and potassium, 38 atomic mass units, salt ions associated to the benzoyl-CoA

ion.  The formation of these ions formed as a result of an increased concentration

of salt ions in the final solution, which was caused by the removal of water during

the freeze-drying process.  The formation of benzoyl-CoA from the hydration

product in the presence of the oxygen-exposed enzyme shows that the 1,5-dienoyl-

CoA hydratase reaction is readily reversible and does not require ATP.  More

importantly, it appears that benzoyl-CoA reductase is able to re-oxidize the

reduction product back to its substrate, benzoyl-CoA, even though its normal

enzymatic activity had been inactivated by the presence of oxygen in the solution. 

This was quite a surprise since the reoxidation of the reduction product to benzoyl-

CoA does not require ATP and does not require that benzoyl-CoA reductase

possess its normal “reductase” activity.  In fact, the only apparent requirement for

this reversibility is that the assay solution contain oxygen and the enzyme solution.

To explore this further, a benzoyl-CoA reductase reaction, using titanium (III)
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Figure 27.  HPLC traces of a benzoyl-CoA
reductase assay using benzoyl-CoA as the
substrate and titanium(III) citrate as the electron
donor before oxygen exposure.  The lighter, dotted
line (.......) represents the assay after one minute of
incubation with the enzyme.  The darker, solid line
()))) ) represents the assay after fifteen minutes of
incubation with the enzyme.

citrate as the reducing

agent, was allowed to react

for fifteen minutes before being

exposed to oxygen for forty

minutes in order to allow

for the oxidation of any

unreacted titanium (III)

citrate and for the

dissolution of oxygen back

into the solution.  As seen

in Fig. 27, before exposure

to oxygen, the assay

behaves normally, with the

benzoyl-CoA peak

decreasing and the reduced

product peak and the reduced, hydrated product peak increasing after 15 minutes. 

After exposing the assay to oxygen for 40 minutes, the height of the benzoyl-CoA

substrate peak, eluting oat 13 minutes, increased (Fig. 28).  There was also a

corresponding decrease in the height of the hydration product peak, eluting  at 10.5

minutes, and in the height reduction product peak, eluting off at 13.3 minutes (Fig.
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Figure 28.  HPLC traces of a benzoyl-CoA
reductase assay using benzoyl-CoA as the
substrate and titanium(III) citrate as the electron
donor after 40 minutes of oxygen exposure.  The
lighter, dotted line (.......) represents the assay after
fifteen minutes of incubation with enzyme before
oxygen exposure.  The darker, solid line ()))) )
represents the same assay after forty minutes of
oxygen exposure.

28).  The reformation of the

substrate in the assay after

forty minutes of oxygen

exposure supports the

previous result that in the

presence of oxygen,

benzoyl-CoA reductase can

catalyze the oxidation of its

reduction product back to

its substrate.

Synthesis of benzoyl-CoA

analogues.  In order to

obtain a better

understanding of how

benzoyl-CoA reductase

carries out the reduction of

benzoyl-CoA, analogues of

benzoyl-CoA were synthesized.  Nitrogen-containing heterocyclic analogues were

synthesized to study whether having a nitrogen atom in the aromatic ring might

facilitate catalysis by benzoyl-CoA reductase.  The nitrogen atom provides a site to

stabilize a negative charge and thus would help to stabilize the radical anion
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intermediate formed by the addition of the first electron (Birch and Slobbe, 1976). 

Also, the stabilization of negative charge by the nitrogen atom might cause the first

radical anion intermediate to rearrange so that the nitrogen could stabilize the

negative charge.  This could alter the site of reduction and cause the formation of a

different reduced product than that obtained from the reduction of benzoyl-CoA. 

Fluorinated analogues of benzoyl-CoA were synthesized to study whether benzoyl-

CoA reductase would behave similarly to the Birch reduction and cause the

reductive defluorination of p-fluorobenzoyl-CoA, but leave the fluorine on m-

fluorobenzoyl-CoA.  Analogues of benzoyl-CoA were synthesized by reacting the

acid chloride, formed from their respective carboxylic acid (isonicotinic, nicotinic,

picolinic, m-fluorobenzoic, or p-fluorobenzoic acid), with free CoA.  After

purification of the thioesters using a Sephadex G-10 gel filtration column, the

synthesized analogues were identified by electrospray mass spectrometry using a

Thermo-Finnigan LCQ equipped with a quadrupole ion trap.  The ions were

detected using the positive ion channel.  Nicotinoyl-CoA, isonicotinoyl-CoA, and

picolinoyl-CoA all have a calculated atomic mass of 872.  The positive ion of these

thioesters has an atomic mass of 873, which accounts for the addition of a proton

to the neutral molecule.  As shown in Figs. 29-31, a positive ion with an atomic

mass of 873 was detected in each solution, confirming that nicotinoyl-CoA,

isonicotinoyl-CoA, and picolinoyl-CoA were present in their respective solutions. 

The fluorinated analogues m-fluorobenzoyl-CoA and p-fluorobenzoyl-CoA both 
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Figure 29.  Mass determination of synthesized nicotinoyl-CoA by
electrospray mass spectrometry.  The primary ion formed had a mass of 873,
which corresponds to the positive ion of nicotinoyl-CoA.  Ions were observed
using the positive ion channel.
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Figure 30.  Mass determination of synthesized isonicotinoyl-CoA by
electrospray mass spectrometry.  The primary ion formed had a mass of 873,
which corresponds to the positive ion of isonicotinoyl-CoA.  Ions were observed
using the positive ion channel.
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Figure 31.  Mass determination of synthesized picolinoyl-CoA by
electrospray mass spectrometry.  The primary ion formed had a mass of 873,
which corresponds to the positive ion of picolinoyl-CoA.  Ions were observed
using the positive ion channel.
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have a calculated atomic mass of 889 and thus the positive ion of these two

molecules has an atomic mass of 890.  As shown in Figs. 32 and 33, a positive ion

with an atomic mass of 890 was detected in each solution, confirming that m-

fluorobenzoyl-CoA and p-fluorobenzoyl-CoA were present in their respective

solutions.

Nitrogen-containing heterocyclic analogues of benzoyl-CoA.  The reactivity of

benzoyl-CoA reductase on the nitrogen-containing heterocyles nicotinoyl-CoA,

isonicotinoyl-CoA, and picolinoyl-CoA were studied using either dithionite-

reduced methyl viologen, or titanium (III) citrate as the electron donor.  The results

of these assays are summarized in Table 1.  

Kinetic assays.  Nicotinoyl-CoA did not show any apparent activity with

benzoyl-CoA reductase, as the rate of oxidation of methyl viologen did not

significantly increase after the addition of nicotinoyl-CoA to an assay containing

the enzyme and ATP (Fig. 34).  The background rate of methyl viologen oxidation

by the enzyme alone was 0.056 nmol sec-1 and the rate of methyl viologen

oxidation after the addition of 0.7 mM nicotinoyl-CoA was 0.057 nmol sec-1.  Both

rates can be considered to be the same given an error of 0.003 nmol sec-1 in the

least-squares fit of the kinetic data by the UV/Vis software.  No enzymatic reaction

was observed using nicotinoyl-CoA at concentrations of up to 2 mM, showing that

nicotinoyl-CoA is not a substrate for benzoyl-CoA reductase.  Higher

concentrations were harder to obtain due to the limited amount of synthesized 
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Figure 32.  Mass determination of synthesized m-fluorobenzoyl-CoA
by electrospray mass spectrometry.  The primary ion formed had a mass
of 890, which corresponds to the positive ion of m-fluorobenzoyl-CoA. 
Ions were observed using the positive ion channel.
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Figure 33.  Mass determination of synthesized p-fluorobenzoyl-CoA by
electrospray mass spectrometry.  The primary ion formed had a mass of 890,
which corresponds to the positive ion of p-fluorobenzoyl-CoA.  Ions were
observed using the positive ion channel.
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Substrate

Km 
Vmax

O SCoA

N

O SCoA

N

O SCoA

N

O SCoA

Benzoyl-CoA Isonicotinoyl-CoA Nicotinoyl-CoA Picolinoyl-CoA

18  uM

5.0 nmol/min C.N.D.

C.N.D. N.R.

N.R.

0.4 mM

4.6 nmol/min

Table 1. Km and Vmax values for benzoyl-CoA and the nitrogen-containing
heterocyclic analogues of benzoyl-CoA.  C.N.D. - Could not determine
(reduced non-enzymatically).  N.R. - No Reaction

nicotinoyl-CoA.  Isonicotinoyl-CoA apparently increased the rate of oxidation of

dithionite-reduced methyl viologen in the absence of benzoyl-CoA reductase (Fig.

35 ).  ATP was also present in this assay, but it was also found that isonicotinoyl-

CoA oxidized reduced methyl-viologen in the absence of both the enzyme and

ATP.  Isonicotinoyl-CoA oxidized methyl viologen at a rate of 0.25 nmol sec -1. 

Methyl viologen was oxidized by the buffer at a rate of 0.02 nmol sec-1 in the

absence of isonicotinoyl-CoA.  An assay containing isonicotinoyl-CoA and

benzoyl-CoA reductase oxidized methyl viologen at a slightly higher rate, 0.30

nmol sec-1 (Fig. 35).  Isonicotinoyl-CoA is reduced directly by dithionite-reduced

methyl viologen.  Adding benzoyl-CoA reductase did not increase the rate of this

oxidation significantly, suggestingthat either the enzyme did not react on

isonicotinoyl-CoA, or that it did so at a rate insufficient enough to observe over the

high non-enzyme-dependent oxidation of methyl viologen. 
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Figure 34.  Methyl viologen oxidation by benzoyl-CoA
reductase in the presence of nicotinoyl-CoA and ATP.  The
oxidation of methyl viologen was observed at 730 nm.  After 40
µl of enzyme is incubated with 1 mM dithionite-reduced methyl
viologen (1), 5 mM ATP is added (2), followed by the addition
of 0.7 mM nicotinoyl-CoA (3).  Note: The large observed drop
in absorbance at the beginning of each addition is caused by the
presence of trace amounts of oxygen in the stock solutions and
by dilution.
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Figure 35.  Methyl viologen oxidation by benzoyl-CoA
reductase in the presence of isonicotinoyl-CoA and ATP.
The oxidation of methyl viologen was observed at 730 nm. 
(A) 10 µl of enzyme solution is added to an assay solution
containing 1 mM dithionite-reduced methyl viologen, 0.4
mM isonicotinoyl-CoA, and 5 mM ATP. (B) 0.4 mM
isonicotinoyl-CoA is added to an assay solution containing
5 mM ATP and no enzyme.
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Figure 36.  Methyl viologen oxidation by benzoyl-
CoA reductase in the presence of picolinoyl-CoA
and ATP.  The oxidation of methyl viologen was
observed at 730 nm.  After 40 µl of enzyme is
incubated with 1 mM dithionite-reduced methyl
viologen (1), 0.7 mM picolinoyl-CoA is added (2),
followed by the addition of 5 mM ATP (3).  Note: The
large observed drop in absorbance at the beginning of
each addition is caused by the presence of trace
amounts of oxygen in the stock solutions and by
dilution.

Unlike the other

nitrogen-containing

heterocyclic analogues of

benzoyl-CoA, picolinoyl-

CoA appeared to serve as

a substrate for benzoyl-

CoA reductase. In an

assay containing

picolinoyl-CoA, benzoyl-

CoA reductase catalyzed

the ATP-dependent

oxidation of dithionite-

reduced methyl viologen

(Fig. 36).  Oxidation of

the reduced methyl

viologen only occured

after ATP was added to

the assay and did not

occur when only

picolinoyl-CoA was present.  The catalytic properties of benzoyl-CoA reductase

were studied with the spectrophotometric assay, using methyl viologen as the
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Figure 37.  The determination of Km and Vmax of
benzoyl-CoA reductase for picolinoyl-CoA.  The
initial velocity of the enzymatic reaction was plotted as
a function of substrate concentration.  Assuming that
two mole of electrons are required to reduce one mole
of picolinoyl-CoA, the rate of picolinoyl-CoA
consumption was calculated as being equal to twice
the rate of the oxidation of dithionite-reduced methyl
viologen.  Benzoyl-CoA reductase had a Km of 0.4 mM
and a Vmax of 4.6 nmol min-1 using picolinoyl-CoA as a
substrate.

reducing agent and

varying concentrations

of picolinoyl-CoA as the

substrate (Fig. 37).  The

Km and Vmax values were

determined by fitting the

kinetic data with a

hyperbolic curve fit (Fig.

37).  The apparent Km of

benzoyl-CoA reductase

for picolinoyl-CoA was

0.4 mM and the enzyme

had a Vmax of 4.6 nmol

picolinoyl-CoA min-1. 

When the Vmax for

picolinoyl-CoA was

compared to the value of

Vmax found for benzoyl-

CoA reductase, 5.0 nmol

benzoyl-CoA min-1, using the same enzyme solution and the same amount of

enzyme, it was found that the enzyme catalyzes the reduction of the both benzoyl-
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CoA and picolinoyl-CoA at nearly the same rate.  However, as will be explained

later, picolinoyl-CoA may be undergoing multiple reductions, which may not be

enzymatically catalyzed.  Therefore, the Vmax found for the enzyme, using

picolinoyl-CoA as the substrate, may be higher than the actual enzyme-catalyzed

reduction rate.  The Km of the enzyme for picolinoyl-CoA was 0.4 mM, which is

over a factor of twenty higher than the Km value for benzoyl-CoA, which was 18

µM.  The Vmax /Km value for nicotinoyl-CoA was 1.15 x 10-2  min-1 and the Vmax /Km

value for benzoyl-CoA was 0.278 min-1.  This yields a Vmax /Km ratio of 24 when

comparing benzoyl-CoA to nicotinoyl-CoA.  Thus, having the higher Vmax /Km

value, benzoyl-CoA is a better substrate for the enzyme than nicotinoyl-CoA. 

Analysis of enzymatic products from the picolinoyl-CoA reaction by

mass spectrometry.  To observe the disappearance of picolinoyl-CoA and the

appearance of any products during the benzoyl-CoA reductase reaction, two

samples of an assay containing the enzyme solution, 5 mM ATP, 0.8 mM

titanium(III) citrate, and 0.4 mM picolinoyl-CoA were analyzed using HPLC by

being passed over a Platinum C-18 reverse-phase column.  The two samples were

taken, one at the start of the assay and the other was taken fifteen minutes after the

start of the assay (Fig. 38).  After fifteen minutes, the picolinoyl-CoA peak (1)

decreased to almost a third of its original height, and several new product peaks

appeared, which eluted off  6 minutes (2), 7.7 minutes (3), and 8.0 minutes (4)

(Fig. 38).  To identify these peaks, the sample taken fifteen minutes after the start
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Figure 38.  HPLC traces of a benzoyl-CoA reductase
assay using picolinoyl-CoA as the substrate and
titanium(III) citrate as the electron donor.  The
lighter, dotted line (.......) represents the assay just after
the addition of enzyme.  The darker, solid line ()))) )
represents the assay after fifteen minutes of incubation
with the enzyme. 1 - picolinoyl-CoA (substrate); 2,3,4 -
enzymatic products.

of the assay was

analyzed by LC/MS. 

The sample was passed

over a Platinum C-18

reverse-phase column

and the eluent was

then analyzed by mass

spectrometery.  The

atomic masses of any

ions that formed were

detected by monitoring

the positive ion

channel. The

chromatogram

obtained during the

LC/MS analysis is

shown in Fig. 39. 

There was evidence of

a shift in the relative amounts of the products from when the sample was originally

analyzed by HPLC.  Peak 2 had increased and peak 3 had decreased from its

original height.  This could be attributed to the degradation of enzymatic products. 
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Figure 39.  LC/MS trace of a benzoyl-CoA reductase assay using picolinoyl-
CoA as the substrate and titanium(III) citrate as the electron donor.  The
assay was allowed to react with 20 µl of enzyme solution for 15 minutes.  This
sample was passed over a Platinum C-18 reverse-phase column.  1 - picolinoyl-
CoA (substrate); 2,3,4 - enzymatic products.

A summary of the results obtained from mass spectrometry analysis of the

picolinoyl-CoA assay is shown in Table 2.  Mass spectrometry analysis found that

peak 2 had an atomic mass of 768.0 amu, which corresponds to the atomic mass of

a positive ion of a free CoA molecule (Fig. 40).  The mass of peak 1 corresponded

to that of the positive ion of picolinoyl-CoA, which has a mass of 873 atomic mass

units, confirming the identity of the peak as the substrate of the enzymatic reaction,

picolinoyl-CoA (Fig. 41).  A time-slice showing the ions formed by the molecules
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Peak 1 Peak 2 Peak 3 Peak 4

Free CoA

879

Complete reduction

875

Single reduction

Peak #

Atomic mass

Identification

873 768

Picolinoyl-CoA

Table 2.  A summary of the masses obtained from the LC/MS analysis of a
benzoyl-CoA reductase assay using picolinoyl-CoA as the substrate.  The peak
numbers correspond to those in Fig. 39.  Peak 1 is the substrate peak and peaks 2,
3, and 4 are the product peaks.  Identification of the product peaks were made
from the atomic masses.

leaving the column at 6.4 minutes revealed the presence of a positive ion with an

atomic mass of 879 (Fig. 42A).  This time slice would correspond to peak 3 in Fig.

39.  An atomic mass of 879 could be that of a positive ion of a molecule of

picolinoyl-CoA that had been reduced three times, meaning six electrons and six

protons were added to the aromatic ring system.   The reduction of picolinoyl-CoA

three times would result in the formation of a completely reduced ring system, or

2-carbonyl-CoA piperidine.  The formation of such a product might provide an

explanation as to why a large amount of free CoA was formed during the assay. 

Free CoA can form from the hydrolysis of the thioester of either picolinoyl-CoA, or

an enzymatic product formed by the reaction of picolinoyl-CoA with benzoyl-CoA

reductase.  HPLC analysis of the picolinoyl-CoA stock solution found that it is

stable in the absence of the enzyme and can be stored for several months. 

Therefore, it can be concluded that free CoA must have formed as a  result of the

degradation of one of the products formed from the reduction of picolinoyl-CoA by

benzoyl-CoA reductase.  The nitrogen in the piperidine product would be
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Figure 40.  Mass determination of the enzymatic products from the benzoyl-
CoA reductase reaction on picolinoyl-CoA (Peak 2).  A time-slice of the ions
formed by the molecules of peak 2 (Fig. 39).  The primary ion formed had an
atomic mass of 768, corresponding to the mass of the positive ion of free CoA. 
Ions were observed using the positive ion channel.      

moderately basic, having a pKb around 2.8.  A basic group ortho to a thioester

could promote the hydrolysis of the thioester by causing the formation of hydroxide

ions in close proximity to the thioester (Webster et. al., 1974).  Multiple reductions

of a substrate by this enzymatic assay are possible.  Further reduction of the native

product of benzoyl-CoA reductase, cyclohexa-1,5-diene-1-carbonyl-CoA, to

cyclohex-1-ene-1-carbonyl-CoA by benzoyl-CoA reductase has been reported

previously, but it is unclear whether this is caused by an in vitro effect, or is

actually an activity of the enzyme (Boll et. al., 2000).  As seen with isonicotinoyl-

CoA, the reducing agent, titanium(III) citrate, might interact directly with the

molecules in the assay.   Although picolinoyl-CoA appears to be resistant to direct
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Figure 41.  Mass determination of the enzymatic products from the benzoyl-
CoA reductase reaction on picolinoyl-CoA (Peak 1).  A time-slice showing the
ions formed by the molecules of peak 1 (Figure 39).  The primary ion formed had
an atomic mass of 873, corresponding to the mass of the positive ion of
picolinoyl-CoA.  Ions were observed on the positive ion channel.

reduction in the presence of titanium(III) citrate, the product, or products,  formed

by its reaction with benzoyl-CoA reductase may not be.  A time-slice taken

showing the ions formed by the molecules of peak 4 revealed the presence of a

positive ion with an atomic mass of 875  (Fig. 42B).  This ion was also present in

the time-slice containing molecules of peak 4 (Fig. 42A), but in only a small

abundance.   This can be explained by the slight overlap in the elution of peaks 3

and 4 from the column.  The atomic mass of 875 could represent the positive ion of

a molecule of picolinoyl-CoA that had been reduced once, meaning two electrons

and two protons were added to the aromatic ring system.  A scan of the population

of all of the ions that eluted off of the HPLC column failed to show the presence of 
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A

B

Figure 42.  Mass determination of the enzymatic products from the benzoyl-
CoA reductase reaction on picolinoyl-CoA (Peaks 3 & 4).  (A) A time-slice
showing the ions formed by the molecules of peak 3 (Fig. 39).  The primary ion
formed had an atomic mass of 879, corresponding to the mass of the positive ion
of picolinoyl-CoA that has been reduced twice.  (B) A time-slice showing the
ions formed by the molecules of peak 4 (Fig. 39).  The primary ion formed had a
mass of 875, corresponding to the mass of the positive ion of picolinoyl-CoA
that had been reduced once. Ions were observed on the positive ion channel. 
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Figure 43.  Hypothetical reaction of benzoyl-CoA reductase with picolinoyl-
CoA.  (1) Benzoyl-CoA reductase catalyzes the ATP-dependent, two-electron
reduction of picolinoyl-CoA.  The double bonds in this product are shown as
being conjugated as one-electron reductions seen in the Birch reduction require
conjugated double bonds. (2) The reduced product is reduced enzymatically, or
non-enzymatically, to a fully reduced ring system. (3) The hydrolysis of the
thioester bond is facilitated by the presence of a basic nitrogen atom nearby.  The
atomic masses shown are that of the positive ion of the respective molecule.

an ion with the atomic mass of 877, which would correspond to a positive ion of

picolinoyl-CoA that had been reduced twice.  Also, there was no evidence of any

hydrated products formed from the reaction of the reduced picolinoyl-CoA

products with the contaminant enzyme, 1,5-dienoyl-CoA hydratase.  Apparently,

benzoyl-CoA reductase reduces picolinoyl-CoA through the addition of two

electron and two protons to the aromatic ring (Fig. 43).  Then, either enzymatically,

or chemically, the reduced picolinoyl-CoA product is reduced twice more,

completely reducing the ring system (Fig. 43).  The thioester in this product is
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unstable due to the proximity of the basic nitrogen functionality to the thioester. 

The nitrogen atom in the ring can abstract a proton from a water molecule,

resulting in the formation of a hydroxide ion which can then hydrolyze the thioester

bond (Fig. 43).

Fluorinated analogues of benzoyl-CoA.  The ATP-dependent reduction of m-

fluorobenzoyl-CoA and p-fluorobenzoyl-CoA by benzoyl-CoA reductase was

studied using either dithionite-reduced methyl viologen, or titanium(III) citrate as

the electron donor.  

As reported earlier by Boll and Fuchs, 1995, benzoyl-CoA reductase can

catalyze the ATP-dependent oxidation of titanium(III) citrate using either m-

fluorobenzoyl-CoA, or p-fluorobenzoyl-CoA as the substrate (Fig. 44).  However,

the enzymatic products of these reaction were not identified.  To observe the

disappearance of the fluorinated benzoyl-CoA substrates and the appearance of any

products as a result of the benzoyl-CoA reductase reaction, samples were taken at

various time points from an assay containing 20 µl of the enzyme solution, 5 mM

ATP, 0.8 mM titanium(III) citrate, and either 0.5 mM m-fluorobenzoyl CoA, or 0.5

mM p-fluorobenzoyl CoA.  The assay components in the samples were separated

using a Platinum C-18 reverse-phase HPLC column.  Thioesters eluting from the

column were observed by monitoring 260 nm during the separation.

Analysis of enzymatic products from the m-fluorobenzoyl-CoA reaction

by mass spectrometry.  As shown in Fig. 45, when benzoyl-CoA reductase was 
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Figure 44.  Titanium(III) citrate oxidation by benzoyl-CoA reductase in the
presence of fluorinated benzoyl-CoA analogues and ATP.  The oxidation of
titanium(III) citrate was observed at 340 nm.  (A) After 100 seconds, 20 µl of
enzyme solution was added to a reaction assay containing 0.8 mM titanium(III)
citrate, 5 mM ATP, and 0.5 mM m-fluorobenzoyl-CoA.  (B) After 100 seconds,
20 µl of enzyme solution was added to a reaction assay containing 0.8 mM
titanium(III) citrate, 5 mM ATP, and 0.5 mM p-fluorobenzoyl-CoA.  Note: The
large observed drop in absorbance at the beginning of each addition is caused by
the presence of trace amounts of oxygen in the stock solutions and by dilution.
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Figure 45.  HPLC traces of a benzoyl-CoA reductase assay using m-
fluorobenzoyl-CoA as the substrate and titanium(III) citrate as the electron
donor.  The dashed line (- - -) represents the assay just after the addition of
enzyme.  The solid line ()))) ) represents the assay after thirty minutes of
incubation with the enzyme. 1 - m-fluorobenzoyl-CoA (substrate); 2 - hydrated,
reduced benzoyl-CoA; 3 - benzoyl-CoA.  There is also the appearance of a small
shoulder on peak 1 just after peak 3, which may be reduced benzoyl-CoA, or a
reduced m-fluorobenzoyl-CoA molecule.

allowed to react with m-fluorobenzoyl-CoA (1) for thirty minutes, two new product

peaks were formed (2,3).  Product peak 2 had a similar retention time to that of the

hydration product from the benzoyl-CoA reductase reaction on benzoyl-CoA. 

Product peak 3had a similar retention time to that of benzoyl-CoA.  Also, there is

the appearance of a small shoulder on the front of m-fluorobenzoyl-CoA peak,

peak 1.  The retention time of this shoulder is similar to that of the reduction

product seen in the benzoyl-CoA reductase reaction on benzoyl-CoA (Fig. 45). To

confirm the identity of these peaks, a sample taken thirty minutes after the start of
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Peak 1 Peak 2 Peak 3

1. hydrated, reduced 

872

Benzoyl-CoA

Peak #

Atomic mass(es) 874, 890, 894 892, 910

2. m-fluoro-

1. reduced Identification

    benzoyl-CoA

    benzoyl-CoA

3. double reduction 
    product of 
    m-fluoro-
    benzoyl-CoA

benzoyl-CoA

2. hydrated, reduced
    m-fluoro-

benzoyl-CoA

Table 3.  A summary of the masses obtained from the LC/MS analysis of a
benzoyl-CoA reductase assay using m-fluorobenzoyl-CoA as the substrate. 
The peak numbers correspond to those in Fig. 46.  Peak 1 contains the substrate
as well as products of the reaction.  Peaks 2 and 3 are product peaks. 
Identification of the product peaks were made from the atomic masses.  The
retention times of benzoyl-CoA, reduced benzoyl-CoA (reduction product), and
hydrated, reduced benzoyl-CoA (hydration product) were also helpful in
identifying them.

a benzoyl-CoA reductase assay, using m-fluorobenzoyl-CoA as the substrate, was

analyzed by LC/MS.  A summary of the results from the LC/MS analysis of the m-

fluorobenzoyl-CoA assay is shown in Table 3.  The sample was passed over a

Platinum C-18 reverse-phase column and the eluent was analyzed by a Thermo-

Finnigan LCQ equipped with a quadrupole ion trap.  The atomic masses of any ions

that formed were detected by monitoring the positive ion channel. The

chromatogram obtained during the LC/MS analysis is shown in Fig. 46.  Mass

spectrometry analysis found that the primary ion formed from molecules in peak 3

had an atomic mass of 872.0 amu, which corresponds to the atomic mass of a
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Figure 46.  LC/MS trace of a benzoyl-CoA reductase assay using m-
fluorobenzoyl-CoA as the substrate and titanium(III) citrate as the electron
donor.  The assay was allowed to react with 20 µl of enzyme solution for 30
minutes.  This sample was passed over a Platinum C-18 reverse-phase column.  1
- m-fluorobenzoyl-CoA (substrate); 2,3 - enzymatic products.  Peaks not labeled
in the chromatogram were present at the start of the assay and are not considered
to be enzymatic products.  A peak at 6.2 minutes did increase slightly from the
amount present during assay.  The retention time of this peak corresponds to that
of free CoA, which could have accumulated from the slow hydrolysis of thioesters
while the sample was being stored.

positive ion of benzoyl-CoA (Fig. 47A).  Benzoyl-CoA could have only formed if

benzoyl-CoA reductase catalyzed the reductive defluorination of the substrate, m-

fluorobenzoyl-CoA.  The primary ion formed from molecules in peak 2 had an 

atomic mass of 892.0, which is the same mass as the positive ion the hydration

product from the benzoyl-CoA reductase reaction on benzoyl-CoA (Fig. 47B).  The 
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Figure 47.  Mass determination of the enzymatic products from the
benzoyl-CoA reductase reaction on m-fluorobenzoyl-CoA (Peaks 3
& 2).  (A) A time-slice showing the ions formed by the molecules of
peak 3 (Fig. 46).  The primary ion formed had an atomic mass of 872,
corresponding to the mass of the positive ion of benzoyl-CoA.  (B)  A
time-slice showing the ions formed by the molecules of peak 2 (Fig. 46). 
The primary ion formed had an atomic mass of 892, corresponding to
the mass of the hydrated, reduced product (hydration product) of the
benzoyl-CoA reductase reaction on benzoyl-CoA.  Ions were observed
on the positive ion channel
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presence of the hydration product makes sense because if benzoyl-CoA is formed

during the reaction, then it should be reduced further by the benzoyl-CoA reductase

to form the reduction product and then hydrated by 1,5-dienoyl-CoA hydratase to

form the hydration product.  To determine whether other enzymatic products may

be eluting out with the m-fluorobenzoyl-CoA substrate, a time-slice was taken of

the front shoulder of the m-fluorobenzoyl-CoA peak (Fig. 46:1).  This time-slice

revealed the presence of a positive ion with an atomic mass of 894, which

corresponds to the mass of a positive ion of m-fluorobenzoyl-CoA that had been

reduced twice (Fig. 48A).  An ion with an atomic mass of 874 was also present in

this time-slice, which is the atomic mass of the reduction product of benzoyl-CoA

(Fig. 48A).  The presence of the reduction product makes sense because it would

be expected that molecules of benzoyl-CoA formed as a result of the reductive

defluorination of m-fluorobenzoyl-CoA by benzoyl-CoA reductase.  The presence

of a molecule of m-fluorobenzoyl-CoA that had undergone a double reduction was

a little surprising, but as was observed with picolinoyl-CoA as the substrate,

multiple reductions of a substrate can occur.  A time-slice showing the ions formed

by the molecules leaving the column at the very beginning of peak 2 (Fig 46:2)

found the presence of an ion with an atomic mass of 910 (Fig. 48B).  This mass is

twenty atomic mass units higher than that of a positive ion of m-fluorobenzoyl-

CoA.  This ion could represent the atomic mass of a positive ion of m-

fluorobenzoyl-CoA that had been reduced and then hydrated.  This identification is 
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A

B

Figure 48.  Mass determination of the enzymatic products from the
benzoyl-CoA reductase reaction on m-fluorobenzoyl-CoA (Peaks 1 & 2). 
(A) A time-slice showing the ions formed by the molecules at the very
beginning of peak 1 (Fig. 46).  The primary ion formed had an atomic mass of
894, corresponding to the mass of the positive ion of m-fluorobenzoyl-CoA
that had been reduced twice.  (B)  A time-slice showing the ions formed by the
molecules leaving the column at the very beginning of peak 2 (Fig 46).  The
primary ion formed had an atomic mass of 910, corresponding to the mass of
m-fluorobenzoyl-CoA that had been reduced once and then hydrated.  Ions
were observed on the positive ion channel.
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supported further by the retention time of the molecule, which is slightly earlier

than the hydration product, the hydrated, reduced product from the benzoyl-CoA

reductase reaction on benzoyl-CoA.  In fact, in this time slice, the positive ion of

the hydration product, which has an atomic mass of 892, is also present, but in a

smaller relative abundance (Fig. 48B).  A time-slice taken a moment later, showed

an increasing amount of the hydration product ion and a decreasing amount of the

hydrated, reduced m-fluorobenzoyl-CoA ion (Fig 47B).   Apparently, the region

corresponding to product peak 2 on the chromatogram may contain more than just

one enzymatic product (Fig. 45).  To confirm the identity of peak 1 in Fig. 46 as the

substrate of the reaction, m-fluorobenzoyl-CoA, a time-slice was taken in the

middle of the peak.  The primary ion detected in this time-slice had an atomic mass

of 890, which is the atomic mass of the positive ion of the m-fluorobenzoyl-CoA

(Fig. 49).  In this time-slice, there is also the presence of a small amount of a

positive ion with an atomic mass of 874, which is the mass of the reduction

product, the reduced form of benzoyl-CoA (Fig. 49).  Interestingly, a positive ion of

reduced m-fluorobenzoyl-CoA, having an atomic mass of 892, was not present in

the region of the chromatogram that the ions of m-fluorobenzoyl-CoA and of the

multiple reduction product m-fluorobenzoyl-CoA were found in.  The only ion

found with an atomic mass of 892 eluted in the same region that the hydrated,

reduced products did and most likely corresponds to the hydration product, the

hydrated form of reduced benzoyl CoA.  There are two possibilities, either reduced
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Figure 49.  Mass determination of the enzymatic products from the benzoyl-
CoA reductase reaction on m-fluorobenzoyl-CoA (Peak 1).  A time-slice
showing the ions formed by the molecules in the middle of peak 1 (Fig. 46).  The
primary ion formed had an atomic mass of 890, corresponding to the mass of the
positive ion of the substrate of the reaction, m-fluorobenzoyl-CoA  Ions were
observed on the positive ion channel.

m-fluorobenzoyl-CoA is not formed during its reaction with benzoyl-CoA

reductase, or when it is formed, it is quickly hydrated by 1,5-dienoyl-CoA

hydratase, or reduced again.  The second reduction could occur enzymatically, or

non-enzymatically.  Given the presence of both a hydrated, reduced m-

fluorobenzoyl-CoA molecule and a m-fluorobenzoyl-CoA molecule that had been

reduced twice, it is most likely that a reduced m-fluorobenzoyl-CoA molecule is

being formed.  This means that when benzoyl-CoA reductase acts on m-

fluorobenzoyl-CoA, it either reductively defluorinates m-fluorobenzoyl-CoA,

forming benzoyl-CoA, or it reduces the aromatic ring, leaving the fluorine attached
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(Fig. 50).  Benzoyl-CoA reductase can then reduce benzoyl-CoA to form the

reduction product (Fig. 50).  The reduction product is then hydrated by the 1,5-

dienoyl-CoA hydratase to form the hydration product.  The reduced m-

fluorobenzoyl-CoA molecule can either be hydrated, or reduced a second time (Fig.

50).  It is unclear whether this second reduction is enzymatic or non-enzymatic. 

After being reduced the second time, the fluorinated ring is not hydrated by the 1,5-

dienoyl-CoA hydratase, as the hydrated form of this double-reduced product, which

would form a positive ion with the atomic mass of 912, was not found.  This

suggests that the fluorine atom might be interfering with the ability of the hydratase

to hydrate the double bond.  

Analysis of enzymatic products from the p-fluorobenzoyl-CoA reaction

by mass spectrometry.  As shown in Fig. 51, when benzoyl-CoA reductase was

allowed to react with p-fluorobenzoyl-CoA (peak 1) for five minutes, two new

product peaks, peaks 2 and 3, were formed.  Product peak 2 had a similar retention

time to that of the hydration product formed by the benzoyl-CoA reductase reaction

on benzoyl-CoA.  Product peak 3 had a similar retention time to that of benzoyl-

CoA.  After ten minutes of reaction, two new product peaks, peaks 4 and 5,

appeared (Fig. 52).  To identify these peaks, a sample, taken thirty minutes after the

start of a benzoyl-CoA reductase assay using p-fluorobenzoyl-CoA as the substrate,

was analyzed by LC/MS.  The sample was passed over a Platinum C-18 reverse-

phase column and the eluent was analyzed by a Thermo-Finnigan LCQ equipped 
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Figure 50.  The reaction of benzoyl-CoA reductase with m-fluorobenzoyl-
CoA.  The reaction of benzoyl-CoA reductase with m-fluorobenzoyl-CoA may
proceed by two different pathways.  (1) Benzoyl-CoA reductase catalyzes the
ATP-dependent, two-electron reduction of m-fluorobenzoyl-CoA, resulting in the
defluorination of the compound and the formation of benzoyl-CoA.  Benzoyl-
CoA is then further reduced to the reduction product by the reductase.  (2)
Benzoyl-CoA reductase catalyzes the ATP-dependent, two-electron reduction of 
m-fluorobenzoyl-CoA.  This product, whose presence wasn’t detected in the
assay, is then either reduced again, or hydrated.  This second reduction may occur
either enzymatically, or non-enzymatically.  The atomic mass of each molecule is
shown.  The structures of the products shown are hypothetical.  The actual
orientation of the double bonds in the products cannot be determined from the
masses of the molecules alone.
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Figure 51.  HPLC traces of a benzoyl-CoA reductase assay using p-
fluorobenzoyl-CoA as the substrate and titanium(III) citrate as the electron
donor (5 minutes).  The lighter, dotted line (.......) represents the assay just before
the addition of enzyme.  The darker, solid line ()))) ) represents the assay after
five minutes of incubation with the enzyme. 1 - p-fluorobenzoyl-CoA (substrate);
2,3 - enzymatic products.

with a quadrupole ion trap.  The atomic masses of any ions that formed were

detected by monitoring the positive ion channel. The chromatogram obtained

during the LC/MS analysis is shown in Fig. 53 and the results of the analysis are 

summarized in Table 4.  Mass spectrometry analysis found that ions formed from

peak 3, had an atomic mass of 872.0, identifying it as a the positive ion of benzoyl-

CoA (Fig. 54A).  As stated before, benzoyl-CoA could only form if benzoyl-CoA

reductase catalyzed the reductive defluorination of a fluorobenzoyl-CoA substrate,

which in this case, was p-fluorobenzoyl-CoA.  The primary ion formed from

molecules in peak 2 had an atomic mass of 892.0 which is the same mass as the
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Figure 52.  HPLC traces of a benzoyl-CoA reductase assay using p-
fluorobenzoyl-CoA as the substrate and titanium(III) citrate as the electron
donor (10 minutes).  The lighter, dotted line (.......) represents the assay after five
minutes of incubation with the enzyme.  The darker, solid line ()))) ) represents
the assay after ten minutes of incubation with the enzyme. 1 - p-fluorobenzoyl-
CoA (substrate); 2,3,4,5 - enzymatic products.

hydration product, which was previously defined as the hydrated, reduced product

formed from the benzoyl-CoA reductase reaction on benzoyl-CoA (Fig. 54B).  The

presence of both benzoyl-CoA and the hydration product in the assay implies that 

benzoyl-CoA reductase defluorinates p-fluorobenzoyl-CoA , forming benzoyl-CoA. 

Benzoyl-CoA is then reduced by the enzyme to form the reduction product, which

is then hydrated by 1,5-dienoyl-CoA hydratase to form the hydration product. 

Peaks 4 and 5 form later in the reaction of p-fluorobenzoyl-CoA with benzoyl-CoA

reductase and are visible after ten minutes of reaction (Fig. 52).   Ions formed from

peak 5 showed the presence of two ions, one with an atomic mass of 876 and the

other with an atomic mass of 890 (Fig. 55A).  The ion with the atomic mass of 876 
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Figure 53.  LC/MS trace of a benzoyl-CoA reductase assay using p-
fluorobenzoyl-CoA as the substrate and titanium(III) citrate as the electron
donor.  The assay was allowed to react with 20 µl of enzyme solution for 30
minutes.  This sample was passed over a Platinum C-18 reverse-phase column.  1
- p-fluorobenzoyl-CoA (substrate); 2,3 - products observed after 5 minutes; 4,5 -
products observed after 10 minutes.  Peaks not labeled in the chromatogram were
present at the start of the assay and are not considered to be enzymatic products. 
A peak at 6.2 minutes did increase slightly from its original height observed when
the sample was taken.  The retention time of this peak corresponds to that of free
CoA, which accumulated from the slow hydrolysis of thioesters while the sample
was being stored awaiting LC/MS analysis.
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Peak 1 Peaks 2 & 4

(2) hydrated, reduced 

894

cyclohexene-

Peak #

Atomic mass(es) 874, 890 892, 894

2. p-fluoro-

1. reduced Identification

    benzoyl-CoA

    benzoyl-CoA     benzoyl-CoA

Peak 3 Peak 5

872

1-carbonyl-CoA

(4) hydroxyhexane-
1-carbonyl-CoA

(cyclohexene)

(hydroxyhexane)

(reduction 
product)

 (hydration  
product)

benzoyl-CoA

Table 4.  A summary of the masses obtained from the LC/MS analysis of a
benzoyl-CoA reductase assay using p-fluorobenzoyl-CoA as the substrate. 
The peak numbers correspond to those in Fig. 53.  Peak 1 contains the substrate as
well as a product of the reaction.  Peaks 2, 3, 4, and 5 are product peaks. 
Identification of the product peaks were made from the atomic masses.  The
retention times of benzoyl-CoA, reduced benzoyl-CoA (reduction product), and
hydrated, reduced benzoyl-CoA (hydration product) were also helpful in their
identification.

could be the positive ion of cyclohexene-1-carbonyl-CoA, which would have a

mass four atomic mass units higher than that of benzoyl-CoA .   One possible

origin of this molecule would be the two-electron reduction of reduced benzoyl-

CoA by benzoyl-CoA reductase.  Furthermore, the retention time of this molecule

suggests that it is a molecule of benzoyl-CoA that has been reduced twice, as it is

less polar than the reduction product, having a retention time that is slightly later

than that of the reduction product (Boll, Laempe et. al., 2000).  Cyclohexene-1-

carbonyl-CoA will be further referred to as cyclohexene.  The position of the

carbon-carbon double bond in cyclohexene cannot be determined from the mass

data alone.  The ion with the atomic mass of 890, also present in this time slice, 
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Figure 54.  Mass determination of the enzymatic products from the
benzoyl-CoA reductase reaction on p-fluorobenzoyl-CoA (Peaks 3 & 2). 
(A) A time-slice showing the ions formed by the molecules of peak 3 (Fig. 53). 
The primary ion formed had an atomic mass of 872, corresponding to the mass
of the positive ion of benzoyl-CoA.  (B) A time-slice showing the ions formed
by the molecules of peak 2 (Fig. 53).  The primary ion formed had an atomic
mass of 892, corresponding to the mass of the hydration product, the hydrated,
reduced product of the benzoyl-CoA reductase reaction on benzoyl-CoA.  Ions
were observed on the positive ion channel
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A

B

Figure 55.  Mass determination of the enzymatic products from the
benzoyl-CoA reductase reaction on p-fluorobenzoyl-CoA (Peaks 5 & 4).  (A)
A time-slice showing the ions formed by the molecules of peak 5 (Fig. 53).  The
primary ion formed had an atomic mass of 876, corresponding to the mass of
the positive ion of cyclohexene-1-carbonyl-CoA.  (B)  A time-slice showing the
ions formed by the molecules of peak 4 (Fig. 53).  The primary ion had an
atomic mass of 894, corresponding to the mass of a hydroxyhexane-1-carbonyl-
CoA.  Ions were observed on the positive ion channel.
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corresponds to the mass of a positive ion of p-fluorobenzoyl-CoA, which was still

eluting from the column at that time (Fig. 55A).  A time-slice of the population of

ions formed from molecules of peak 4 showed the presence of an ion with an

atomic mass of 894 (Fig. 55B).  This ion could be the positive ion of

hydroxycyclohexane-1-carbonyl-CoA, which is formed from the hydration of the

cyclohexene product by 1,5-dienoyl-CoA hydratase (Boll et. al., 2000).  For brevity,

hydroxycyclohexane-1-carbonyl-CoA will be referred to as hydroxycyclohexane. 

Hydroxycyclohexane would have a mass 22 atomic mass units higher than that of

benzoyl-CoA.  The presence of hydroxycyclohexane suggests that the carbon-

carbon double bond in the cyclohexene compound identified earlier is either

located at the 1 position, or the 5 position of the ring because 1,5-dienoyl-CoA

hydratase catalyzes the hydration of double bonds at those positions.  To confirm

the identity of peak 1 in Fig. 53 as the substrate of the reaction, p-fluorobenzoyl-

CoA, a time-slice was taken at time peak 1 eluted from the column.  The primary

ion detected in this time-slice had an atomic mass of 890, which is the atomic mass

of the positive ion of the p-fluorobenzoyl-CoA (Fig. 56).  In this time-slice, there is

also the presence of a small amount of a positive ion with an atomic mass of 874,

which is the mass of the reduction product, the reduced form of benzoyl-CoA (Fig.

56).  There wasn’t any evidence of a positive ion of reduced p-fluorobenzoyl-CoA,

which has an atomic mass of 892, in the region of the chromatogram that the ions

of p-fluorobenzoyl-CoA and cyclohexene were present in.  Also absent from this 
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Figure 56.  Mass determination of the enzymatic products from the benzoyl-
CoA reductase reaction on p-fluorobenzoyl-CoA (Peak 1).  A time-slice
showing the ions formed by the molecules of peak 1 (Fig. 53).  The primary ion
formed had an atomic mass of 890, corresponding to the mass of the positive ion
of p-fluorobenzoyl-CoA.  A secondary ion with an atomic mass of 874 is present. 
This ion has the same mass as the reduction product produced from the benzoyl-
CoA reductase reaction on benzoyl-CoA.  Ions were observed on the positive ion
channel.
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region, was evidence of a p-fluorobenzoyl-CoA molecule that had been reduced

twice, whose positive ion would have an atomic mass of 894.  So, unlike m-

fluorobenzoyl-CoA, no reduced, fluorinated compounds were observed when using

p-fluorobenzoyl-CoA as a substrate.  The only ions found with the atomic masses

of 892 and 894 eluted in the same region that the hydrated, reduced products did

and most likely corresponds to the hydration product (hydrated, reduced benzoyl-

CoA) and hydroxyhexane product respectively.  This might suggest that

cyclohexene, is produced from the further reduction of the reduction product

(reduced benzoyl-CoA).  However, when considering the products formed from the

reaction of benzoyl-CoA reductase on other substrates, this idea does not hold up. 

When benzoyl-CoA reductase is allowed to react with benzoyl-CoA for fifteen

minutes under the same assay conditions, the cyclohexadiene product is produced,

but further reduction of this compound to a cyclohexene does not occur.  Not

surprisingly, hydroxycyclohexane is not formed either.  Also, neither of these two

compounds are formed during the reaction of m-fluorobenzoyl-CoA with benzoyl-

CoA reductase.  This suggests that the formation of these two compounds might be

produced from a different compound than cyclohexadienoyl-CoA, possibly from a

reduced p-fluorobenzoyl-CoA molecule.  The lack of any evidence of a reduced p-

fluorobenzoyl-CoA molecule may be due its rapid consumption by the reaction,

enzymatic, or non-enzymatic, that produces the double reduction product.  A



105

SCoAO

F
2eH +

SCoAO

H
HH H2e2H +

Benzoyl-CoA
Reductase

F

SCoAO
Benzoyl-CoA
Reductase

2H  + 2e
Benzoyl-CoA
Reductase SCoAO

H
H

H
F

SCoAO

H
H

H
H

H
H

H
H

4e3H+ F

890 872
874

Mass not
observed
   (892)

876

Figure 57.  The reaction of benzoyl-CoA reductase with p-fluorobenzoyl-
CoA.  The reaction of benzoyl-CoA reductase with p-fluorobenzoyl-CoA may
proceed by two different pathways.  (1) Benzoyl-CoA reductase catalyzes the
ATP-dependent, two-electron reduction of  p-fluorobenzoyl-CoA, resulting in the
defluorination of the compound and the formation of benzoyl-CoA.  Benzoyl-
CoA is then further reduced to the reduction product by the reductase.  (2)
Benzoyl-CoA reductase catalyzes the ATP-dependent, two-electron reduction of 
p-fluorobenzoyl-CoA.  This results in the formation of a reduced, fluorinated
thioester.  This product is then reduced enzymatically, or non-enzymatically,
twice to a cyclohexene-1-carbonyl-CoA compound that does not contain fluorine. 
The structures shown are hypothetical and their actual structures cannot be
determined from the atomic mass data alone.  The atomic masses of the positive
ions of these compounds are also shown.

possible reaction scheme for benzoyl-CoA reductase on p-fluorobenzoyl-CoA is

shown in Fig. 57.
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CHAPTER III.  Discussion and Summary

Discussion.  There are three mechanistic possibilities for the reduction of the

aromatic ring of benzoyl-CoA by benzoyl-CoA reductase, hydrogenation, hydride

reduction, and a two one-electron addition mechanism analogous to that of the

Birch reduction.  Of the three mechanisms mentioned, only the two one-electron

addition mechanism can explain the results presented in the thesis.  

Hydrogenation involves the concerted addition of a molecule of hydrogen

across a double bond.  The hydrogenation of fluorobenzenes yields

fluorocyclohexanes.  Elimination of a fluoride only occurs after the hydrogenation

of the ring and is eliminated by a non-catalytic process (Blum et al., 1999).  Since

it was found that benzoyl-CoA reductase catalyzed the reductive defluorination of

both m-fluorobenzoyl-CoA and p-fluorobenzoyl-CoA, hydrogenation does not

seem to be a plausible mechanism for benzoyl-CoA reductase.  Also, the lack of a

significant isotope effect argues against this mechanism, as it would require that

solvent protons take a very active role, first in the formation of molecular hydrogen

and then in the reduction of the aromatic ring.  

The hydride reduction of the aromatic ring involves the simultaneous

addition of two electrons to the ring system.  In order to produce the conjugated
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cyclohexa-1-5-diene, the hydride ion would have to attack the electrophilic carbon

para to the thioester and the resulting anion would then be protonated at the meta

position.  The dehalogenation of aromatic rings can occur through hydride

reduction.  NADPH-dependent reductive dehalogenation of 2,4-dichlorobenzoyl-

CoA to 4-chlorobenzoyl-CoA has been observed in Corynebacterium sepedonicum

KZ-4 (Romanov and Hausinger, 1996).  Also, the hydrolytic dehalogenation of 4-

dichlorobenzoyl-CoA to 4-hydroxybenzoyl-CoA, which follows a mechanism

similar to that of the reductive dehalogenation of 2,4-dichlorobenzoyl-CoA, has

also been reported (Dong and Carey, 2002).  The electrophilicity of the carbon

atoms at the para and ortho positions is increased by the presence of the thioester

bond, as the resulting negative charge formed by the attack of a nucleophile at

either position can be delocalized into the carbonyl.  This negatively charged

intermediate then isomerizes, resulting in the elimination of the halogen (Fig.

58)(Romanov and Hausinger, 1996).  While this mechanism seems plausible for

the elimination of fluoride in p-fluorobenzoyl-CoA, it does not offer an explanation

for the observed elimination of fluoride from m-fluorobenzoyl-CoA.  Also, this

mechanism relies on the electrophilicity of the substrate.  Nicotinoyl-CoA, having

a nitrogen atom meta to the thioester, would be expected to be a more electrophilic

substrate than benzoyl-CoA, since the negatively charged intermediate formed after

the attack of the hydride could be further stabilized by the nitrogen atom. 

However, nicotinoyl-CoA was not used by the enzyme, while picolinoyl-CoA,
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Figure 58.  Dehalogenation of p-chlorobenzoyl-CoA and of o-chlorobenzoyl-
CoA.  (A) The hydrolytic dehalogenation of p-chlorobenzoyl-CoA by 4-
chlorobenzoyl-CoA dehalogenase. (B) The reductive dehalogenation of o-
chlorobenzoyl-CoA by Corynebacterium sepedonicum KZ-4.

which has a nitrogen atom ortho to the thioester, was found to be a substrate for the

enzyme.  Picolinoyl-CoA would be expected to be a poor substrate for hydride

reduction, since the intermediate of such a reaction would place a negative charge

next to the nitrogen atom, which is unfavorable (Birch and Slobb, 1976). 

Furthermore, it was found that benzoyl-CoA reductase exhibits only a small solvent

kinetic isotope effect of 1.8 when using its normal substrate, benzoyl-CoA.  This

kinetic isotope effect is lower than the range of 3-5, observed for NAD(P)+-

dependent alcohol dehydrogenases where hydride transfer between the substrate

and the cofactor is the rate-limiting step (Bridge et. al., 1995).  This argues against

a hydride transfer mechanism since the transfer of a proton and two electrons to the



109

O SCoA O SCoA

e H e H

HH

O SCoA

HH

O SCoA

H HH

O SCoA

H
H

Figure 59.  The currently proposed mechanism for benzoyl-CoA reductase.

substrate would occur simultaneously.  If the enzyme did transfer a hydride to its

substrate, then it would be logical to assume that this process would be rate-

limiting, since the reduction of the stable aromatic ring is unfavorable

thermodynamically.  It is possible that another step in the reaction could be rate-

limiting in such a situation.  In such a case, the low isotope effect only shows that

hydrogen transfer is not involved in the rate-limiting step of the benzoyl-CoA

reductase reaction.  However, given that both m-fluorobenzoyl-CoA and p-

fluorobenzoyl-CoA both underwent reductive defluorination and that nicotinoyl-

CoA was found not to be a substrate for the enzyme, it appears that benzoyl-CoA

reductase does not reduce its substrate via a hydride reduction.  This leaves the

proposed mechanism of reduction for benzoyl-CoA reductase, a two one-electron

transfer mechanism similar to that of the Birch reduction, as the likely mechanism. 

The currently proposed mechanism for benzoyl-CoA reductase, shown in

Fig. 59, is a “Birch-like” reduction, involving two one-electron additions to the

aromatic ring system.  The first electron is added to the oxygen of the carbonyl,

generating an anion radical with a negative charge located para to the thioester. 
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Figure 60.  Resonance forms of the anion radical formed after the addition
of the first electron to the aromatic ring.  (A) Resonance forms of a benzoic
acid anion radical, where the first electron is added para to the carboxylic acid.
(B) Resonance forms of the proposed benzoyl-CoA anion radical, where the first
electron is added to the oxygen of the carbonyl.

This negative charge is delocalized throughout the ring, but is primarily restricted

to the para and ortho positions of the aromatic ring and also the carbon of the

carbonyl (Fig. 60A).  Note that this differs from that of an anion radical where the

radical is added to the para position of the aromatic ring.  The negative charge on

this anion radical would resonate between carbons one and three of the aromatic

ring and the oxygen of the carbonyl (Fig. 60B).   Since nitrogen has a higher

electron-affinity than carbon, when considering the nitrogen-containing,

heterocyclic analogues of benzoyl-CoA, those analogues having a nitrogen in the

proper position to stabilize the negative charge, are more easily reduced (Birch and
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Slobbe, 1976).  Thus, picolinoyl-CoA and isonicotinoyl-CoA, having a nitrogen

atom in the ortho and para position respectively, should be more easily reduced

than benzoyl-CoA.  Picolinoyl-CoA was reduced by benzoyl-CoA reductase, but its

reduction was catalyzed at a slightly slower rate than benzoyl-CoA.  The lack of a

higher catalytic rate for picolinoyl-CoA might be explained by a significant

decrease in the rate of the second protonation step.  This step would result in the

formation of a carbanion at meta position, resulting in the unfavorable

concentration of negative charge next to the ortho nitrogen of picolinoyl-CoA. 

This unfavorable interaction could slow down the rate of second protonation step

enough so that an increase in the reduction rate of the first step might not be

observed.  It was difficult to determine whether isonicotinoyl-CoA was a substrate

for the enzyme as it seemed to be reduced by methyl viologen and titanium (III)

citrate alone in the control reactions.  The rate of this apparent reduction was not

increased significantly upon the addition of enzyme to this reaction.  These

observations would imply that the reduction of isonicotinoyl-CoA is favorable

enough that it can be reduced by a strong reducing agent without the need of

enzyme catalysis.  Any increase in this rate by benzoyl-CoA reductase was

unobservable over this high background reduction.  Interestingly, nicotinoyl-CoA

did not show any reaction with the enzyme.  Nicotinoyl-CoA contains a nitrogen at

the meta position of the aromatic ring.  Instead of helping to stabilize the negative

charge in the anion radical, the nitrogen would destabilize it, as having a negative
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charge next to the nitrogen atom is unfavorable.  This would make nicotinoyl-CoA

harder to reduce than benzoyl-CoA.  This offers a possible explanation as to why

nicotinoyl-CoA is not a substrate for benzoyl-CoA reductase.  These findings

would suggest that nicotinoyl-CoA is harder to reduce than both picolinoyl-CoA

and isonicotinoyl-CoA, and that isonicotinoyl-CoA is the easiest to reduce, being

nonenzymatically reduced by the chemical reductant.  This pattern is also seen in

the reduction of the analogous 1-methylcarbomethoxypyridinium cations, where

the carbomethoxy functionality serves as the electron withdrawing substituent.  For

these compounds, it was determined that the electron-withdrawing group stabilized

the radical species in the following order: para > ortho > meta (Kashti-Kaplan et.

al., 1981).  It was thought that the presence of the nitrogen atom in the ring might

alter the reduction pattern, but as seen with the Birch reductions of substituted

benzoic acids, the impact of the carboxyl group dominates that of any other groups

present (Camps et. al., 1967).  These observations support the notion that the first

step of the reduction by benzoyl-CoA reductase is the formation of an anion radical

with the radical on the carbonyl oxygen and a negative charge concentrated para to

the thioester.  This reaction mechanism is supported further by earlier observations

that p-fluorobenzoyl-CoA and m-fluorobenzoyl-CoA react more slowly with the

enzyme than o-fluorobenzoyl-CoA (Boll and Fuchs, 1995).  After the first electron

addition to p-fluorobenzoyl-CoA, the negative charge would be located on the

fluorine-bearing carbon.  Fluorine has been known to stabilize pyramidal or
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Figure 61.  The reductive defluorination of p-fluorobenzoate by the Birch
reduction.

nonconjugated carbanions, but it destabilizes carbanions that are directly

conjugated (Jessup et. al., 1976).  Thus, the formation of a carbanion on the

fluorine-bearing carbon would be unfavorable, making p-fluorobenzoyl-CoA harder

to reduce.  While this is not the case with m-fluorobenzoyl-CoA, the presence of

the fluorine might interfere with the protonation of the carbanion formed after the

second electron addition, as the conjugated carbanion would be located on a

fluorine-bearing carbon, destabilizing it.  

The Birch reduction of p-fluorobenzoic acid results in the loss of fluorine,

while fluorine is retained in the reduction of m-fluorobenzoic acid.  The loss of

fluorine during the Birch reduction of p-fluorobenzoic acid occurs upon the

formation of the radical anion intermediate by the addition of the first electron. 

The defluorination of this intermediate results in the formation of an aryl radical,

which can then accept another electron to form a carbanion (Jessup et. al., 1976). 

This carbanion can then be quickly protonated to form benzoic acid (Fig. 61).  It

was found that both m-fluorobenzoyl-CoA and p-fluorobenzoyl-CoA were slowly



114

O SCoA

F

O SCoA

e H

F

O SCoA

F

O SCoA

 F

O SCoA
A

B

H

H

O SCoA

F

e

H

O SCoA

F
 F

O SCoA

H

O SCoA

F

e

H

O SCoA

F

H

H
H

H

O SCoA

F

 F

Figure 62.  Possible reaction mechanisms for the defluorination of m-
fluorobenzoyl-CoA (A) and p-fluorobenzoyl-CoA (B) by benzoyl-CoA
reductase.  Note: The mechanisms shown start from the anion radical formed
by the addition of the first electron.

defluorinated by benzoyl-CoA reductase to form benzoyl-CoA.  The defluorination

of these two compounds most likely do not occur by the same mechanism.  Given

the proposed mechanism for benzoyl-CoA, it can be seen how m-fluorobenzoyl-

CoA might defluorinate by the rearrangement of the radical anion formed after the

first electron is added (Fig. 62A).  However, p-fluorobenzoyl-CoA would not be

able to follow such a mechanism and most likely is lost as a result of a
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rearrangement of the anion formed after the second electron is added (Fig. 62B). 

This rearrangement could also occur as a result of the reversible protonation of the

anion in the final reaction step.  As seen in the Birch reduction, reversible

protonation of the anion can lead to the more thermodynamically stable product,

which would be the aromatic product, benzoyl-CoA (Birch and Slobbe, 1976).  It

has been suggested that the protonation of the radical anion formed from the first

electron transfer is highly exergonic and that it may help to drive the first electron

transfer (Boll and Fuchs, 1998).  If the enzyme facilitates protonation of the anion

radical and of the anion formed after the second electron transfer step, then these

protonation events would likely compete with defluorination, resulting in the

formation of reduced, fluorinated cyclohexenoyl-CoA compounds.  While reduced,

fluorinated compounds were not directly observed as a result of the reduction of m-

fluorobenzoyl-CoA and p-fluorobenzoyl-CoA with benzoyl-CoA reductase, there

was evidence that such compounds might have been formed and then either

degraded or underwent further reaction.  With m-fluorobenzoyl-CoA, there was

evidence of the formation of a fluorinated cyclohexenoyl-CoA.  This would require

that m-fluorobenzoyl-CoA undergo two two-electron reductions.  With p-

fluorobenzoyl-CoA, a molecule with the same mass as cyclohexenoyl-CoA started

to accumulate after about ten minutes of reaction with benzoyl-CoA reductase. 

The easiest explanation for the formation of this compound would be the further

reduction of cyclohexa-1,5-dienoyl-CoA, which is formed as a result of the
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reduction of defluorinated p-fluorobenzoyl-CoA, to the cyclohexene.  In fact,

further reduction of benzoyl-CoA by benzoyl-CoA reductase has been reported

previously (Boll et. al., 2000).  However, cyclohexenoyl-CoA was not formed

during the reaction of benzoyl-CoA with benzoyl-CoA reductase, or with the

reaction of m-fluorobenzoyl-CoA with the enzyme.  For this reason, it is more

likely that the cyclohexenoyl-CoA compound formed during the reaction of

benzoyl-CoA reductase with the p-fluorobenzoyl-CoA substrate was a result of the

further reduction of a reduced, fluorinated cyclohexadienoyl-CoA.  This would

require the defluorination of p-fluorobenzoyl-CoA after being reduced once by

benzoyl-CoA reductase.  From these experiments, it is difficult to tell whether these

further reduction steps are enzymatic or chemical in nature.  With m-

fluorobenzoyl-CoA, when it is not defluorinated during its reduction by benzoyl-

CoA reductase, it is reduced again to form a fluorinated, cyclohexenoyl-CoA

molecule.  In this case, the fluorine remains on the product.  It has been shown that

Thauera aromatica can grow using fluorobenzoates as a carbon source (Boll and

Fuchs,1995).  In order to use m-fluorobenzoyl-CoA as a metabolite, Thauera

aromatica would require a later metabolic step to remove the fluorine from this

fluorinated, cyclohexenoyl-CoA molecule.  Otherwise, the fluorinated compound

would build up to high concentrations, which could prove to be harmful to the

bacterium.
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The action of benzoyl-CoA reductase on p-fluorobenzoyl-CoA and m-

fluorobenzoyl-CoA is interesting from an environmental standpoint because the

enzyme cannot only remove a fluorine substituent from an aromatic ring system, it

can then reduce the aromatic ring to produce a defluorinated, nonaromatic product. 

An avenue of future research would be to determine whether benzoyl-CoA

reductase can reductively dehalogenate o-fluorobenzoyl-CoA and o-chlorobenzoyl-

CoA, both of which have been shown to be substrates for the enzyme, but whose

enzymatic products have yet to be identified (Boll and Fuchs, 1995).  Regardless,

the fact that benzoyl-CoA reductase can reduce halogenated aromatic thioester

directly is valuable to the bioremediation of polychlorinated-biphenyl (PCB)

contaminated sites, since chlorinated benzoates are intermediates in the

degradation of PCB by microorganisms (Romanov and Hausinger, 1996).  Thauera

aromatica could conceivably take a chlorinated benzoate convert it to the

respective thioester and then reduce it to a non-aromatic, halogenated hydrocarbon

using benzoyl-CoA reductase.  An enzyme that could dehalogenate these

compounds, as well as dearomatize them, would make the metabolism of these

halogenated compounds to carbon dioxide easier.  Benzoyl-CoA reductase may

very well be capable of performing such a function and since it does so without the

use of oxygen, it could be a useful solution for bioremediation efforts in oxygen-

deficient environments, such as in the sediment of swamps.
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A rather unexpected result discovered while studying benzoyl-CoA

reductase was that after being exposed to oxygen, the enzyme could catalyze the

oxidation of its reduction product, the cyclohexadienoyl-CoA, forming its reduction

substrate, benzoyl-CoA.  The reduction of activity of benzoyl-CoA reductase

activity is oxygen sensitive and the reductase activity is irreversibly lost after two

minutes of oxygen exposure (Boll and Fuchs, 1995).  It was surprising then to

observe the enzyme-catalyzed oxidation of cyclohexadienoyl-CoA, as it has been

assumed that one or more of the Fe-S clusters are degraded by oxygen exposure

(Boll et. al., 2001).  While it is conceivable that this oxidation could occur from the

elimination of a hydride from the reduced product, however this does not offer an

explanation for why molecular oxygen must be also be present for the enzyme-

catalyzed production of benzoyl-CoA from the reduction product.  Molecular

oxygen cannot be a terminal electron acceptor for a hydride and can only accept

one electron at a time.  This supports a radical mechanism for the oxidation of

cyclohexadienoyl-CoA to benzoyl-CoA.   This suggests that benzoyl-CoA reductase

is the likely enzymatic catalyst for this reaction.  This was surprising since the

reductase activity of this enzyme has been reported to be irreversibly inactivated by

two minutes of oxygen exposure (Boll and Fuchs, 1995).  2-hydroxyglutaryl-CoA

dehydratase, another oxygen-sensitive enzyme which has sequence similarities to

benzoyl-CoA reductase and a similar enzymatic mechanism, is acapable of

oxidizing a ketyl radical (Locher et. al., 2001).  The dehydratase has two
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components, CompA and CompD.  CompA is a dimer containing a bridge [4Fe-4S]

cluster and is responsible for binding and hydrolyzing ATP.  CompA also transfers

an electron to CompD in an ATP-dependent step.  The substrate of the reaction, 2-

hydroxyglutaryl-CoA, binds to CompD.  After the transfer of the electron from

CompA to CompD, CompD donates an electron to the substrate, generating a ketyl

radical.  CompD can then reaccept an electron from the ketyl radical on glutaconyl-

CoA before product release (Locher et. al., 2001).  CompA shares sequence

similarity to the two subunits of benzoyl-CoA reductase where it is thought that

ATP-dependent electron activation occurs.  Like CompA, these two subunits of the

reductase also contain a bridging [4Fe-4S] cluster (Unciuleac and Boll, 2001).   In

the case of 2-hydroxyglutaryl-CoA dehydratase, oxygen degrades the bridging [4Fe-

4S] of the CompA dimer, causing the dissociation of the CompA dimer (Locher et.

al., 2001).  If a similar process happens when benzoyl-CoA reductase is exposed to

oxygen, then the bridging [4Fe-4S] cluster of the two ATP-binding subunits would

degrade and possibly cause the dissociation of these two subunits.  This would

destroy the enzyme’s ability to reduce benzoyl CoA.  However, if the remaining

two subunits remain unperturbed, then benzoyl-CoA reductase could still bind to its

substrate, or to its product.  This provides an explanation of why benzoyl-CoA

reductase is able to catalyze the oxidation of its reduction product in an oxygenated

environment, but unable to catalyze the reduction of benzoyl-CoA.  Also, if the two

remaining [4Fe-4S] clusters are unaffected, then these Fe-S clusters may be able to
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accept electrons from its reduction product in a manner similar to the way CompD

can accept an electron from the ketyl radical of glutaconyl-CoA. 

Thermodynamically, the oxidation of 1,5-cyclohexadienoyl-CoA back to benzoyl-

CoA is favorable and would not require a driving force.  In such a situation, the

electron transfer could only proceed from the reduction product to the [4Fe-4S]

clusters of the enzyme, as transfer back to the reduction product would require an

ATP-generated, low-potential electron.  The enzyme might then transfer that

electron to molecular oxygen, possibly generating superoxide.  

The ability of benzoyl-CoA to reoxidize its reduction product,

cyclohexadienoyl-CoA, in the presence of oxygen, suggests that benzoyl-CoA

reductase can carry out two separate reactions, a reduction and an oxidation.  The

reduction reaction, which is anaerobic, is shown in Fig. 63.  In this reaction, an

electron donor donates one electron to the Fe-S cluster of the ATP-dependent

electron activation module (subunits a and d) of benzoyl-CoA reductase by an

electron donor, the hydrolysis of ATP alters the redox potential of the Fe-S clusters,

generating a low-potential electron.  This low-potential electron is then transferred

to the Fe-S clusters of the substrate-binding module (subunits b and c) of the

reductase and reduces the substrate (Fig 63).  This cycle then repeats once more

and results in the formation of the reduction product, cyclohexadienoyl-CoA.  In

this reaction, ATP is not directly involved in the transfer of electrons to the

substrate, instead the hydrolysis of ATP drives the formation of the low-potential 



121

FeS

Fe S

FeS

S
Cys

SFe

S

S

Cys

S

Cys

Cys

FeS

Fe S

FeS

S
Cys

SFe

S

S

Cys

S

Cys

Cys

FeS

Fe S

FeS

S
Cys

SFe

S

S

Cys

S

Cys

Cys

ADP+Pi

ADP+Pi

ATP

ATP

2 Donor(red) 2 Donor(ox)

1 e

Benzoyl-CoA Reduction Product Hydration Product

1,5-dienoyl-
hydratase

1 e

H2O

2

2

b c

d a

Figure 63.  Possible reaction scheme for the reduction of benzoyl-CoA by
benzoyl-CoA reductase.  Two electrons are transferred from an electron
donor to the substrate, benzoyl-CoA, one electron at a time.  An electron is
passed from an electron donor to the Fe-S cluster bridging subunits a and d. 
A molecule of ATP is then hydrolyzed, altering the redox potential of this
Fe-S cluster.  The electron is then passed to the Fe-S clusters of subunits b
and c, where it is then used to reduce the substrate, benzoyl-CoA.  These
steps repeat once more, generating the reduction product, most likely 1,5-
cyclohexadienoyl-CoA.  This product is then hydrated by another enzyme,
1,5-dienoyl-hydratase, to form the hydration product.
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electrons that will ultimately reduce the substrate.  In the oxidation reaction, which

is aerobic, the ability to generate these low-potential electrons is destroyed by the

addition of oxygen to the system.  In this case, the Fe-S clusters of the substrate-

binding module (subunits b and c) two electrons are transferred from the reduction

product, cyclohexadienoyl-CoA, one electron at a time.  This results in the

oxidation of cyclohexadienoyl-CoA to benzoyl-CoA (Fig. 64).  It would be

interesting to see whether oxygen-exposed benzoyl-CoA reductase is required for

this process or whether thionine-oxidized benzoyl-CoA reductase could catalyze

the oxidation of 1,5-cyclohexadienoyl-CoA in absence of oxygen.

Summary.  In summary, we found evidence that benzoyl-CoA reductase uses a

“Birch-like” reduction mechanism, consisting of two alternate one-electron and

one-proton transfers steps, to reduce the aromatic ring of benzoyl-CoA.  A

hydrogenation mechanism was ruled out as a possible mechanism as we found that

benzoyl-CoA reductase could reductively defluorinate both p-fluorobenzoyl-CoA

and m-fluorobenzoyl-CoA, which is not likely to occur with a hydrogenation

mechanism.  We observed only a slight kinetic isotope effect for benzoyl-CoA

reductase, suggesting that proton transfer is not directly involved in the rate-

limiting step.  The hydrogenation and hydride transfer mechanisms would require

that proton transfer and electron transfer be coupled.  If the reduction of the stable

aromatic ring is considered to be the rate-limiting step of this reaction, then a larger

kinetic isotope effect would have been observed if benzoyl-CoA reductase used 
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Figure 64.  Possible reaction scheme for the oxidation of the reduction
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CoA reductase.  1,5-dienoyl hydratase catalyzes the dehydration of the
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transfers two electrons, one at a time, to the Fe-S clusters of subunits b and c. 
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been inactivated (X) by oxygen exposure.
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either a hydrogenation, or hydride transfer mechanism to catalyze the reduction of

the substrate.  We also found that only the nitrogen-containing heterocycle,

picolinoyl-CoA was a substrate for the enzyme.  Nicotinoyl-CoA was not reduced

by the enzyme and isonicotinoyl-CoA was reduced nonenzymatically by the

chemical reducing agent.  Nicotinoyl-CoA would have been an ideal substrate for

hydride attack at the para carbon, as the nitrogen would increase the

electrophilicity of the para carbon.  The fact that nicotinoyl-CoA was not a

substrate for benzoyl-CoA reductase argues against a hydride transfer mechanism

of reduction.  We also found evidence supporting the formation of a ketyl radical,

instead of a phenyl radical, after the addition of the first electron.  Such a

mechanism would support our findings that benzoyl-CoA reductase can reductively

defluorinate m-fluorobenzoyl-CoA and p-fluorobenzoyl-CoA and that the enzyme

can reduce picolinoyl-CoA, but not nicotinoyl-CoA.

The defluorination of p-fluorobenzoyl-CoA and m-fluorobenzoyl-CoA by

benzoyl-CoA reductase had not been reported previously.  Although, it had been

determined earlier that benzoyl-CoA reductase can use these fluorinated benzoyl-

CoA analogues as substrates, the product(s) formed from the enzymatic reduction

of these compounds had not been identified (Boll and Fuchs, 1995).  In fact,

previous to this work, only the products of the benzoyl-CoA reductase reduction of

benzoyl-CoA have been identified (Boll et. al. 2000). Our findings suggest that

benzoyl-CoA reductase can reductively defluorinate these compounds before
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reducing the aromatic ring.  This brings up the interesting question as to whether

benzoyl-CoA reductase can reductively eliminate substituents of other benzoyl-

CoA analogues that it has been shown to have activity on, such as hydroxybenzoyl-

CoA (Boll and Fuchs, 1995). 

We also gained some insight as to how oxygen-exposure affects benzoyl-

CoA reductase.  It has been known that oxygen irreversibly inactivates the ability of

benzoyl-CoA reductase to catalyze the reduction of benzoyl-CoA (Boll and Fuchs,

1995).  However, we found that benzoyl-CoA reductase might still retain some

activity after being exposed to oxygen.  We found that, in the presence of oxygen,

the reductase could oxidize its native reduction product, cyclohexadienoyl-CoA, to

benzoyl-CoA.  This finding suggests that the Fe-S clusters of the reductase’s

substrate binding subunits retain their activity upon oxygen exposure.  It is then

likely that the observed loss in the reduction capability of the enzyme upon oxygen

exposure is a result of the degradation of the Fe-S cluster bridging the ATP-binding

subunits of the reductase, which is thought to play a role in the ATP-dependent

generation of low-potential electrons.
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Appendix.  Proton NMR Spectra of Benzoyl-CoA Analogues

The proton NMR spectra of nicotinoyl-CoA, picolinoyl-CoA, m-

fluorobenzoyl-CoA and p-fluorobenzoyl-CoA are shown in Figs. 65-68.
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Figure 65.  Proton NMR spectrum of nicotinoyl-CoA in D2O.
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Figure 66.  Proton NMR spectrum of picolinoyl-CoA in D2O
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Figure 67.  Proton NMR spectrum of m-fluorobenzoyl-CoA in D2O.
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Figure 68.  Proton NMR spectrum of p-fluorobenzoyl-CoA in D2O



131

SCHOLARLY REFERENCES

Birch, A. and Slobbe, J. (1976) Reduction of heterocyclic compounds by metal-
ammonia solutions and related agents, Heterocycles, 5, 905-944.

Boll, M., Albracht, S., and Fuchs, G. (1997) Benzoyl-CoA reductase
(dearomatizing), a key enzyme of anaerobic aromatic metabolism: A study
of adenosine triphosphate activity, ATP stoichiometry of the reaction and
EPR properties of the enzyme, Eur. J. Biochem., 244, 840-851.

Boll, M. and Fuchs, G. (1998) Identification and characterization of the natural
electron donor ferredoxin and of FAD as a possible prosthetic group of
benzoyl-CoA reductase (dearomatizing), a key enzyme of anaerobic
aromatic metabolism, Eur. J. Biochem., 251, 946-954.

Boll, M. and Fuchs, G. (1995) Benzoyl-coenzyme A reductase (dearomatizing), a
key enzyme of anaerobic aromatic metabolism. ATP dependence of the
reaction, purification and some properties of the enzyme from Thauera
aromatica strain K172, Eur. J. Biochem., 234, 921-933.

Boll, M., Fuchs, G., Meier, C., Trautwein, A., and Lowe, D. (2000) EPR and
Mössbauer studies of benzoyl-CoA reductase, J. Biol. Chem., 275, 31857-
31868. 

Boll, M., Laempe, D., Eisenreich, W., Bacher, A., Mittelberger, T., Heinze, J., and
Fuchs, G. (2000) Nonaromatic products from anoxic conversion of benzoyl-
CoA with benzoyl-CoA reductase and cyclohexa-1,5-diene-1-carbonyl-CoA
hydratase, J. Biol. Chem., 275, 21889-21895.

Bouwer, E. (1992) Bioremediation of organic contaminants in the subsurface, in 
Environ. Microbiol. (Mitchell, R., ed) pp 287-319, Wiley-Liss, Inc., New
York.
.



132

Bradford, M. (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding, Anal. Biochem., 72, 248-254.

Bridge, C., O’Hagan, D., Reynolds, K., and Wallace, K. (1995) Kinetic and
stereoelectronic effects of a fluorine substituent on the reaction catalysed by
an NADPH-dependent cyclohex-1-enylcarbonyl CoA reductase, J. Chem.
Soc., Chem. Commun., 2329-2330.

 
Camps, F., Coll, J., and Pascual, J. (1967) Monocyclic terpene alcohols, IV.  Birch

reduction of p-isopropylbenzoic acid (cumic acid), J. Org. Chem., 32, 2563-
2566.

Dong, J. and Carey, P. (2002) Raman evidence for Meisenheimer complex
formation in the hydrolysis reactions of 4-fluorobenzoyl- and 4-
nitrobenzoyl-Coenzyme A catalyzed by 4-chlorobenzoyl-Coenzyme A
dehalogenase, Biochemistry, 41, 7453-7463.

Elder, D. and Kelly, D. (1994) The bacterial degradation of benzoic acid and
benzenoid compounds under anaerobic conditions: unifying trends and new
perspectives.  FEMS Microbiol. Rev., 13, 441-468.

Evans, W. (1977) Biochemistry of the bacterial catabolism of aromatic compounds,
Nature, 270, 17-22.

Evans, W. and Fuchs, G. (1988) Anaerobic degradation of aromatic compounds, 
Annu. Rev. Microbiol., 42, 289-317.

Fersht, A. (ed.) (1985) Enzyme stucture and mechanism. 2nd ed., W.H. Freeman
and Company, New York.

Fraisse, L. and Simon, H. (1988) Observations on the reduction of non-activated
carboxylates by Clostridium formicoaceticum with carbon monoxide or
formate and the influence of various viologens, Arch. Microbiol., 150, 381-
386.

Gibson, D. and Subramanian, V. (1984) Microbial degradation of aromatic
hydrocarbons, in Microbial degradation of organic compounds (Gibson, D.
T., ed.) pp. 181-252, Marcel Dekker, New York.



133

Gibson, K. and Gibson, J. (1992) Potential early intermediates in anaerobic
benzoate degradation by Rhodopseudomonas palustris, Appl. Environ.
Microbiol., 58, 696-698.

Gross, G. G. & Zenk, Z. H. (1966) Darstellung und Eigenschaften von Coenzyme
A-Thioestern substituierter Zimtsäuren, Z. Naturforsch., 21b, 683-690 . 

Heider, J. and Fuchs, G. (1997) Anaerobic metabolism of aromatic compounds. 
Eur. J. Biochem., 243, 577-596.

Hille, R and Anderson, R. (2001) Couple electron/proton transfer in complex
flavoproteins.  Solvent kinetic isotope effects studies of electron transfer in
xanthine oxidase and trimethylamine dehydrogenase, J. Biol Chem., 276,
31993-31201.

Holm, R. H., Kennepohl, P., and Solomon, E. J. (1996) Structural and functional
aspects of metal sites in biology, Chem. Rev., 96, 2239-2314.

Howard, J. B. and Rees, D. C. (1996) Structural basis of nitrogen fixation, Chem.
Rev., 96, 2965-2982.

Jessup, D., Paschal, J., and Rabideau, P. (1977) Metal-ammonia reduction of
fluorinated aromatic compounds, J. Org. Chem., 15, 2620-2621.

Kuehne, M. and Lambert, B. (1958) The reduction of aromatic acids and amides by
sodium in liquid ammonia, J. Am. Chem. Soc., 81, 4278-4287.

Lanzilotta, W. N. and Seefeldt, L. C. (1997) Changes in the midpoint potentials of
the nitrogenase metal centers as a result of iron protein-molybdenum-iron
protein complex formation, Biochemistry, 36, 12976 -12983.

Léger, C., Jones, A., Roseboom, W., Albracht, S., and Armstrong, F. (2002)
Enzyme electrokinetics: hydrogen evolution and oxidation by
Allochromatium vinosum [NiFe]-hydrogenase, Biochemistry, 41, 15736   
-15746.

Lipscomb, J. D. and Orville, A. M. (1992) Mechanistic aspects of
dihydroxybenzoate dioxygenases in metal ions in biological systems (vol.
28) (Sigel, H. and Sigel, A. eds.) pp 243-297, Marcel Dekker, New York.



134

Locher, K. P., Hans, M., Yeh, A. P., Schmid, B., Buckel W., and Rees, D. C. (2001)
Crystal structure of the Acidaminococcus fermentans
2-hydroxyglutaryl-CoA dehydratase component A, J. Mol. Biol., 307,
297-308.

Long, J. R., Holm, R. H. (1995) Protein-bound iron-sulfur clusters: application of a
structural database, Inorg. Chim. Acta, 229, 229-239.

Merkel, S., Eberhard, A., Gibson, J., and Harwood, C. (1989) Involvement of
coenzyme A thioesters in the anaerobic metabolism of 4-hydroxybenzoate
by Rhodopseudomonas palustris, J. Bacteriol., 171, 1-7.

Mieyal, J. J., Webster, T. L., Siddiqui, U. A. (1974) Benzoyl and hydroxybenzoyl
esters of coenzyme A.  Purification and nuclear magnetic resonance
characterization; conformation in solution, J. Biol. Chem., 249, 2633-2640.

Neville, D. M. (1971) Molecular weight determination of protein-dodecyl sulfate
complexes by gel electrophoresis in a discontinuous buffer system, J. Biol.
Chem., 246, 6328-6334.

Rabideau, P. (1992) The Birch reduction of aromatic compounds (1992) Organic
Reactions, 142, 1-334.

Romanov, V. and Hausinger, R. (1996) NADPH-dependent reductive ortho
dehalogenation of 2,4-dichlorobenzoic acid in Corynebacterium
sepedonicum KZ-4 and coryneform bacterium strain NTB-1 via 2,4-
dichlorobenzoyl coenzyme A, J. Bacteriol., 178, 2656-2661.

Schacter, D. and Taggart, J. V. (1976) Benzoyl coenzyme A and hippurate
synthesis, J. Biol.  Chem ., 203, 925-933.

Seefeldt, C. and Ensign, S. (1994) A continuous, spectrophotometric activity assay
for nitrogenase using the reductant titanium (III) citrate, Anal. Biochem.,
221, 379-386.

Stephens, P. J., Jollie, D. R., and Warshel, A. (1996) Protein control of redox
potentials, Chem. Rev., 96, 2491-2513.

Tarvin, D. and Buswell, A. (1934) The methane fermentation of organic acids and
carbohydrates, J. Am. Chem. Soc., 56, 1751-1755.



135

Tschech, A. and Fuchs, G. (1987) Anaerobic degradation of phenol by pure
cultures of newly isolated denitrifying pseudomonads,  Arch. Microbiol.,
148, 213-217.

Tschech, A. and Pfennig, N. (1984) Growth yield increase linked to caffeate
reduction in Acetobacterium woodii,  Arch. Microbiol., 137, 163-167.

Unciuleac, M. and Boll, M. (2001) Mechanism of ATP-driven electron transfer
catalyzed by the benzene ring-reducing enzyme benzoyl-CoA reductase,
Proc. Natl. Acad. Sci., 98, 13619-13624.

Webster, L. T., Jr., Mieyal, J. J., and Siddiqui, U. A. (1974) Benzoyl and
hydroxybenzoyl esters of coenzyme A: ultraviolet characterization and
reaction mechanisms, J. Biol. Chem., 249, 2641-2645.

Widdel F. and Pfennig N. (1981) Studies on dissimilatory sulfate-reducing bacteria
that decompose fatty acids.  I. Isolation of new sulfate-reducing bacteria
enriched with acetate from saline  environments.  Description of
Desulfobacter postgatei gen. nov., sp. nov., Arch. Microbiol., 129, 395-400.

Xiaoqing, L and Bisswanger, H. (2003) Solvent isotope effect on the reaction
catalysed by the pyruvate dehydrogenase complex from Escherichia coli,
Biol. Chem., 384, 673-679.

Young, L. Y. (1984) Anaerobic degradation of aromatic compounds, in Microbial
degradation of organic compounds (Gibson, D. T., ed.) pp. 487-523, Marcel
Dekker, New York.

Zimmerman, H. E. and Wang, P. A. (1993) The regioselectivity of the Birch
reduction, J. Am. Chem. Soc., 115, 2205-2216. 


