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ABSTRACT: The Birch reduction is a widely used synthetic tool
to reduce arenes to 1,4-cyclohexadienes. Its harsh cryogenic
reaction conditions and the dependence on alkali metals have
motivated researchers to explore alternative approaches. In
anaerobic aromatic compound degrading microbes, class II
benzoyl-coenzyme A (CoA) reductases (BCRs) reduce benzoyl-
CoA to the conjugated cyclohexa-1,5-diene-1-carboxyl-CoA (1,5-
dienoyl-CoA) at a tungsten-bis-metallopterin (MPT) cofactor.
Though previous structure-based computational studies were in
favor of a Birch-like reduction via W(V)/radical intermediates, any
experimental evidence for such a mechanism was lacking. Here, we
combined freeze-quench and equilibrium electron paramagnetic
resonance (EPR) spectroscopic analyses in H2O, D2O, and H2

17O
with redox titrations using wild-type and molecular variants of the catalytic BamB subunit of class II BCR from the anaerobic
bacterium Geobacter metallireducens. We provide spectroscopic evidence for a kinetically competent radical/W(V)−OH intermediate
obtained after hydrogen atom transfer from the W-aqua-ligand to the aromatic ring and for an invariant histidine as a proton donor
assisting the second electron transfer. Quantum mechanical/molecular mechanical calculations suggest that the unique tetrahydro
state of both pyranopterins is essential for the reversibility of enzymatic Birch reduction. This work elucidates nature’s solution for
the chemically demanding Birch reduction and demonstrates how the reactivity of MPT cofactors can be expanded to highly
challenging radical chemistry at the negative limit of the biological redox window.
KEYWORDS: Birch reduction, radical enzyme, tungsten, EPR spectroscopy, oxidoreductase

■ INTRODUCTION
The Birch reduction, discovered almost 80 years ago, is a
widely used synthetic procedure to achieve dihydro-additions
to arenes usually yielding 1,4-cyclodienes.1,2 It proceeds via
single electron and proton transfer steps with the first electron
transfer generating a radical anion intermediate as the rate-
limiting step. This demanding reduction requires cryogenic
temperatures and solvated electrons that are usually generated
by dissolving alkali metals in liquid ammonia. Though this
harsh procedure is still the most common method applied for
the reduction of arenes to cyclic dienes, many efforts to
develop ammonia-free chemical procedures have been made in
recent years.3−7 Recently, electrochemical and photochemical
methodologies have been developed that may serve as
alternatives to the classical Birch reduction in the future.8−11

Considering the non-physiological conditions of the classical
Birch reduction, it is astonishing that anaerobic bacteria
employ enzymes that catalyze the two-electron reduction of a
homocyclic aromatic ring to a cyclic diene. These so-called
benzoyl-coenzyme A (CoA) reductases (BCRs) play a key role
in the globally important anaerobic degradation of aromatic

compounds including lignin-derived monomers or the environ-
mentally relevant and carcinogenic BTEX (benzene, toluene,
ethylbenzene, xylene).12,13 BCRs reduce benzoyl-CoA, the
central intermediate of anaerobic degradation pathways, to
cyclohexa-1,5-diene-1-carboxyl-CoA (1,5-dienoyl-CoA) at a
standard redox potential of E°′ = −622 mV (vs the standard
hydrogen electrode, SHE, pH 7).14 This redox potential is
among the most negative ones in biology, and even with the
most potent reductant in biology, reduced ferredoxin (Fdred),
this reaction is highly endergonic. The CoA ester moiety of the
substrate was proposed to stabilize radical intermediates as
ketyls during the Birch-like reduction of the aromatic ring
(Figure 1a).15 It is noteworthy that unlike the chemical Birch
reduction, the enzymatic reaction affords the thermodynami-
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cally favored conjugated diene product. There are two non-
related BCR classes that use fundamentally different solutions
for reductive benzoyl-CoA dearomatization. The tetrameric
class I BCRs contain three [4Fe−4S] clusters and drive
benzoyl-CoA reduction with Fdred as reductant by coupling it
to a stoichiometric ATP hydrolysis (two ATP are hydrolyzed
to two ADP per two electrons transferred).16,17 The one-
megadalton class II BCRs are composed of eight subunits with
a Bam[(BC)2DEFGHI]2 architecture.18 Here, reduction of
benzoyl-CoA to 1,5-dienoyl-CoA is supposed to be driven by
flavin-based electron bifurcation.19 In such a process, the
endergonic reduction of benzoyl-CoA by Fdred is coupled to
the reduction of a so far unknown high-potential acceptor by
Fdred.

20

The active site subunit BamB of class II BCRs belongs to the
aldehyde/ferredoxin-oxidoreductases (AOR) family of tung-
sten or molybdenum metallopterin (MPT) cofactor containing
enzymes.21 It has originally been purified in complex with the
electron-transferring FeS cluster containing BamC subunit
from the Fe(III)-respiring δ-proteobacterium Geobacter
metallireducens (G. metallireducens).22 The X-ray structure of
Bam(BC)2 crystals revealed an active site W-bis-MPT cofactor
in which the central tungsten atom is coordinated by four
dithiolene sulfurs from the two MPT moieties, by a thiolate
from the conserved Cys322, and by a sixth inorganic ligand23

(Figure 1c). The identity of the latter could not be resolved
unambiguously on the basis of the crystal structure and is
referred to as X-ligand here. Extended X-ray absorption fine
structure spectroscopy excluded the presence of a sixth sulfur

ligand and was in favor of an O-, N-, or a diatomic inorganic
ligand.23

The fully occupied coordination sphere of the tungsten atom
excludes a direct binding of benzoyl-CoA to the tungsten.
Indeed, X-ray structural data of Bam(BC)2 in complex with its
substrate or product suggested an outer-shell electron transfer
from a reduced W(IV) species via the X-ligand to the C4 of
benzoyl-CoA.23 Conserved His260 and Glu251 were proposed
as possible proton donors for the Birch-like reduction
mechanism. The spatial separation of the electron donor
(W[IV]-X-ligand) and the proton donating amino acid
functionalities was in line with the proposed Birch-like
mechanism via single electron transfer and protonation steps
(Figure 1a). Radical intermediates may be stabilized by the
thioester carbonyl oxygen that interacts as a donor with the
protonated Glu461-OE1. Such a partial protonation of the
carbonyl oxygen appears to be characteristic for both
BCRs.14,24

Based on the X-ray structural data obtained, continuum
electrostatic and combined quantum mechanical/molecular
mechanical methods (QM/MM) were carried out in which a
number of inorganic atoms were probed as potential sixth X-
ligand.25 These calculations favored an aqua ligand as the sixth
ligand of the W(IV)-atom and suggested a variant of the
previously proposed Birch-like mechanism (Figure 1b). In this
variant, catalysis would be initiated by hydrogen atom transfer
from a W(IV)−OH2 species to the substrate yielding W(V)−
OH and a neutral substrate radical. The second electron
transfer from the metal cofactor to the substrate could then be
assisted by protonation by His260. Calculations suggested that

Figure 1. Enzymatic Birch reduction and the Bam(BC)2 subcomplex of class II BCR from G. metallireducens. (a) Classical Birch reduction via single
electron transfer and protonation steps adopted to enzymatic reduction of benzoyl-CoA. Note that the carbonyl of the thioester contributes to the
stabilization of radical intermediates. (b) Suggested simplified mechanism of enzymatic Birch-like reduction of benzoyl-CoA at the W-bis-MPT in
the Bam(BC)2 complex based on continuum electrostatic and QM/MM calculations. (c) Left panel: X-ray structure of the Bam(BC)2 heterodimer.
Two BamB subunits (left one in red) are associated via two interlaced BamCs (left one in violet). Right panel: catalytic site of BamB. The substrate
benzoyl-CoA (CoA-ester moiety is truncated for clarity) is flanked by the possible proton donor His260 and the sixth tungsten (W) ligand (X).
Other relevant amino acid residues are explained in more detail in the text.
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the two MPT moieties may participate in the second electron
transfer, and the cationic pterin radical formed could retain the
W(V) state. Reduction of the oxidized cofactor by two
electrons and product/substrate exchange closes the cycle.
The QM/MM calculations were in favor of a Birch-like

reaction mechanism in which the strict coupling of electron
transfer and protonation steps facilitates enzymatic reduction.
However, any experimental evidence for the nature of the sixth
W-ligand and, consequently, for the proposed hydrogen atom
transfer mechanism is lacking. In order to provide the first
experimental evidence for the mechanism of an enzymatic
Birch reduction, we carried out an in-depth EPR analysis of the
Bam(BC)2 complex under pre-steady state and equilibrium
conditions using wild-type and molecular variants in differently
labeled solvents. Together with redox titrations and extended
QM/MM calculations, we provide experimental evidence for
the nature of the sixth W-ligand and for catalytically competent
reaction intermediates, which provide a solid basis for a
hydrogen atom transfer-based Birch-like mechanism.

■ EXPERIMENTAL SECTION
Coenzyme A and Its Thioesters. CoA was obtained from

BioFroxx. CoA esters were synthesized from benzoic acid (12C6
or [Ring]-13C6) or 1-cyclohexene-1-carboxylic acid as
described earlier.26 Cyclohexa-1,5-dienoyl-CoA was enzymati-
cally synthesized from benzoyl-CoA with enriched class I BCR
and the products were purified by preparative high-perform-
ance liquid chromatography (HPLC).27

Homologous Gene Expression, Enzyme Production,
and Formation of Molecular Mutants. Originating from
plasmid pGM2087e1,18 two variants were generated in which
the active site His260 was exchanged for an asparagine or an
alanine by using the Q5 Site-Directed Mutagenesis Kit (New
England Biolabs, Inc., (NEB), Ipswich, MA, USA). The
resulting plasmids were termed pGM2087e6 (H260N) and
pGM2087e7 (H260A) (Table S2). All polymerase chain
reaction (PCR) amplifications were performed with Q5 High-
Fidelity Polymerase (NEB, Ipswich, MA, USA). Ligation
mixtures were transformed into E. coli NEB 5-alpha by heat
shock transformations and plated onto agar plates containing
50 μg mL−1 kanamycin sulfate. Plasmids were isolated from E.
coli with the QIAprep Spin Miniprep Kit (Quiagen, Hilden,
Germany) according to the manufacturer’s instructions.
Orientation of the insert and its sequence as well as the
adjoining vector regions were sequenced by Sanger sequencing
at GATC or Eurofins. G. metallireducens was transformed via
electroporation as described previously.28 The presence of the
plasmid was confirmed by PCR using appropriate primers and
RedTaq Mastermix (Genaxxon Bioscience, Ulm, Germany).
Genetically modified G. metallireducens GS-15 strains were

cultivated at 28 °C under strictly anoxic conditions in the
presence of 50 μg mL−1 kanamycin sulfate in a mineral salt
medium29 with either benzoate or cyclohexane carboxylic acid
(CHC)30 as carbon source and nitrate as electron acceptor up
to the 200 L scale. 15N-labeled BamBC was produced from G.
metallireducens GS-15 pGM2087e1 under strictly anoxic
conditions in the 2 L scale in mineral salt medium containing
Na15NO3 (Sigma-Aldrich), 15NH4Cl (Eurisotop), and ben-
zoate as carbon source. Cells were harvested anaerobically in
the exponential growth phase by centrifugation (20,000g) and
stored in liquid nitrogen until further use. The Strep-tagged
variants of Bam(BC)2 (WT, H260N, and H260A) were
purified as described previously.18

Protein Analyses. Proteins were routinely analyzed via
sodium dodecyl sulfate-polyacrylamide gel electrophoresis31

and stained using SimplyBlue SafeStain (Invitrogen, Darm-
stadt, Germany). Gel pictures were acquired with a ChemiDoc
XRS+ and the Image Lab 3.0 software (Bio-Rad, Hercules,
USA). Protein concentrations were determined by the method
established by Bradford, using bovine serum albumin for
calibration.32 To verify protein identities, the respective bands
were excised, and proteins were prepared for liquid
chromatography-mass spectrometry (LC−MS) analysis by
tryptic in-gel digest accompanied by the reduction by
dithiothreitol and alkylation of cysteine residues with
iodoacetamide. LC−MS analysis was performed with an
Acquity I-class UPLC System (Waters, Milford, USA) coupled
to a Synapt G2-Si quadrupol-time-of-flight (Q-TOF) mass
spectrometer (Waters). MS measurements were evaluated with
MassLynx V4.1 (Waters), and proteins were identified with
PeptideLynx Global Server (Waters).
For the identification of peptides by liquid chromatography-

electrospray ionization (LC-ESI) QTOF, 10 μL samples were
applied to a Peptide CSH 1.7 μm C18 column (150 × 2.1 mm2,
waters) at a flow rate of 0.04 mL min−1 with 1% acetonitrile/
0.1% formic acid (v/v) in water/0.1% formic acid (v/v). After
2 min run time, the acetonitrile/0.1% formic acid concen-
tration increased linearly to 40% within 38 min, then to 85%
within 2 min. The mass spectrometer with ESI ionization was
operated in the HDMSE Resolution mode with positive
polarity and a capillary voltage of 3 kV, a cone voltage of 25 V,
40 V source offset, 120 °C source temperature, 350 °C
desolvation temperature, 800 L h−1 desolvation gas flow (N2),
50 L h−1 cone gas flow (N2) as well as 6 bar nebulizer pressure.
Collision-induced dissociation of precursor ions was performed
using a transfer collision energy ramp of 20−45 V and argon
gas. Peptides were identified by the PeptideLynx Global Server
(Waters) and mapped against the translated genome of G.
metallireducens GS15 (taxonomic identifier 269799) down-
loaded from UniProt.
DCO Activity Assay. The 1,5-dienoyl-CoA/methyl viol-

ogen oxidoreductase (DCO) activity was determined as
described earlier22 with 0.2 mM 1,5 dienoyl-CoA and 0.5
mM methyl viologen at pH 6.8.
Redox Titrations. Redox titrations of Bam(BC)2 were

conducted under anaerobic conditions at 25 °C. Bam(BC)2
was transferred into redox titration buffer (100 mM TEA, 5
mM MgCl2, 5% PEG at pH 8.0) using the PD-10 desalting
column (Sephadex G-25 M, GE Healthcare). For poising redox
potentials, different 1,5-dienoyl-CoA/benzoyl-CoA ratios with
a total concentration of 1 mM were added to ≈ 130 μM
BamBC. Samples were incubated ≈1 min at room temperature
before the EPR samples were frozen in liquid nitrogen under
anaerobic conditions. All samples of this redox titration were
measured with EPR experiments at 80 K and 5 mW. E°′
(W[V/VI]) was calculated based on the 1,5-dienoyl-CoA/
benzoyl-CoA concentration present in the EPR sample at the
time point of freezing with a midpoint potential of E°′ = −622
mV for 1,5-dienoyl-CoA/benzoyl-CoA.14 A sigmoidal fit for
the data points was performed with GraphPad Prism 6.
EPR Spectroscopy. Enzyme preparations were transferred

into EPR buffer (200 mM TEA, 5 mM MgCl2, 5% PEG 4000,
pH 8.0) by passing over a desalting column (PD MiniTrap G-
25, SephadexTM G-25 Medium, GE Healthcare, Munich,
Germany) and reconcentration in ultrafiltration spin columns
with a molecular weight cut-off (MWCO) of 10 or 30 kDa
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(Vivaspin 4, Sartorius, Göttingen, Germany) by centrifugation
at ∼2900g. If not indicated otherwise, EPR samples had a final
concentration of 200 μM Bam(BC)2 and 4 mM of respective
CoA ester.
X-band EPR measurements were conducted as described

previously.23 For this purpose, samples were frozen in
synthetic-quartz (Ilmasil PS) X-band EPR sample tubes (3.0
mm inner diameter, 3.8 mm outer diameter, 180 mm length, of
QSIL GmbH Ilmenau, Langewiesen, Germany). Samples were
stored in liquid nitrogen until measurement. X-band spectra
were recorded with a commercial spectrometer (Bruker EMX,
Bruker, Rheinstetten, Germany) in conjunction with a high-Q
resonator (Bruker 4119-HS-W1) and bridge ER041 MR
(Bruker). The spectrometer was equipped with a cryo setup
for cooling with liquid helium consisting of a cryostat (Oxford
ESR900, Oxford Instruments, Abington, U.K.) and a temper-
ature controller (Oxford ITC 503) adjusting temperature with
an accuracy of ±0.1 K. Spectra were recorded at different
temperatures ranging from 40 to 180 K with ∼9.40 GHz
microwave (MW) frequency. The magnetic field was corrected
with a Li/LiF standard, which exhibits one very narrow
resonance line with gLi/LiF = 2.002293 ± 0.000002.33 Li/LiF
spectra were recorded at 40 and 80 K with ∼9.39 GHz MW
frequency, 20 μWMW power, 0.05 mT modulation amplitude,
100 kHz modulation frequency, and 81.92 ms conversion time
and time constant. Power sweeps were conducted from 10 mW
to 20 μW by 3 dB steps at 40−180 K on a sample with ∼131
μM BamBC incubated for ∼1 min with 1 mM 1,5-dienoyl-CoA
before freezing. Linearized power plots to evaluate saturation
of a signal were performed by plotting the square root of the
power in mW versus arbitrary units of the EPR signal.34

Alternatively, EPR spectra were recorded with a Bruker Elexsys
E580 X-band EPR spectrometer (digitally upgraded) and a
Bruker pulsed MW bridge E580-1010 equipped with a
4122HQE cavity, a liquid nitrogen finger dewar or ESR 900
helium flow cryostat (Oxford Instruments) with a cryocooling
system composed of a Stinger closed-cycle cryostat (Cold Edge
Technologies) linked to an F-70 helium compressor
(Sumitomo).
For samples in D2O, 400 μL Bam(BC)2 was diluted tenfold

in redox buffer prepared in D2O (99.8%, Carl Roth GmbH;
200 mM TEA, 5 mM MgCl2 × 6H2O, at calculated pD 8.2).35

This solution was incubated for at least 2 h at 6 °C and
concentrated (30 kDa MWCO) to the initial concentration.
This procedure was repeated four times. Bam(BC)2 in D2O
buffer with 5% [w/v] PEG) was mixed with 1,5-dienoyl-CoA,
and samples were frozen after 1 min of incubation at room
temperature in X-band EPR tubes. CoA esters added to the
D2O exchanged samples were solved in D2O redox buffer with
5% (w/v) PEG.
For analyzing the radical signal (Figure S4), Bam(BC)2 WT

or 15N-Bam(BC)2 in H2O redox buffer with 5% [w/v] PEG
was incubated with 1,5-dienoyl-CoA with natural abundance
(n.a.) or ring-13C6-1,5-dienoyl-CoA for ∼1 min at room
temperature prior to freezing.
H2

17O-EPR buffer was prepared by lyophilization of a
defined volume of H2O-based EPR buffer. The dried powder
was resolved in H2

17O under anaerobic conditions. 200 μL of
330 μM BamBC was concentrated to ∼50 μL (Amicon Ultra,
0.5 mL, 10 kDa MWCO, Merck, Darmstadt, Germany),
diluted fivefold in H2

17O-EPR buffer, and incubated for 2 h at
10 °C. The sample was again concentrated to ∼50 μL, diluted
fivefold in H2

17 O-EPR buffer, and incubated for 2 h at 10 °C.

Finally, the sample was concentrated again to ∼50 μL and
diluted to a final volume of 270 μL that was subsequently
mixed with 30 μL of 40 mM 1,5-dienoyl-CoA in H2

17O-EPR
buffer, transferred into an X-band EPR tube, and frozen in
liquid nitrogen under anaerobic conditions.
Simulation of EPR data was conducted with the EasySpin

toolbox.36

Pre-Steady-State EPR. Rapid freeze-quench (RFQ)
experiments were performed with a System 1000 apparatus
(Update Instruments, Madison, USA) under anaerobic
conditions. For this purpose, all lines were purged with
anaerobic reaction buffer prior to sample loading, and the
whole setup was kept under steady nitrogen flow throughout
sample preparation. For one batch 500 μL of Bam(BC)2 (400
μM) and 500 μL of 1,5-dienoyl-CoA (8 mM) in D2O, reaction
buffer (pD 8.0) was mixed and immediately quenched by
spraying into a cold fluid isopentane bath at −110 °C. In there,
an EPR tube was connected to a funnel, both completely
immersed into the isopentane bath. The frozen material
obtained was packed at the bottom of the EPR tube using a
packing rod made of Teflon. After completion of packing,
samples were immediately transferred into liquid nitrogen. In
microsecond freeze hyperquenching (MHQ)37 experiments
400 μM BamBC and 8 mM 1,5-dienoyl-CoA (200 μM and 4
mM final concentrations, respectively) were mixed 1:1 (v/v) at
various flow rates. The system was continuously purged with
anaerobic water and, additionally, the loops for loading enzyme
and substrate were purged with anaerobic D2O reaction buffer
prior to sample loading. The mixed solutions were sprayed as a
free-flowing jet under a vacuum (30 mbar) on a rotating plate
(6000 rpm) previously cooled down with liquid nitrogen. After
the samples were sprayed, additional liquid nitrogen was
immediately poured into the rotor to keep the powder cold.
The powder was scraped off the rotor plate, packed in EPR
tubes, and stored at 77 K for EPR spectroscopic analysis.
Computational Analyses. The setup for the computa-

tional analyses has been described previously.25

■ RESULTS AND DISCUSSION
1,5-Dienoyl-CoA Induced EPR Signals of Bam(BC)2. In

a previous preliminary EPR spectroscopic analysis of wild-type
Bam(BC)2, the enzyme as isolated exhibited a 40 K EPR
spectrum that was assigned to a W(V) species with features at
g = 2.013, 1.982, and 1.895; it disappeared upon reduction by
1,5-dienoyl-CoA (15-fold excess, reverse reaction).22 Here, we
used the recently established homologous production of Strep-
tagged Bam(BC)2 to obtain sufficient amounts of enzyme for
detailed EPR spectroscopic analyses (Figure S1).18 Further, we
increased the triethanolamine/HCl buffer concentrations from
20 to 200 mM to exclude a pH shift upon the addition of high
concentrations of CoA esters that routinely contained residual
formic acid from the HPLC purification buffer.
Using this setup, Strep-tagged Bam(BC)2 as isolated

exhibited a 77 K W(V) EPR signal with similar g-values
compared to that published earlier22 (Figure 2a); it is
henceforth referred to as a resting-state signal. However, in
contrast to the previous study, the addition of 1,5-dienoyl-CoA
(10−20-fold excess) resulted in a novel strong EPR signal,
whereas the W(V) signal of the as isolated enzyme disappeared
(Figure 2b,c). This new type of signal strictly depended on
reduction with 1,5-dienoyl-CoA but was never observed with
artificial reductants like dithionite or Ti(III)-citrate. Its gav < 2,
visibility up to 180 K, and the pronounced hyperfine pattern is
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typical for a W(V) species with well-resolved 1H super-
hyperfine coupling and less well-resolved 183W (I = 1/2, 14.3%
natural abundance) hyperfine coupling. When the sample was
prepared in D2O, the prominent superhyperfine coupling with
the single 1H nucleus was lost (Figure 2d). This finding
indicates that W(V) has a single solvent exchangeable proton
in close proximity. The W(V) species always appeared together
with an almost isotropic feature around 2.003 that is assigned
to a radical species. The spin concentration ratio W(V)/radical
was approximately 15:1. Similar to the W(V) signal, the
isotropic signal strictly depended on reduction with the
product 1,5-dienoyl-CoA, and was visible even at 180 K. The
W(V)/radical signals were accompanied by broad wing-like
features outside the low- (g = 2.037) and high-field range (g =
1.896) of the W(V) signal that remained visible up to 110 K
(Figures 2b and S2). They are assigned to a form of the
enzyme in which W(V)-bis-MPT and the [4Fe−4S]+1 cluster
near the W-atom (8.7 Å)23 are spin coupled. Assuming that the
pyranopterin moiety is involved in electron transfer, the edge-

to-edge distance to the [4Fe−4S] cluster would even be even
closer, i.e., 4.8 Å. By decreasing the temperature from 80 K to
40 K, the W(V) and radical species were only marginally
saturated at 5 mW MW power, which supports the proposed
magnetic interaction with the nearby [4Fe−4S]+1 cluster of
BamB.
At 40 K, novel broad features with peak intensities at 1.917

and 2.045 appeared in the 1,5-dienoyl-CoA reduced sample
that are assigned to the three low-spin [4Fe−4S]+1 clusters of
the BamC subunit (Figures 2b and S2), which also are
magnetically coupled due to their distances of 10−13 Å.23 The
1,5-dienoyl-CoA induced W(V)/radical EPR signal in H2O/
D2O, respectively, showed an increased reduction of the
nearby [4Fe−4S] cluster at higher pH/pD values; at pH/pD 9,
the signal mostly disappeared (Figure S3). By subtracting the
spectrum obtained at pD 9 from that of pD 6, the contribution
of the spin-coupled [4Fe−4S]+ cluster could be minimized
yielding a higher resolved W(V) signal including its 183W
(super)hyperfine coupling features (Figure S3c). Further
subtraction of the simulated radical signal yielded a well-
defined W(V) signal with gxyz-values of 1.930, 1.960, and 1.992
and hyperfine coupling A(183W) of 130, 130, and 90 MHz,
respectively (Figure 2d). Using these fixed values, the
superhyperfine coupling constants for the single proton in
H2O were A(1H) = (41, 37, 45 MHz) (Figure 2c).
Hydroxyl as a Sixth Ligand of the Active Site W(V)

Cofactor. The results obtained so far suggest that a solvent-
exchangeable proton is bound in the vicinity of the tungsten.
This finding rather excludes diatomic −CO or −CN as sixth
ligands and favors a W(V)−SH or W(V)−OH species. To
distinguish between the latter two possibilities, the H2

16O
solvent was exchanged by H2

17O (>95%, 0.037% natural
abundance) with 17O having a nuclear spin of I = 5/2. The 77
K spectrum obtained in H2

17O showed a marked change of the
hyperfine pattern in comparison to the one obtained in H2

16O
(Figure 2e). A reliable simulation of the H2

17O spectrum was
intrinsically hampered by the presence of multiple interacting
nuclei (183W, 1H, and 17O) with the already complex EPR
signals of interacting W(V), radical, and [4Fe−4S]+ cluster.
Taken together, the loss of hyperfine interaction in D2O vs
H2O and the gain of additional hyperfine interactions in H2

17O
vs H2

16O leaves little doubt of the presence of a W(V)−OH
species in Bam(BC)2 during 1,5-dienoyl-CoA aromatization.
These findings are in perfect agreement with previous
continuum electrostatics and QM/MM calculation-based
suggestions, and strongly support a hydrogen atom transfer
from a W(IV)−OH2 species to the aromatic ring yielding the
W(V)−OH species and a radical during catalysis.25

To further investigate the W(V)−OH derived EPR signal,
spectra of samples with pH-/pD-values between pH 6 and 9
were recorded. In this range, no significant change of the W(V)
signal was observed, though at pH 9 it showed less than 20%
intensity (Figure S3). This result indicates a pKa value of the
W(V)−OH species out of the tested pH range. The decrease
of the W(V)−OH EPR signal at pH 9 can be explained by a
reduction of the W(V)−OH to the diamagnetic W(IV)−OH2
or [W(IV)−OH]− species as a result of the pH dependence of
the redox potential of the benzoyl-CoA + 2 H+/1,5-dienoyl-
CoA redox couple. Assuming a decrease of 60 mV per
increasing pH unit, the redox potential would shift from E°′ ≈
−620 mV (pH 7) to E°′ ≈ −740 mV (pH 9).14

Redox Titrations Indicate an Exceptional Low Redox-
Potential of the Tungsten Cofactor. The benzoyl-CoA + 2

Figure 2. Steady-state EPR spectroscopy of Bam(BC)2. (a) Spectrum
in the as isolated state at 77 K. (b) Temperature dependency of the
EPR spectrum of Bam(BC)2 obtained after the addition of 5 mM 1,5-
dienoyl-CoA, the g-values point to broad shoulders assigned to a
slowly relaxing [4Fe−4S]+1 cluster probably interacting with the
W(V). Spectra were normalized to the respective total intensities. (c)
1,5-Dienoyl-CoA induced W(V) signal in H2O buffer plus simulation
(red). (d) Same as (c) but in D2O plus simulation (red). (e) 77 K
spectra in the presence of 1,5-dienoyl-CoA in H2

17O. Spectra were
recorded at 5 mW microwave power, 0.3 mT modulation amplitude,
100 kHz modulation frequency, and 81.92 ms conversion time.
Simulation parameters of (c) were for W(V) gW = (1.930, 1.960,
1.992) and A = 130, 130, 90 MHz (183W, at natural abundance)
interacting with a proton with A(1H) = (41, 37, 45 MHz). Simulation
parameters of (d) were identical, except for 2H coupling constants
which were 6.51 fold lower than those for 1H. g-strain = (0.0095,
0.0060, 0.0074).36 An isotropic radical signal simulated with g =
2.0028 was substracted from the spectra shown in (c) and (d).
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H+/1,5-dienoyl-CoA redox potential of E°′ = −622 mV vs
SHE suggests very low redox potentials of the W(VI/V/IV)
transitions. Notably, the 1,5-dienoyl-CoA induced W(V) signal
was never observed with dithionite or Ti(III)-citrate as
reductants (5 mM each at pH 8). To elucidate the unknown
redox potential of the W(IV/V) redox couple, EPR spectra
were monitored at different initial benzoyl-CoA/1,5-dienoyl-
CoA ratios. A clear dependence of the W(V)−OH signal on
the benzoyl-CoA/1,5-dienoyl-CoA ratios and, thus, on the
redox potential was observed (Figure 3). At 100% of added
benzoyl-CoA (1 mM), only a minor resting state EPR signal
was observed. The 1,5-dienoyl-CoA induced W(V)−OH signal
gradually increased with increasing initial 1,5-dienoyl-CoA/
benzoyl-CoA ratios. A plot of the W(V) signal to a Nernst
curve with E°′ = −622 mV for the benzoyl-CoA/1,5-dienoyl-
CoA couple and n = 2 gave a very good fit to an apparent
midpoint potential of E°′ around −580 mV for the W(VI/V)
redox couple. However, this value has to be taken rather as an
estimate due to the high ratio of enzyme/CoA esters and due
to the formation of 1-monoenoyl-CoA as a result of a slow
disproportionation activity of Bam(BC)2 (two 1,5-dienoyl-
CoA → benzoyl-CoA + 1-monoenoyl-CoA).14 Assuming that
the W(V) species was diminished at pH 9 due to its reduction
to W(IV) (Figure S3), the redox potentials are estimated to
E°′ = −580 mV ± 20 mV for the W(VI/V) and E°′ = −680
mV ± 20 mV for the W(V/IV) transition. These values are the
most negative ones for a tungsten- or molybdenum-enzyme;
reported midpoint potentials of catalytically competent W/
Mo(IV/V) transitions are generally >−500 mV (Table S1).
The only exception is a spin-coupled W(V) species in GAPOR
of Pyrococcus furiosus for which a midpoint potential of E0′ =
<−507 mV for the W(V/IV) transition and of E0′ = −491 mV
for the W(VI/V) transition has been determined at pH
7.8.38−41

1,5-Dienoyl-CoA-Dependent Radical Signal Cannot
Be Assigned to a True Substrate or Pyranopterin-
Derived Radical Species. The 1,5-dienoyl-CoA-dependent
W(V)−OH intermediate was always accompanied by an

isotropic EPR signal which accounted for 4−8% of the
W(V) species. To test whether it can be assigned to the
predicted neutral substrate radical intermediate, studies were
carried out with ring-13C6-labeled 1,5-dienoyl-CoA. No
hyperfine structure or broadening of the signal was observed
(Figure S4). In a further experiment, we tested the possibility
that the signal derives from a pyranopterin-based radical
species as suggested by previous calculations.25 Notably, a
molybdopterin radical cation has already been experimentally
verified in bacterial aldehyde dehydrogenases.42 For this
purpose, cells were grown with 15N-nitrate as a terminal
electron acceptor during growth of G. metallireducens with
benzoate (nuclear spin of 15N is I = 1/2). The amount of 15N-
nitrate added should allow for at least an 85% labeling of G.
metallireducens cells with 15N. After incubation of the resulting
15N-Bam(BC)2 with 1,5-dienoyl-CoA, no significant hyperfine
coupling and/or broadening of the radical signal was observed
(Figure S4).
Though the appearance of the radical signal strictly

depended on the reduction of the enzyme with 1,5-dienoyl-
CoA, its nature cannot be determined unambiguously by using
isotopically labeled substrate or cofactor. The most likely
scenario is that the observed signal derives from an unpaired
electron that is highly delocalized over the substrate, both
pyranopterin moieties of the W-bis-MPT and probably also
over the nearby [4Fe−4S] cluster of BamB, which is
substantiated by rapid freeze quench studies (see below).
Notably, the [4Fe−4S] cluster was not considered in previous
calculations that predicted the radical intermediates.25 The
suggested high delocalization of one-electron reduced
intermediates hampers their assignment to distinct redox
species but is considered the key to overcome the extremely
low one-electron reduction potential of benzoyl-CoA of E°′ =
−1.9 V (vs SHE).27

Molecular Variants of BamB Substantiate the Role of
His260 as a Proton Donor for Enzymatic Birch
Reduction. The current model of enzymatic Birch reduction
by class II BCRs suggests that His260 plays a crucial role in

Figure 3. Redox titration of the W(V) signal of Bam(BC)2 in the presence of different ratios of benzoyl-CoA/1,5-dienoyl-CoA (BzCoA/1,5-
DCoA). (a) EPR spectra measured at 77 K with 5 mW power, 0.3 mT modulation amplitude, 100 kHz modulation frequency, and 81.92 ms
conversion time. All spectra were normalized to the same number of scans. (b) Fit of the W(V) amplitude between g = 1.968 and 1.953 to a Nernst
curve with a midpoint of −583 mV for the W(VI/V) transition with R2 = 0.997. The redox potential W(VI/V) transition is estimated from the
initial benzoyl-CoA/1,5-dienoyl-CoA ratios with E°′ = −622 mV.14
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assisting the second electron transfer to a one-electron reduced
radical intermediate (Figure 1c).25 To provide experimental
evidence for this assumption and to enhance the possibility to
capture EPR-detectable intermediate states, we used side-
directed mutagenesis to create the two plasmids encoding the
molecular variants His260Asn (pGM2087e6) and His260Ala
(pGM2087e7). While wild type BamB along with BamC was
homologously produced with a Strep-tag in G. metallireducens
growing on benzoate and nitrate, the two variants His260Asn
and His260Ala (again together with BamC, respectively) were
cultivated with CHC as a carbon source. CHC catabolism
involves the same enzymes as for benzoate degradation with
the exception of the genes encoding the class II BCR
complex.30 This system allows the expression of genes
encoding inactive BamB variants without a significant
interference with growth. The wild type and the two variants
were enriched in a soluble form under strictly anaerobic
conditions via affinity chromatography (Figure S1). Activity of
the BamB variants was determined by measurement of the
reverse 1,5-dienoyl-CoA/methyl viologen oxidoreductase
(DCO) activity.22 While the His260Ala variant was apparently
inactive (<0.01% of wild-type activity), the His260Asn variant
still retained a minor activity of ≈4%.
We then compared 77 K EPR spectra of the Bam(BC)2 wild

type and the His260Asn and His260Ala variants in the as
isolated state and after incubation with the product 1,5-
dienoyl-CoA or the inhibitor 1-monoenoyl-CoA (Figure 4).
The wild type and His260Asn variant showed identical EPR
spectra in the as isolated state and in the presence of the
inhibitor 1-monoenoyl-CoA; it is assigned to the resting W(V)
signal. Upon addition of 1,5-dienoyl-CoA at 4 °C (incubation
until freezing approximately 90 s after mixing), EPR spectra of
both, the wild type and His260Asn, showed the typical features
of the 1,5-dienoyl-CoA induced W(V) and the accompanying
radical signal. However, the ratio of both was markedly altered
with the relative eightfold increase of the radical vs the W(V)
species. After prolonged incubation (5 min at room temper-
ature before freezing), both signals showed a comparable
W(V)/radical ratio, indicating that in both samples equilibrium
was reached.
In contrast, the catalytically inactive His260Ala showed an

altered resting W(V) signal, which did not change upon the
addition of either the inhibitor 1-monenoyl-CoA or 1,5-
dienoyl-CoA. This suggests, that the His260Ala variant most

probably exhibits an altered, inactive substrate binding cavity
compared to the wild type and variant His260Asn and is
probably incompetent to bind a CoA-ester.
The results obtained underpin the essential role of the

His260 residue in catalysis. The marked relative increase in
intensity of the radical vs W(V) signal in the His260Asn
variant vs wild type is in agreement with the model that His260
serves as a proton donor assisting the second electron transfer
to the substrate. Thus, as a result of a hampered protonation,
the one-electron reduced radical intermediate accumulates.
At first glance, it appears surprising that Asn is competent to

replace His260 as a proton donor because the pKa for direct
side chain amide deprotonation is too high (≈ 16) and that of
the conjugated acid (R−CONH3

+ ↔ R−COH+NH2) is too
low (≈ 0). However, Asn and Gln residues have indeed been
described to be involved in proton transfer.43,44 In QM/MM
calculations, the energy profile was compared between the
wild-type and the His260Asn (Figure S5). Using the program
McVol,45 space for one water molecule was found in the active
site of BamB His260Asn. It occupies the free space otherwise
filled by His260 and might facilitate proton transfer and
stabilization of a R−COH+NH2 species. Though the energy
barrier for 1,5-dienoyl-CoA oxidation was found higher in the
His260Asn variant, it was still comparable to the WT (Figure
S5). Thus, His260Asn with 1,5-dienoyl-CoA bound can feature
similar cationic pyranopterin radical species as the WT
enzyme. Hypothetical reaction mechanisms, in which either
Glu251 or W−OH/W�O abstract the first proton of 1,5-
dienoyl-CoA were ruled out since the respective energy profiles
showed unrealistic or prohibitive barriers (data not shown).
W(V)−OH/Radical Intermediates Are Kinetically Com-

petent. We further tested the kinetic competence of the
observed 1,5-dienoyl-CoA induced W(V)−OH and radical
species. For this purpose, millisecond RFQ and MHQ
approaches were conducted to follow the time-dependent
appearance of pre-steady-state intermediates. To improve the
signal-to-noise ratio, these experiments were performed in
D2O. The enzyme was rapidly mixed with 1,5-dienoyl-CoA in
D2O buffer under anaerobic conditions, and the reaction was
quenched at different time points in the 0.1 to 3000
millisecond range. In the following, results from RFQ (22 °C
reaction temperature) and MHQ (9 °C reaction temperature)
experiments were normalized to 9 °C according to the
Arrhenius equation as described.46 The rate of 1,5-dienoyl-

Figure 4. Study of the 77 K EPR signals of wild type Bam(BC)2 and two variants. (a) Wild type, (b) His260Asn (H260N) variant, and (c)
His260Ala (H260A) variant. (1) As isolated, (2) incubated with inhibitor 1-monoenoyl-CoA, (3) incubated with 1,5-dienoyl-CoA at 4 °C for ∼1
min, and (4) incubated with 1,5-dienoyl-CoA, for 5 min at room temperature. All spectra were recorded at 5 mW microwave power, 0.3 mT
modulation amplitude, 100 kHz modulation frequency, and 81.92 ms conversion time. All spectra were normalized to 9.40 GHz microwave
frequency for comparison.
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CoA aromatization by Bam(BC)2 in the absence of an external
electron acceptor is ≈7 s−1 normalized to 9 °C,14 giving one
turnover in around 140 ms. Spectra were recorded at 45 K and
15 K (MHQ) or 77 K (RFQ).
Using the MHQ setup, Bam(BC)2 quenched 0.13 ms after

mixing with 1,5-dienoyl-CoA showed similar features to the
control sample 0.13 ms after mixing with buffer without 1,5-
dienoyl-CoA (Figure S6a). Both showed the features of the
resting signal observed in the as isolated state (see Figure 2a).
At 0.80 ms, the resting signal was still present to a minor
extent, but additional features of the 1,5-dienoyl-CoA W(V)
and radical signal appeared that are observed in the D2O buffer
in the steady state (Figures 5a,c and S6b). With increasing
reaction time, the resting signal fully disappeared, and both the
W(V) and radical signal gradually increased and reached a
maximum in the 11 ms sample. After prolonged incubation,
both signals decreased again to ≈50% of the maximal value,
and stayed constant after 300 ms, when the equilibrium was
apparently reached. Remarkably, the rise of the W(V)/radical
signal was accompanied by the broad wings that were also
observed in the steady-state samples (g = 2.037 and 1.896,
Figure 2b). They were assigned to the magnetically interacting
[4Fe−4S]+1 cluster near the proximal pyranopterin (Figure
5b,c). This finding supports the involvement of the BamB
[4Fe−4S] cluster in the first electron transfer at the active site,
which corroborates the assumed delocalization of the radical
intermediate. None of the fast-relaxing EPR signals assigned to
the three other [4Fe−4S]+ clusters of the BamC subunits (see
Figure 2b) were observed in the pre-steady state. This finding
is consistent with the assumption that these clusters are not
involved in catalysis but rather in electron transfer to/from the
active site.
In summary, the concerted pre-steady state appearance of

the W(V), radical, and [4Fe−4S]+ cluster signals indicate that
the proposed radical intermediate is delocalized across the
entire W-bis-MPT and the [4Fe−4S] cluster near the proximal
pyranopterin. The maximal development of the three signals
after about 1/12 of one catalytic cycle demonstrates their
kinetic competence.
Next, we recorded MHQ spectra of the Bam(BC)2

His260Asn mutant after selected reaction times under the
same conditions as the wild-type enzyme. Even after 1.77 ms,

no clear W(V) signal but a small radical signal was observed
reflecting that the activity is only 4% of the wild type. At 27.6
ms, both signal species were observed (not shown). In contrast
to the wild type, the intensity of the radical signal increased
continuously with time, even after the apparent equilibrium
had been reached, whereas the W(V) signal remained constant
at a lower level (Figure S7). Obviously, the spin density is
differentially distributed in the His260Asn variant compared to
the wild type with a shift toward the radical vs the W(V)
species. This finding can be rationalized by an impaired
protonation assisting the second electron transfer in the
forward direction.
Unusual Reduced State Conformation of Both

Pyranopterins Is Essential for the Reversibility of
Catalysis. In all members of the bis-MPT containing dimethyl
sulfoxide reductase (DMSOR) and AOR enzyme families, the
proximal pyranopterin is in the reduced tetrahydro and the
distal one in the oxidized dihydro form.47 BamB is unique in
binding both pyranopterins of the W-bis-MPT in the reduced
tetrahydroform.23 To investigate the influence of the
pyranopterin oxidation state on BamB catalysis, QM/MM
calculations were performed (Figures S8 and 6). For this
purpose, the distal (D) and/or proximal (P) pyranopterins
were oxidized in silico by deleting hydrogen atoms at C14 and
N15, generating the 10,10a-dihydro form.47

While the overall reaction energy appears to be feasible in
principle in direction of benzoyl-CoA reduction for all three
scenarios, there are marked differences. When both pyranop-
terins are oxidized, the energy barrier is >4 kcal mol−1 higher,
which should substantially slow down the reaction. When only
the proximal pyranopterin is reduced, as it is the case for all
other DMSOR and AOR members, the energy barrier would
even be lower in comparison to the double reduced state of
wild-type BamB. However, the overall reaction now becomes
essentially irreversible which is in full contrast to what has been
observed for BamB catalysis.14 Previous calculations favored a
mechanism in which the W atom shuttles only between the +V
and +IV oxidation states. As a consequence, the second
electron derives from the entire cofactor including both
pyranopterin and the tungsten ion, with the resulting cationic
radical being delocalized over both pyranopterins. While
according to the calculations of the present work this could

Figure 5. Pre-steady state EPR spectroscopy of Bam(BC)2. (a) MHQ EPR spectra recorded at 45 K at the time points as indicated. (b) MHQ EPR
spectra recorded at 15 K. (c) Time-dependent relative intensities of specific EPR signal features. Solid lines and filled symbols on the left panel
represent data from MHQ EPR spectra; dotted lines and hollow symbols represent data from RFQ EPR spectra. (Inverted green triangle) MHQ
EPR spectra of W(V) at g = 1.964, (solid blue circle) MHQ spectra of the isotropic radical species at g = 2.007, (orange square) MHQ spectra of
the feature at 2.037 assigned to the magnetically interacting BamB [4Fe−4S]+ cluster, (inverted green triangle) RFQ EPR spectra of W(V) at g =
1.964, (blue circle) MHQ spectra of the isotropic radical species at g = 2.007. All spectra were measured at 9.405 GHz microwave frequency with 5
mW power, 0.3 mT (45 K) or 0.6 mT (15 K) modulation amplitude and 100 kHz modulation frequency.
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in principle also be accomplished by one reduced pyranopterin,
the resulting product bound state would be much lower in
energy, thereby creating a substantial energy barrier for the
initiation of a new catalytic cycle. In summary, the unusual
tetrahydro state of both pyranopterins reflects the unusual low-
potential one-electron transfer chemistry during enzymatic
Birch reduction that is not required for other members of the
DMSOR and AOR family.

■ CONCLUSIONS
Considering the harsh conditions of the Birch reduction of
arenes to cyclic dienes, mechanistic insights into enzymatic
solutions for such a process are of great importance. In this
work, we provide direct EPR spectroscopic evidence for a
Birch-like mechanism of enzymatic reduction of a benzenoid
moiety to a conjugated cyclic diene. The identification of a
catalytically competent W(V)−OH species along with a radical
intermediate is in full agreement with structure- and
computation-based predictions. Although the delocalization
of the radical intermediate precludes detection at a defined
center, a body of evidence supports that it is a true reaction
intermediate during enzymatic Birch reduction: (i) The
isotropic radical species appeared only in the presence of
1,5-dienoyl-CoA (reverse reaction), but never with any
artificial reductant. (ii) It is kinetically competent and appeared
in parallel to the W(V) species and a [4Fe−4S]+ cluster. It was
maximally developed after approximately 1/12 of a single
turnover. (iii) It accumulates eightfold in the His260Asn
mutant. In this mutant with only 4% of wild-type activity,
proton-assisted second electron transfer to the radical
intermediate becomes rate-limiting resulting in the observed
accumulation of the latter.
In the biological solution for a Birch reduction of aromatic

rings, unfavorable true single electron transfers far outside the
biological redox window have to be circumvented. In class II
BCRs, this is achieved in two different manners for the two
individual electron transfer steps per reaction cycle. The first
electron is transferred as a hydrogen atom from the W(IV)−
OH2 species yielding the W(V)−OH and radical intermediate
identified in this work. This one-electron reduced intermediate
is stabilized over the aromatic ring including the thioester
carbonyl, the entire W-bis-MPT cofactor, and the [4Fe−4S]
cluster in close proximity to the proximal pyranopterin. This
delocalization will largely facilitate the first hydrogen atom
transfer. The second electron transfer is achieved by proton-

assisted electron transfer involving the catalytic His260; its
substitution by an asparagine results in a 25-fold decrease of
activity and an ≈8-fold increase of the radical/W(V) signal
intensities. The unique presence of two pyranopterins in the
reduced tetrahydro conformation in BamB appears to be
crucial for maintaining the experimentally observed reversi-
bility of the reaction and most probably for the extremely low
redox potential of the W(VI/V/IV) transitions.
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