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ABSTRACT: Ethylbenzene dehydrogenase (EBDH) from the denitrifying bacteriumAzoarcussp. strain EbN1
(to be renamedAromatoleum aromaticum) catalyzes the oxygen-independent, stereospecific hydroxylation
of ethylbenzene to (S)-1-phenylethanol, the first known example of direct anaerobic oxidation of a
nonactivated hydrocarbon. The enzyme is a trimeric molybdenum/iron-sulfur/heme protein of 155 kDa
that is quickly inactivated in air in its reduced state. Enzyme activity can be coupled to ferricenium
tetrafluoroborate, providing a convenient way for kinetic measurements. EBDH exhibits activity with a
wide range of ethylbenzene analogues, which were analyzed for their kinetic parameters, stoichiometry,
and formed products. The reactivity was correlated to the chemical structures by a quantitative structure-
activity relationship (QSAR) model. On the basis of these results, quantum chemical calculations of∆G298

for formation of carbocations of the respective substrates were performed and used in reactivity analysis.
A putative reaction mechanism is proposed on the basis of the experimental results and theoretical
considerations. Finally, the enzyme reaction has been established in an electrochemical reactor, allowing
sustained enzymatic reaction and potential technical applications of the enzyme.

Mononuclear molybdenum enzymes constitute a fairly
large class of biocatalysts that contain the molybdenum
cofactor in their active centers, which consists of one Mo
atom ligated to one or two molybdopterins. These enzymes
are classified into three major families on the basis of
structural differences and the mode of binding of the Mo
cofactor, namely, the xanthine oxidase family, the sulfite
oxidase family, and the DMSO reductase family (1).

The recently discovered molybdoenzyme ethylbenzene
dehydrogenase (EBDH)1 belongs to the DMSO reductase
family (2-4) and exhibits the highest sequence similarities
to selenate reductase ofThauera selenatis(5), dimethyl
sulfide dehydrogenase ofRhodoVulum sulfidophilum(6),
perchlorate and chlorate reductases ofDechloromonassp.,
and nitrate reductases from archaebacteria and eubacteria (7,
8). It catalyzes the oxygen-independent oxidation of ethyl-
benzene to (S)-1-phenylethanol as the initial step of anaerobic

ethylbenzene degradation by the denitrifying bacterial strains
EbN1, EB-1, and PbN1 (2, 3). EBDH consists of three
subunits of 96, 43, and 23 kDa and contains a molybdenum
cofactor and a hemeb559 cofactor linked by a linear row of
five iron-sulfur clusters (9). EBDH is synthesized exclu-
sively in cells grown anaerobically on ethylbenzene and has
been identified as a soluble periplasmic protein that is
transported over the cytoplasmic membrane via the twin-
arginine transport system (3, 4). Remarkably, the purified
enzyme is quickly inactivated by atmospheric oxygen,
although it is not affected by air in crude extracts (3).
Elucidation of the detailed role of EBDH in biomineralization
of ethylbenzene, a major component of crude oil, will help
to understand the recovery of polluted ecosystems. EBDH
also promises potential applications in the chemical and
pharmaceutical industry, as the enzyme is enantioselective
and seems to react with a relatively wide spectrum of
substrates (2, 3). In our study we have further explored the
reactivity of EBDH with different compounds and have
identified 20 substrates and 9 inhibitors. We identified the
products formed from alternative substrates by chromato-
graphic analysis and MS experiments and performed detailed
kinetic studies that allow to propose a potential mechanism
of ethylbenzene oxidation.

EXPERIMENTAL PROCEDURES

Enzyme Purification.Ethylbenzene dehydrogenase was
purified from ethylbenzene grown cells of strain EbN1
(“Aromatoleum aromaticum”), which was isolated by Rabus
and Widdel (4). Growth of the organism, extract preparation,
and EBDH purification were performed as described previ-
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ously (3, 10). The deactivation of the enzyme during aerobic
purification was prevented by the addition of ferricenium
tetrafluoroborate to the buffers to keep the protein oxidized
(10). Enzyme activity was determined spectrophotometrically
in 100 mM Tris-HCl buffer (pH 7.5) containing 0.1 mM
ferricenium tetrafluoroborate at 30°C. Decrease of absorption
of the ferricenium ion was followed at 290 nm. The
difference of absorption coefficients at 290 nm between the
oxidized and reduced forms was experimentally determined
as∆ε ) 6200 M-1 cm-1.

Kinetic Measurements.The reaction system contained
ethylbenzene or a related compound and ferricenium tet-
rafluoroborate as an electron acceptor. Kinetic parameters
of ferricenium were obtained by nonlinear fitting of activity
data to the Michaelis-Menten equation from experiments
with a fixed concentration of ethylbenzene (60µM); those
for ethylbenzene and other substrate analogues were obtained
from experiments with a fixed ferricenium concentration (100
µM). For each experiment, the enzyme was assayed in
duplicate measurements at more than 10 concentrations of
the variable substrate. Thekcat of ethylbenzene was always
measured as a control along with those of alternative
substrates. The same reaction stoichiometry (1 substrate per
2 ferricenium) was assumed in the case of all monoethyl-
substituted substrates. As the apparentKm of ethylbenzene
was very low (less than 1µM), stopped-flow spectrometry
was used for determination of the kinetics of this substrate
(Applied Photophysics).

Analytical Methods. (A) HPLC Sample Preparation.Solu-
tions of standard compounds were prepared in aqueous
acetonitrile (50%). Samples of reaction mixtures were
prepared by addition of acetonitrile to 50% (v/v), which leads
to precipitation of the enzyme and terminates the reaction.
The coagulated enzyme was removed by centrifugation for
8 min at 14000 rpm. Aliquots of the supernatant (10 or 20
µL) were injected in duplicate for each analysis. Reactions
to be analyzed by LC-MS were conducted in an almost UV-
transparent ammonium bicarbonate buffer system (100 mM
NH4HCO3, pH 7.8) instead of Tris-HCl. Alternatively, solid-
phase extraction on SPE C18, CN, or Polar+ columns
(Baker) was used to concentrate and desalt samples before
analysis.

(B) HPLC Conditions.The analyses were performed on
reversed-phase amide columns (Ascentis) using water/
acetonitrile as the mobile phase at a flow rate of 0.43 mL/
min with different gradient programs, depending on the
substance. Elution of the column usually started at 20-40%
of acetonitrile and extended to 70-75% of acetonitrile.
Generally, the separation program started with 2 min of
isocratic flow with low acetonitrile content (20-40%),
followed by a rapid gradient up to 40-60% of acetonitrile,
another isocratic section (over 6-10 min), and finally another
gradient up to 75% of acetonitrile. Ferricenium tetrafluo-
roborate, buffer compounds, and polar products eluted during
the first isocratic part of the gradient program and substrates
during the second isocratic part, while ferrocene eluted in
the last section. The aromatic compounds were detected by
UV absorbance at the following wavelengths, depending on
the respective reaction mixtures: (i) 210, 215, and 260 nm
(reactions with ethylbenzene), (ii) 230 and 278 nm (reactions
with alkylphenols), (iii) 235 nm (reactions with 2-ethylth-
iophene), (iv) 280.5 nm (reactions with 2-ethylfuran), and

(v) 220 and 261 nm (reactions with 1,4-diethylbenzene). For
quantitative analysis of ethylbenzene reaction mixtures,
calibration curves were established with standard solutions
of ethylbenzene and 1-phenylethanol.

(C) LC-MS Conditions.Analyses were conducted on an
instrument (Agilent 1100 System LC/MSD Quad VL)
equipped with a diode array detector and either atmospheric
pressure chemical ionization (APCI) in the positive ion mode
or atmospheric pressure electrospray ionization (ESI) in the
negative mode. Developing of the columns was described
above, except of the addition of 0.1% of formic acid to the
mobile phase.

(D) GC-MS Conditions.GC-MS analyses were performed
on a Varian 3400 GC instrument coupled with an Incos 500
mass spectrometer (ThermoFinnigan). Separation was con-
ducted on a (5% phenyl)-methylpolysiloxane column (Agi-
lent DB-5.625) with helium as carrier gas. The ionization
was achieved by electron impact at 22 eV. The thermal
program varied depending upon the substance analyzed.
Generally, the temperature was raised from a starting point
at 60-100 °C to an end point at 180°C at 25-30 °C/min.

(E) Protein Concentration.Protein concentration was
quantified by the Coomassie dye binding assay with BSA
as standard.

(F) Electrochemical Methods.Electrochemically sustained
oxidation of ethylbenzene was performed anaerobically at
45 °C in a glass tube reactor (10 mL), equipped with a
magnetic stirrer, a platinum wire working electrode, saturated
calomel reference electrode (SCE), and Ag/AgCl counter
electrode. To avoid the interference of Cl- ions, the counter
electrode was separated from the reaction space by a glass
wool stopcock. The working potential was set to 450 mV
against the SCE (E0′) +694 mV). The potential was
controlled by a digital potentiostat (1286 Electrochem
Interface, Solatron). The reaction was performed in 8 mL
of 100 mM Tris-HCl, pH 7.5, containing 165µM ferricenium
and 78µg of EBDH. The reaction was started by injection
of 50 µL of a solution of ethylbenzene intert-butyl alcohol
(0.08 M, end concentration 500µM). Under these conditions,
the reaction was followed for 4.5 h. Samples of the reaction
mixture (25µL) were collected at chosen time points, and
the enzymatic reaction was stopped by addition of 25µL of
acetonitrile. The concentration of 1-phenylethanol was
measured by HPLC.

Quantum Chemical Calculations.All quantum chemical
calculations were conduced at B3LYP/6-31G(d,p) level of
theory in the Gaussian 03 suite of programs (11). The
geometries of substrates and their carbocations were opti-
mized in the gas phase at 0 K. In the case of carbocations of
2-ethyl compounds, bothE andZ isomers were considered.
As it is not apparent which conformation is present in the
active center, an average value of energies for both conform-
ers was used for analysis. The vibration analysis was
performed in order to verify complete optimization and to
obtain the zero point vibrational corrections necessary for
thermochemical calculations (298 K, 1 atm). As a result,
changes in Gibbs free energy∆G298 of hydride subtraction
and carbocation formation were calculated for all compounds.
While these gas-phase∆G298 values did not prove to be good
models of enzyme-catalytic reactions, differences in∆G298

between substrates (∆∆G298), taking∆G298 for ethylbenzene
as a reference, supplied information on stabilization effects
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introduced by modification of the aromatic system. Each
compound was also characterized by the dipole moment,µ,
and the frontier orbital energies, i.e.,ELUMO (as an ap-
proximation of electron affinity) andEHOMO (as an ap-
proximate measure of ionization potential), and absolute
hardnessη, half of the energy difference betweenELUMO and
EHOMO. The energies of orbitals were provided in electron
volts, and to avoid sign changes between occupied and
unoccupied orbitals, their values were elevated by 6.42 eV
(renderingEHOMO of ethylbenzene equal to 0 eV).

QuantitatiVe Structure-ActiVity Relationship.A com-
mercially available multi linear regression package (Statistica
7.1, Statsoft) was used to construct several linear quantitative
structure-activity relationship (QSAR) models describing
reaction rates with 13 different substrate analogues. Relative
kinetic rate constants (scaled in percent relative to the
reaction rate with ethylbenzene) were converted into loga-
rithmic scale and correlated with linear combinations of
different molecular descriptors of substrate analogues. The
best model developed by stepwise regression was obtained
with a linear combination of the Taft steric constantsEs,
hydrophobic constantπ (13), dipole moment (µ), and HOMO
and LUMO energies (EHOMO and ELUMO). Alternatively,
instead ofEHOMO, the Hammettσ+ constant was used, which
describes electronic effects in systems with positively charged
transition states where direct resonance between reaction
centers and substituents takes place (14), or calculated gas-
phase Gibbs free energies of carbocation formation reactions
(∆∆G298). The obtained models were tested by internal cross-
validation performed in the Cerius2 package (15).

RESULTS

Kinetics of Ethylbenzene Oxidation.Ethylbenzene is the
native substrate of EBDH and as such exhibits a very low
Km value that was not measurable by conventional enzyme
testing (3). Therefore, we analyzed the steady-state kinetics
of EBDH by stopped-flow spectrophotometry using very low
concentrations of ethylbenzene. The results were fitted by
nonlinear regression to the Michaelis-Menten equation,
yielding an apparentKm value of ethylbenzene of 0.45(
0.19 µM (Figure S1 of the Supporting Information). To
obtain the kinetic parameters of the electron acceptor, tests
were performed with 60µM ethylbenzene in the presence
of different concentrations of ferricenium tetrafluoroborate
(from 30 to 250µM). These assays yielded an apparentKm

value of the ferricenium ion of 28.3( 3.9 µM (Figure S2
of the Supporting Information).

EBDH Substrate Spectrum.Previous results on the sub-
strate spectrum of EBDH (2, 3) suggested that the enzyme
is capable of oxidizing several compounds containing ethyl
or propyl groups attached to aromatic (or unsaturated
aliphatic) systems. Substituents of alternative substrates may
stabilize transition states and affect reaction kinetics. There-
fore, in order to elucidate possible reaction mechanisms of
EBDH, we investigated the reactivity of a wide scope of
aromatic and heteroaromatic substrate analogues (Figure S3
of the Supporting Information). The studied compounds
consisted of three groups, namely, nonactivated hydrocarbons
(2-, 3-, and 4-ethyltoluene, 1,4-diethylbenzene,n-propyl- and
isopropylbenzene, 2-ethylnaphthalene, and 4-ethylbiphenyl),
hydrocarbons with non-carbon substituents of the aromatic

ring (2-, 3-, and 4-ethylphenol, 4-propylphenol, 2- and
4-ethylaniline, 4-ethylanisole, and 4-fluoroethylbenzene), and
heteroaromatic compounds (2-, 3-, and 4-ethylpyridine,
2-ethylpyrazine, 2-ethylpyrrole, 2-ethylfuran, and 2-ethylth-
iophene). Of the hydrocarbon substrates, all ethyltoluene
isomers, 1,4-diethylbenzene,n-propylbenzene, 4-ethylbiphe-
nyl, and 2-ethylnaphthalene were oxidized by EBDH at
different rates (see Table 1), whereas isopropylbenzene was
not. A two-electron oxidation was confirmed for several of
the monoethyl-substituted compounds by assessing the
stoichiometry with ferricenium, whereas 1,4-diethylbenzene
seemed to be oxidized at both ethyl groups, revealing a four-
electron stoichiometry (Table 1). All investigated substituted
substrates with heteroatom substituents were oxidized by
EBDH. The reactivity of the various ethylphenol isomers
was markedly different: 4-ethylphenol was oxidized 2.5-
fold faster than the native substrate ethylbenzene, whereas
2- and 3-ethylphenol were oxidized successively slower.
Also, 4-propylphenol was oxidized at a 1.8-fold faster rate
than ethylbenzene and 12-fold faster thann-propylbenzene.
The apparentKm values of ethylphenols were diverse, but
significantly higher than that of ethylbenzene, ranging from
40.5 µM in the case of 4-ethylphenol to 9.3µM for
3-ethylphenol and 5.2µM for 2-ethylphenol, respectively.

Table 1: Summary of Kinetic Measurement Resultsa

substrate
kcat

(%)

app
Km

(µM)
kcat/Km

(s-1 M-1)

stoichiometry
ferricenium
to substrate

ratio

product
identi-
fied

ethylbenzene 100 0.45 586365 2.2 +
1,4-diethylbenzene 35 nmb 4.9 +
n-propylbenzene 14 nm +
isopropylbenzene 0 nbc

2-ethyltoluene 3.8 nm nm
3-ethyltoluene 10 nm nm
4-ethyltoluene 28 nm +
2-ethylnaph-

thalene
9.3 nm nm

4-ethylbiphenyl 30 nm +
4-fluoroethyl-

benzene
15 nm nm

2-ethylphenol 55 5.18 32364 2.5 +
3-ethylphenol 19 9.27 24615 2.3 +
4-ethylphenol 251 40.47 16533 2.3 +
4-propylphenol 175 nm +
4-ethylanisole 22 nm +
2-ethylaniline 92 24.30 10049 nm
4-ethylaniline 130 nm nm
2-ethylpyrazine nb
3-ethylpyridine 16 1.86 23528 nm
2-ethylfuran 130 24.69 14026 +
2-ethylthiophene 236 66.46 9442 +
2-ethylpyrrole 228 2.32 261262 nm

a Kinetic rate constants are provided in relative scale. Control assays
with ethylbenzene were performed in parallel to all kinetic experiments
and set as 100%. These activities ranged between 80 and 160 nmol
mg-1 min-1, depending on the batch of enzyme. ApparentKm values
were obtained with 100µM ferricenium tetrafluoroborate at 30°C.
The stoichiometry was calculated from activity assays with a limited
amount of substrate (from 2 to 60µM) that were run to the completion
of the reaction; it is given as ratio of conversion of ferricenium to
substrate added. Identified products by GC-MS or LC-MS are indicated.
The error range for kinetic rate constants did not exceed 10% of the
value, while in the case of apparentKm values, errors usually were in
the range of 10-30%. Higher errors (40-200%) were observed for
apparentKm values below 5µM. Errors in the stoichiometry factors
were in the range of 1-9%. b nm, not measured.c nb, no binding.

Ethylbenzene Dehydrogenase: Kinetics and Mechanism Biochemistry, Vol. 46, No. 25, 20077639



The studied isomers of ethylaniline behaved similarly, with
4-ethylaniline oxidized 1.4-fold faster than ethylbenzene and
2-ethylaniline slightly slower. For the latter, an apparentKm

value was established at 24.3µM. The methoxy derivative
of ethylbenzene, 4-ethylanisole, was only oxidized with a
rate comparable to 4-ethyltoluene. Lastly, 4-fluoroethylben-
zene was oxidized only at 15% of relative rate of ethylben-
zene. In the last group of heterocyclic compounds, three
excellent substrates have been found which were oxidized
faster than ethylbenzene, namely, 2-ethylpyrrole, 2-ethylfu-
ran, and 2-ethylthiophene (Table 1). 3-Ethylpyridine exhib-
ited moderate activity (Table 1), whereas the other ethylpy-
ridine isomers inhibited the reaction. 2-Ethylpyrazine was
neither oxidized nor inhibitory for the enzyme. The lowest
Km values of these ethylbenzene analogues were recorded
for 3-ethylpyridine (1.9µM) and 2-ethylpyrrole (2.3µM).
In the case of 2-ethylfuran and 2-ethylthiopheneKm values
equaled 24.7 and 66.5µM, respectively. The only tested
substrate with a saturated aliphatic ring was ethylidenecy-
clohexane, which exhibited only trace activity in the ferri-
cenium-coupled assay (see below for product analysis). None
of the Km values of any substrate analogue came close to
the extremely low level recorded for ethylbenzene.

Product Identification.In order to investigate whether
ethylbenzene dehydrogenase converts all known substrates
into secondary alcohols, the formation of reaction products
has been examined by means of reversed-phase LC-MS and
GC-MS. Only one major product peak was observed with
any of the tested aromatic substrates. All of the products
eluted at earlier HPLC retention times than the respective
substrates, indicating increased polarity. Mass spectra of the
various products were collected and verified their expected
identity.

The reaction product of control reactions with ethylben-
zene was identified as 1-phenylethanol on the basis of (i)
retention time of the standard compound in GC-MS and
HPLC, (ii) molecular ion mass of the product (LC-MS), and
(iii) MS fragmentation pattern and its comparison with the
mass spectra database (16). The conversion products of
propylbenzene, 4-ethylanisole, and 4-ethyltoluene were

identified by GC-MS based on deposited spectra of respective
alcohol derivatives (Table 2). The other observed products
of conversion reactions were identified on the basis of their
molecular ion masses (in LC-MS analysis) and/or manual
assessment of the fragmentation patterns (in GC-MS and
APCI analysis), which had all of the characteristics expected
for secondary alcohols (17) (Table 2). The analysis of the
1,4-diethylbenzene reaction mixture revealed 1-(4-ethylphe-
nyl)ethanol (monohydroxylated) as a main product along with
1,1′-(1,4-phenylene)diethanol (doubly hydroxylated). The
latter product is present in higher quantities when an excess
of ferricenium over 1,4-diethylbenzene is provided (more
than 2:1 molar ratios).

GC-MS of the reaction products of the alkylphenol isomers
only allowed to identify 3-(1-hydroxyethyl)phenol as the
product of 3-ethylphenol oxidation. However, consistent
identification of all products formed from these substrates
was possible by LC-MS analysis coupled with a negative
ion mode of electrospray ionization (Table 2).

GC-MS analysis of a reaction mixture with ethylidenecy-
clohexane revealed trace amounts of five different product
peaks with molecular ion masses ofm/z 126, 128, and 124.
The analysis of fragmentation patterns suggests hydroxylated
unsaturated derivatives in the case of three products (M+

m/z 126) and a hydratized saturated derivative in the case of
one product (M+ m/z 128). The fifth product (M+ m/z 124)
had some features of an unsaturated ketone, although that
could not be confirmed without further investigations.
Therefore, ethylidenecyclohexane apparently binds and reacts
at the active site of the enzyme but is converted to an
undefined mixture of compounds. Moreover, different types
of reactions seem to take place, ranging from water addition
to hydroxylations at different sites and possibly further
oxidation of a hydroxylated intermediate.

Inhibition Studies.Several compounds were found to exert
inhibitory effects on the enzyme. The identified inhibitors
can be grouped into (i) products and product analogues such
as (S)- and (R)-1-phenylethanol or 1-(2-naphthyl)ethanol, (ii)
methyl-group-containing substrate analogues, such as toluene,
2-methylfuran, or 2-methylthiophene, (iii) some ethyl-

Table 2: Summary of GC-MS and LC-MS Analysis of Reaction Productsa

substrate
substrate
mol mass product GC-MS M+ LC-MS APCI M+ LC-MS ESI [M - H]-

ethylbenzene 106 1-phenylethanol 122 (+O) 122 (+O)
propylbenzene 120 1-phenylpropanol 136 (+O)
4-ethyltoluene 120 1-(4-methylphenyl)ethanol 136 (+O)
1,4-diethylbenzene 134 1-(4-ethylphenyl)ethanol 150 (+O) 150 (+O)

1,1′-(1,4-phenylene)diethanol 166 (+2O)
1,4-ethylbiphenyl 182 1-(1,1′-biphenyl-4-yl)ethanol 198 (+O)
4-ethylanisole 136 1-(4-methoxyphenyl)ethanol 152 (+O)
2-ethylthiophene 112 1-thien-2-ylethanol 128 (+O) 128 traces (+O)
2-ethylfuran 96 1-(2-furyl)ethanol 112 (+O)
2-ethylphenol 122 2-(1-hydroxyethyl)phenol 137 (+O)
3-ethylphenol 122 3-(1-hydroxyethyl)phenol 138 (+O) 137 (+O)
4-ethylphenol 122 4-(1-hydroxyethyl)phenol 137 (+O)
4-propylphenol 136 4-(1-hydroxypropyl)phenol 151 (+O)
ethylidenecyclohexane 110 multiple products not identified 124 (+O - 2H)

126 (+O)
128 (+H2O)

a The substrate section of the table provides substrate names with their molecular masses. The product section gives names of the respective
products along with experimentally obtained molecular ion masses (M+) as obtained from GC-MS electron impact, positive APCI LC-MS ionization,
and quasi-molecular ion masses [M- H]- from negative ESI LC-MS ionization. Note that the M+ values correspond to the respective molecular
masses of products; those of [M- H]- arem/z 1 smaller. All recorded mass differences between substrates and products correspond to one added
oxygen (m/z 16), as indicated by (+O).
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substituted aromatic compounds such as 1,2-diethylbenzene
and 2- and 4-ethylpyridine, (iii) structural ethylbenzene
analogues such as 4-ethylanisole, and finally (iv) small
molecules such as H2O2.

Initial investigation on the inhibitory effects caused by the
different compounds revealed that product analogues seem
to be very weak inhibitors of ethylbenzene dehydrogenase.
Half-maximum activity was recorded in the presence of 10
mM (S)-1-phenylethanol and 3 mM racemic 1-(2-naphthyl)-
ethanol, respectively. Inhibition seems to be unaffected by
the stereochemistry of the alcohol, judging by a very similar
inhibitory effect caused by (S)- and (R)-1-phenylethanol. The
tested inhibitors containing methyl groups exhibited medium
inhibitory effects, decreasing the activity to 50% in a
concentration range of 0.5-1 mM. Inhibitors containing ethyl
groups showed diverse effects. 4-Ethylpyridine caused half-
maximum inhibition at a concentration of 2 mM, whereas
2-ethylpyridine and 1,2-diethylbenzene had the same effect
at concentrations of 100-200 µM. The inhibitory effect of
anisole was similar to that of the latter compounds with half-
maximum inhibition at a concentration of 100µM. More
detailed inhibition kinetics have been assessed for the product
inhibition by (S)-1-phenylethanol. To this end, the ethylben-
zene dehydrogenase was measured in the presence of
different concentrations of inhibitor (1.3, 6.5, and 13 mM),
and the data were fitted against the equations describing
different modes of enzyme inhibition [performed by the
Leonora software package (18)]. This revealed a competitive
inhibition mechanism (Figure S4 of the Supporting Informa-
tion) of (S)-1-phenylethanol with an inhibition constantKi

of 20 µM. The value ofKm derived from this curve fitting
equaled 0.6µM, confirming the value obtained in the direct
determination.

EBDH is inactivated by exposure to air only in the reduced
state, possibly due to generation of reactive oxygen species
at the reduced heme cofactor (3). In contrast, it is oxygen-
insensitive in the oxidized state. Therefore, we used the
oxidized form of EBDH to determine whether it is indeed
inactivated by active oxygen species like H2O2. Residual
activities were measured after 5 min preincubation of the
concentrated ethylbenzene dehydrogenase (12.5µM) with
different concentrations of H2O2, yielding 50% inactivation
at 15 mM H2O2. The inactivation seems to be irreversible,
as enzyme activity could not be restored after anaerobic
reduction by 10 mM sodium dithionite.

Electrochemical Reactor.Possible applications of EBDH
for synthesis of large concentrations of chiral alcohols are
severely limited by the high price and low solubility of the
electron acceptor ferricenium that is consumed in the
reaction. Therefore, we tested whether the enzyme functions
in an electrochemical cell that continuously regenerates the
electron acceptor at the platinum mesh electrode. Ferricenium
is reduced to ferrocene during the reaction and then reoxi-
dized by the electrode, keeping its concentration constant.
Moreover, the reaction can then conveniently be followed
by recording the current of the electrochemical cell.

The experiment was performed under argon atmosphere
in an electrochemical batch reactor using a 3-fold molar
excess of ethylbenzene over ferricenium. The characteristic
changes of the current during the experiment are shown in
Figure 1. The reaction rate speeded up after injection of
substrate and reached its maximum value after 40 min.

Integration of the current curve over time yields a representa-
tion of the accumulation of charge that is proportional to
ethylbenzene conversion to (S)-1-phenylethanol. Indeed,
product formation over time, as determined by HPLC,
followed the same kinetics (Figure 1).

The accumulation of charge and product showed an
approximately linear rate during the first 2 h of thereaction.
After that point, the reaction rate decreased, most probably
due to inactivation and/or substrate depletion. Using this
electrochemical system, we were able to convert 95% of the
ethylbenzene present to 1-phenylethanol, as established by
accumulated charge transferred and HPLC quantification.

QSAR Analysis.In order to quantify the variation in
reactivity of different substrates, we performed quantitative
structure-activity relationship (QSAR) analysis, assessing
the determined reactivity with several molecular parameters
of respective substrates. Because no satisfactory correlation
was reached with any singular molecular parameter, multi-
variate regression was performed with combinations of
molecular parameters for 13 compounds that shared the
structural core of ethylbenzene.

The best fitting equation was obtained by combining the
Taft steric constantsEs, the hydrophobic constantsπ, and
three density functional theory (DFT) based descriptors:
dipole moment (µ) and HOMO and LUMO energies (Figure
2). TheR2 value achieved with those descriptors was very
high (0.96), which means that 96% of variance is explained
by the model. The equation was cross-validated by leaving
out single data sets (“leave-one-out cross-validation”), yield-
ing anR2 value of 0.9540 (PRESS) 0.14130).

The obtained equation shows that steric effects (Es) decrease
the reaction rate (Es being more negative for larger substit-
uents). The hydrophobicity parameterπ and the dipole
moment define an optimal range of polarization and hydro-

FIGURE 1: Changes of current (solid line), accumulation of charge
transferred by the electrode in the reaction of ferrocene reoxidation
and product (dashed line), and 1-phenylethanol concentration
(circles) during the electrochemical experiment. The last measured
value of 1-phenylethanol concentration was obtained after the
electrochemical system was shut down and the reaction proceeded
overnight with the remaining ferricenium.

log kcat ) 1.37((0.23)Es - 1.14((0.22)π -
1.69((0.19)µ + 1.28((0.17)HOMO-

1.7((0.18)LUMO+ 26.4 (1)

R2 ) 0.9598;R ) 0.9797;p ) 5 × 10-8
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phobicity of the substrates. More hydrophobic substrates tend
to have lower reaction rates, but also, on the other hand,
smaller dipole moments yield faster reaction rates. The
energies of frontier orbitals describe electronic features of
the analyzed substrates. The DFT-derived LUMO and
HOMO energies have a conceptual transfer into chemical
concepts, such as ionization potential (-EHOMO) and electron
affinity (-ELUMO), and, as a result, to absolute hardness (η
) half of the energy difference between LUMO and HOMO)
and softness (S ) 1/η) (19, 20).

The higherEHOMO of a molecule, the less energy is required
for its ionization, and the lowerELUMO of a compound, the
higher is its affinity for acquiring a new electron. Therefore,
the effects ofEHOMO and ELUMO in the equation can be
interpreted as follows: the positive correlation of reaction
rates withEHOMO and their negative correlation withELUMO

indicate that the reaction proceeds faster the easier the
molecule is to ionize and the higher the electron affinity of
the substrate is. The effects ofEHOMO and ELUMO on the
reaction kinetics seem to be contradictory at first sight but
can be fully understood by the concept of chemical hardness
η. Regrouping of eq 1 (eq S1 of the Supporting Information)
indicates a correlation of increasing absolute hardness with
lower reactivity, which can be explained by the higher
ionization potential (and higher stability) and lower polar-
izability of the compounds, which are “hard” substrates (such
as ethylbenzene) compared to “soft” substrates (such as
4-ethylphenol).

The HOMO energies correlate strongly with the Hammett
constantsσ+ (R ) -0.89) and the differences of Gibbs free
energies∆∆G298 (R) -0.85). Therefore, we replacedEHOMO

in the above equation by both parameters (see eqs S2 and
S3 of the Supporting Information) and obtained reasonable
alternative models without significant statistical deterioration
(R2 ) 0.8954 withσ+ andR2 ) 0.8864 with∆∆G298; leave-
one-out cross-validation,R2 ) 0.8430, PRESS) 0.4309 and
R2 ) 0.8530, PRESS) 0.4502 for σ+ and ∆∆G298,
respectively). All data combined indicate that the reaction
mechanism of EBDH involves an initial polarization of the

substrate, followed by conversion to a carbocation intermedi-
ate.

A disadvantage involved in the described multicomponent
QSAR analysis is that a complete set of the necessary
molecular parameters is only available for 13 of the 20
measured substrates of ethylbenzene dehydrogenase. The
only descriptors available for all substrates are those obtained
by quantum chemical calculation such as the respective∆∆G
value of carbocation formation. As expected from the
previous QSAR analysis, the∆∆G values alone did not yield
a reasonable fit to the measured reaction rates (R2 ) 0.29),
mainly because the bulkiness of the substrates is not taken
into account. However, if the∆∆G values are combined with
just one more descriptor assessing this aspect (molecular
refractivity MR, which can be calculated for all 20 substrates
in contrast to the Taft constants), QSAR analysis of all 20
measured substrates using only these two descriptors yielded
a much improved fit of the data (R2 ) 0.59; see Figure S5
of the Supporting Information for correlation plot and
equation).

More sophisticated prediction models, which take more
variables into consideration and describe changes in reactivity
with almost all compounds on the 0.95R2 level, have been
obtained by artificial neural network analysis of the data and
are described elsewhere (21).

DISCUSSION

One of the most striking features of ethylbenzene dehy-
drogenase is its extremely low apparentKm value for
ethylbenzene. This may be rationalized by assuming that
ethylbenzene is not present in high abundance in the habitat
of strain EbN1, and an enzyme with very high affinity
certainly confers it an evolutionary advantage. Moreover,
these data suggest that ethylbenzene is indeed the natural
substrate of the enzyme. The rather low reaction rate of
ethylbenzene oxidation (ca. 150 nmol mg-1 min-1) is
compensated by the high abundance of the enzyme (up to
10% of total protein in ethylbenzene-grown cells). Moreover,
the observed slow reaction rate seems to be characteristic
for enzymes involved in anaerobic activation reactions of
hydrocarbons or aromatic compounds, since it is in a similar
range to those of benzylsuccinate synthase (22-24) or
benzoyl-CoA reductase (25).

Remarkably, EBDH exhibits activity with a wide range
of alkylaromatic and alkylheterocyclic substrates. Some of
them (such as 4-ethylphenol or most of the ethyl-substituted
heterocycles) show even higher kinetic rates than recorded
for the native substrate. However, in all investigated cases
the observed apparentKm values are much higher than that
of ethylbenzene, and the overall catalytic efficiencies (kcat/
Km) clearly indicate that ethylbenzene is the native substrate
of the enzyme. The high affinity for ethylbenzene may result
from the presence of hydrophobic amino acid residues at
the walls of a tunnel leading to the active center, which may
facilitate substrate transport into the enzyme interior and
discrimination of other compounds (9).

The unusual catalytic versatility of EBDH may arise from
a rather large active center cavity, which seems not to pose
significant steric constraints for para and meta substituents
(9). Therefore, it was possible to observe activity even with
bulky compounds like 4-ethylbiphenyl or 2-ethylnaphthalene.

FIGURE 2: Correlation of predicted relativekcat with experimental
values in the MLR model (eq 1) (R2 ) 0.9598,R ) 0.9797,p )
5 × 10-8, c-v R2 ) 0.9540, PRESS) 0.1413). Key: solid line,
regression curve; dotted line, 95% confidence level. Labels describe
localization of the substituent in respect to the ethylbenzene core
(e.g., 4-Ph states for 4-ethylbiphenyl).
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In all reaction mixtures analyzed by MS, secondary alcohol
products were detected. Only in the 1,4-diethylbenzene
reaction mixture were two products identified, namely, 1-(4-
ethylphenyl)ethanol and 1,1′-(1,4-phenylene)diethanol. The
latter compound seems to be produced from 1-(4-ethylphe-
nyl)ethanol as it is present in higher amounts when an excess
of ferricenium over substrate is used. This might indicate
some preference of the enzyme for 1,4-diethylbenzene over
1-(4-ethylphenyl)ethanol, which is consistent with enzyme
inhibition by 1-phenylethanol (see below). The enzyme also
seems to require an aromatic system for the specific oxidation
of the side chain, although EBDH was previously reported
to exhibit activity with substrates such as 3-methyl-2-pentene
or ethylidenecyclohexane, which do not contain aromatic
rings in their structures (2). We repeated the experiments
with ethylidenecyclohexane and discovered unspecific re-
activity of the enzyme, resulting in trace activity with the
ferricenium-based assay and generation of multiple products
from hydroxylation and/or water addition reactions. There-
fore, ethylidenecyclohexane does not seem to be a real
substrate but may mimic a potential transition state of the
reaction with aromatic substrates. This may allow the enzyme
to bind and convert this compound via different reaction
pathways, probably depending on the oxidation state of the
molybdenum cofactor. These results also explain the previous
observations of enzymic conversion of ethylidenecyclohex-
ane, which were purely based on the detection of products
by GC-MS (2).

The stereoselectivity of the enzyme with the alternative
substrates was not yet investigated and needs further
experimental study. Moreover, due to the large dimensions
of the active center, the features that make ethylbenzene
dehydrogenase so stereoselective in ethylbenzene oxidation
cannot be predicted from the structure (9). The available
structure would principally be consistent with binding of the
substrate in either way, allowing bothS andR products to
be synthesized.

EBDH is clearly capable of oxidizing not only ethylben-
zene but also other aromatic species. It cannot be excluded
that strain EbN1 applies the enzyme for activation of other
compounds. Therefore, it will be interesting to follow the
physiological fate of some of the alcoholic products in strain
EbN1. One possibility is that the second enzyme of the
ethylbenzene metabolic pathway, phenylethanol dehydroge-
nase, or another alcohol dehydrogenase may be involved in
oxidizing some of these alcohols further to ketones. However,
whether strain EbN1 is indeed capable of degrading or
transforming ethylbenzene derivatives still needs further
examination.

The systematic way of kinetic data analysis enabled by
QSAR demonstrated the complexity of factors controlling
enzyme reactivity. However, closer inspection of the results
shows that a combination of steric, hydrophobic, and
electronic features determines the reactivities of alternative
substrates. Steric hindrance is described by the Taft constant
Es (respectively molecular refractivity MR). The hydropho-
bicity/polarity is described by two parameters, hydrophobic
constantπ and dipole momentµ, which define an optimal
range of polarization potential and hydrophobicity of sub-
strates.

Introduction of absolute hardness (η) into the QSAR
equation shows that chemically hard substrates generally

react slower. This can be due to their higher stability
(according to the maximum hardness principle) (27) or their
lower polarizability. As the proposed mechanism of EBDH
(9) assumes initial polarization of the ethyl group in the
substrate by an aspartate residue (Asp223) of the active site,
stronger polarizability (smallerη) may indeed facilitate
substrate activation.

However, such an analysis does not distinguish between
homolytic and heterolytic cleavage of the C-H bond that
would lead to a radical or carbocation intermediate, respec-
tively. The effects of the Hammett constants indicate that
the transition state is stabilized by substituents possessing
free electron pairs (such as OH or NH2) in para or ortho
position with respect to the ethyl group. This correlation
would be consistent with a putative carbocation intermediate
but in some cases has also been observed for radical reactions
(26). Therefore, the∆∆G298 parameters, which supply
information on stabilization effects in carbocation formation
introduced by modification of the aromatic system, provided
valuable information. Equations containing∆∆G298 values
yielded the same quality of fit as those containingσ+ values,
which strongly suggests the carbocation nature of the
intermediate.

Moreover, the∆∆G values may even give some explana-
tion about why some ethylbenzene derivatives turned out to
be inhibitors. Generally, almost all∆G298 values of carboca-
tion formation of alternative substrates were lower than that
of ethylbenzene (∆∆G298 for 4-ethylphenol equal to-46.6
kJ/mol, for 2-ethylthiophene to-26.9 kJ/mol, and for
4-ethylaniline to-96.7 kJ/mol), while those of inhibitors
were higher (for example,∆∆G298 values for toluene,
4-ethylpyridine, and 2-methylfuran are 54.8, 68.2, and 28.8
kJ/mol, respectively). The stabilizing effect for a potential
carbocation intermediate also depended on the positioning
of substituents in the ring, the most beneficial being in para
position to the ethyl (or propyl) group.

The inhibition study revealed also an important issue of
product inhibition. Judging from itsKi of 20 µM, (S)-1-
phenylethanol appeared to be a fairly strong competitive
inhibitor at first sight. However, one should realize that an
inhibitor’s strength it is not solely determined by itsKi value
but also by its ratio toKm (which is extremely low in the
case of ethylbenzene). From the equation for competitive
inhibition by (S)-1-phenylethanol given below, it becomes
obvious that the lowKm of the substrate decreases signifi-
cantly the inhibitory influence of (S)-1-phenylethanol on
overall kinetics.

Therefore, it is doubtful whether the inhibitory influence of
(S)-1-phenylethanol has any physiological role, especially
since it is transported from the periplasm to the cytoplasm
and further converted by phenylethanol dehydrogenase
(PED). Apparently, the flux through the metabolic pathway
is mainly controlled at the level of the heavily regulated PED,
as recently proposed by Ho¨ffken et al. (28).

Vi )
Vmax

[S] + Km +
Km

Ki
[I]

)
Vmax

[S] + Km + 0.45µM
20 µM

[I]
)

Vmax

[S] + Km + 0.0225[I]
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On the basis of the analysis of kinetic data and the recently
published EBDH structure, one can propose a hypothetic
reaction mechanism of EBDH. It is apparent that EBDH
requires an aromatic system that stabilizes the positive charge
in order to activate the alkyl chain of the substrate. The active
site is a relatively wide channel of approximately 7 Å
diameter in theR-subunit of EBDH. It is filled with a range
of aromatic (Trp87, Trp481, Tyr483, His192, Phe446) and
hydrophobic (Ile85, Ile221) amino acids that provide conve-
nient polarity for hydrophobic, aromatic substrates. At the
moment it is not clear which of these amino acid residues
are involved in the catalytic process. However, Asp223 (also
coordinating the molybdenum) and His192 seem to be in the
best position to take part in the hydrocarbon activation
process, together with the molybdenum oxo ligand that is
expected to be present in the oxidized form of EBDH. Most
probably, the ModO ligand together with His192 is respon-

sible for carbocation formation. Activation may proceed via
subtraction of a proton from C2 of ethylbenzene with
simultaneous transfer of the electron pair (Figure 3, stage
I). The positive charge of the carbocation may be stabilized
by the aromatic system but also by the Asp223 (or less likely
Asn218) residue (Figure 3, stage II). Our theoretical calcula-
tions (data not shown) suggest that, in the Mo(IV) state, a
H2O group is stable as a molybdenum ligand. Therefore, most
probably, the subtracted proton is localized on the oxo ligand,
and a hydrogen bond with protonated His192 is formed.
Consequently, the OH ligand acts as the nucleophile and
attacks the carbocation, which may be further facilitated by
the His residue (Figure 3, stage III). Our preliminary
calculations suggest strong repulsion between His-Nε and
the ModO ligand when the nitrogen atom is deprotonated,
forcing the His residue to stay out of the catalytic site.
Therefore, His-Nε of the imidazole ring should be proto-

FIGURE 3: Hypothetical mechanism of ethylbenzene oxidation by EBDH. Stage I: Formation of the enzyme-substrate complex with
oxidized (MoVI) molybdenum cofactor. Cleavage of the C-H bond takes place. Stage II: The molybdenum cofactor is reduced (MoIV), and
a carbocation intermediate is formed; His192 stabilizes the OH ligand in water-like form. The positive charge of the carbocation is stabilized
by interaction with the electron-rich Asp223. Stage III: Nucleophilic attack of the OH group on the carbocation, assisted by His192. Stage IV:
Product formation and release; deprotonation of His192. Stage V: Coordination of a water molecule to reduced molybdenum cofactor and
formation of a hydrogen bond with His192. Stage VI: Abstraction of protons from the water ligand with parallel oxidation of the molybdenum
active site.
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nated in the beginning of the catalytic cycle, forming a His-
NH‚‚‚OdMo hydrogen bond.

Finally, the product and a proton are released, and a water
molecule coordinates to the reduced molybdenum cofactor
(Figure 2, stage V). The electrons will be transferred from
the molybdenum cofactor via the iron-sulfur clusters to the
heme b cofactor of the γ-subunit and the active site
reoxidized. During the change of oxidation state of the
molybdenum from stage IV to stage V and then to stage VI,
protons must be removed from the water ligand (possibly
through transfer to His192 and then to bulk solvent), resulting
in restoring the catalytically active ModO ligand (Figure 3,
stages V and VI) and the protonated His192 residue.

The mechanism presented above explains the high ste-
reospecificity of EBDH in oxidation of ethylbenzene. The
reaction would be predicted to retain the stereochemistry,
i.e., thepro-S hydrogen of C2 of ethylbenzene would be
removed and replaced by the OH group to yield (S)-1-
phenylethanol. Even if rotation between the ring and ethyl
group is theoretically possible in such a big active center,
the coordination of substrate with the ethyl group pointing
downward and hydrogen atoms pointing upward would
certainly make the reaction harder to proceed. The proposed
mechanism provides a scaffold for experiments to test this
hypothesis. The detailed quantum chemical computational
verification of the proposed mechanism against possible
radical alternatives [with a substrate-derived radical inter-
mediate and Mo(V)-OH cofactor] is also planned.

Finally, it is significant that we achieved promising
conversion of ethylbenzene in the electrochemical reactor.
The system provides a basis for further studies that will focus
on application of EBDH in fine chemical synthesis. Recy-
cling of ferricenium makes the whole synthesis much cheaper
and faster due to the constant high concentration of the
reoxidation agent.

SUPPORTING INFORMATION AVAILABLE

Michaelis-Menten curve fits of EBDH activity with
ethylbenzene (Figure S1) and ferricenium (Figure S2) as
substrates, structures of compounds tested as EBDH sub-
strates (Figure S3), Lineweaver-Burk plot for (S)-1-phe-
nylethanol (Figure S4), correlation plot for QSAR model with
MR and∆∆G (Figure S5), and additional QSAR equations
(eqs S1-S3). This material is available free of charge via
the Internet at http://pubs.acs.org.
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