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Abstract

In biology, tungsten (W) is exclusively found in microbial en-
zymes bound to a bis-pyranopterin cofactor (bis-WPT). Previ-
ously known W enzymes catalyze redox oxo/hydroxyl trans-
fer reactions by directly coordinating their substrates or
products to the metal. They comprise the W-containing for-
mate/formylmethanofuran dehydrogenases belonging to
the dimethyl sulfoxide reductase (DMSOR) family and the
aldehyde:ferredoxin oxidoreductase (AOR) families, which
form a separate enzyme family within the Mo/W enzymes. In
the last decade, initial insights into the structure and func-
tion of two unprecedented W enzymes were obtained: the
acetaldehyde forming acetylene hydratase (ACH) belongs to
the DMSOR and the class Il benzoyl-coenzyme A (CoA) re-
ductase (BCR) to the AOR family. The latter catalyzes the re-
ductive dearomatization of benzoyl-CoA to a cyclic diene.
Both are key enzymes in the degradation of acetylene (ACH)
or aromatic compounds (BCR) in strictly anaerobic bacteria.
They are unusual in either catalyzing a nonredox reaction
(ACH) or aredox reaction without coordinating the substrate

or product to the metal (BCR). In organic chemical synthesis,
analogous reactions require totally nonphysiological condi-
tions depending on Hg?* (acetylene hydration) or alkali met-
als (benzene ring reduction). The structural insights ob-
tained pave the way for biological or biomimetic approaches
to basic reactions in organic chemistry.

© 2016 S. Karger AG, Basel

Introduction

With the exception of nitrogenases, the group of Mo
and W enzymes are widely distributed in all domains of
life and catalyze a large variety of oxo- or hydroxyl-group
transfer reactions, thereby mostly acting as oxidoreduc-
tases. All of them bind the transition metal via one or two
pyranopterins with or without a linkage to nucleotides,
and are referred as mono- or bis-molybdopterin (MPT)/
tungstopterin (WPT). Depending on the nature of the co-
factor, the additional proteinogenic or inorganic ligands
at the metal and the overall amino-acid sequence simi-
larities, four different Mo/W enzyme families are dis-
tinguished: the xanthine oxidase (XO), sulfite oxidase
(SO), dimethyl sulfoxide reductase (DMSOR) and alde-
hyde:ferredoxin oxidoreductase (AOR) families. In mem-
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Fig. 1. The bis-WPT cofactor. DMSOR family: X = Cys-SH or Se-
Cys; Y = inorganic O or S atom; R = GMP. AOR family: X = O
(AORs) or Cys-SH (class II BCRs); an additional Y-ligand was not
identified in AORs but is present in class Il BCRs (see fig. 7); R = H.

bers of the XO and SO families, the transition metal is
coordinated by the dithiolene group of a single pyranop-
terin and varying inorganic S/O atoms or a cysteine (SO
family). In the DMSOR and AOR families, the Mo/W at-
oms are always coordinated by four dithiolene sulfur at-
oms of the bis-MPT/WPT cofactors and a large variety of
proteinogenic or inorganic ligands (fig. 1). For recent gen-
eral reviews of Mo/W enzymes see previously published
studies [Bevers et al., 2009; Hille, 2013; Hille et al., 2014;
Pushie et al., 2014; Romao, 2009; Schwarz et al., 2009].

In most cases, Mo/W enzymes have a preference for
either of the respective transition metals [Andreesen and
Makdessi, 2008; L’vov et al., 2002; Pushie et al., 2014;
Rothery and Weiner, 2015]. However, there are also re-
ports on the presence/exchange of both metals in formate
dehydrogenases (FDHs) [Hartmann et al., 2014]. The XO
and SO family members exclusively contain Mo. The
DMSOR family mainly comprises Mo enzymes, but a few
members prefer W over Mo: (a) FDHs from some obli-
gately anaerobic microorganisms [Hartmann etal., 2014];
(b) formylmethanofuran dehydrogenases from various
methanogenic archaea [Vorholt and Thauer, 2002], and
(c) acetylene hydratase (ACH) from strictly anaerobic
bacteria [Seiffert et al., 2007; Ten Brink, 2014]; in the
AOR family, exclusively W enzymes have been found and
include (d) AORs from hyperthermophilic archaea and
mesophilic bacteria with varying specificities for their re-
spective aldehyde substrate [Kletzin and Adams, 1996;
Roy and Adams, 2002], and (e) the recently identified
class II benzoyl-CoA reductases (BCRs) from strictly an-
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Fig. 2. Reactions catalyzed by WPT-containing enzymes. a FDH.
b Formylmethanofuran dehydrogenase (MFR). ¢ AOR. d ACH.
e BCR. a, b, d DMSOR family. ¢, e AOR family. For AORs, the
biological function is rather the oxidation of aldehydes than the
reduction of carboxylic acids (shown in d).

aerobic bacteria [Boll et al., 2014]. With the exception of
ACH, all currently known W enzymes catalyze redox re-
actions at very low standard redox potentials with E*’ val-
ues of —430 mV (FDHs), -560 to -610 mV (AORs) and
-622 mV (BCRs; fig. 2). This property is in line with the
general observation that biologically relevant (IV/V/VI)
redox transitions occur at lower redox potentials in W
than in Mo complexes; consequently, W is generally pre-
ferred over Mo in low-potential redox catalysis [An-
dreesen and Makdessi, 2008; L’vov et al., 2002; Pushie et
al., 2014; Roy and Adams, 2002]. However, there are also
a few exceptions, e.g. the XO family member 4-hydroxy-
benzoyl-CoA reductase catalyzes a reaction at E' <-500
mV [Unciuleac etal., 2004] and a Mo(V/IV) redox transi-
tion at E°’ = =500 mV was determined [Boll et al., 2001].

Almost all Mo/W enzymes catalyze two-electron
transfer redox reactions with ACH as the only exception
catalyzing a ‘true’ nonredox reaction [Hille, 2013; Pushie
et al., 2014]. Notably, the Mo-containing pyrogallol-
phloroglucinol transhydroxylase (DMSOR family) does
not catalyze a net redox reaction; however, the overall re-
action can be divided into two consecutive oxidation/re-
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duction partial reactions [Boll et al., 2005]. The two-elec-
tron redox reactions normally involve oxo- or hydroxo
transfer with the substrate or product being directly co-
ordinated to the Mo/W via an oxygen atom [Hille, 2013;
Pushie et al., 2014]. The only exceptions appear to be W-
containing BCRs, which contain an occupied W ligation
shell without the option of additional substrate or prod-
uct binding [Weinert et al., 2015].

In this review, we summarize our current knowledge
of ACH and class II BCR, two bis-WPT-containing en-
zymes that have only recently been studied in detail. The
biochemical, structural and mechanistic data obtained
provide initial insights into their intricate reactions and
expand our knowledge of the variability of Mo-/W-de-
pendent catalysis in biology.

Acetylene Hydratase

Biological Function of ACH

Acetylene (C,H,) is well known as an inhibitor of mi-
crobial processes. It can interact with the active site of
numerous metal-dependent enzymes, such as nitroge-
nase, hydrogenase, ammonia monooxygenase, methane
monooxygenase, assimilatory nitrate reductase or nitrous
oxide reductase [Hyman and Arp, 1988]. Acetylene is a
minor trace gas in today’s Earth atmosphere and can be
used as carbon and energy source by distinct microorgan-
isms [Abbasian et al., 2015; Oremland and Voytek, 2008].
The W and Fe-S enzyme ACH was originally discovered
from Pelobacter acetylenicus by Schink [1985] (EC
4.2.1.112) and studied in great detail over the past three
decades. ACH is a hydrolyase, it catalyzes the addition of
one molecule of water to the C=C triple bond of acetylene
to form acetaldehyde, which is then further converted to
ethanol and acetate (equations 1, 2):

C,H, + H,0 —» CH;CHO AG,' =-111.9 k] per mol acet-
aldehyde (1)

The subsequent disproportionation of acetaldehyde to
ethanol and acetate yields by far less energy, but is still
exergonic:

2 CH3CHO + HzO i CH3CH20H + CH3COO_ + H*
AG,’ = -17.3 kJ/mol acetaldehyde )

Clearly, the conversion of C,H, by ACH is distinct
from the only other known enzymatic reaction of acety-
lene, the reduction to ethylene (C,H,) by nitrogenase
[Stewart et al., 1967]. Notably, the addition of one mole-
cule of water to C,H, is formally not a redox reaction;

Unusual Tungsten Enzymes

however, ACH activity depends on the presence of a
strong reducing agent, e.g. Ti(III) citrate or Na* dithion-
ite [Meckenstock et al., 1999]. Cyanide (CN~) as well as
nitric oxide (NO) act as inhibitors; organic nitriles (R-
CN) and isonitriles (R-NC) did not react with ACH, nei-
ther did propine (CH3;C=CH) nor structurally related
compounds, such as HOOC-C=CH, HOOC-C=C-
COOH or HOCH,-C=CH [Seiffert, 2007].

General Properties

ACH from P. acetylenicus is so far the only ACH that
has been purified and studied by biochemical, spectro-
scopic, crystallographic and computational methods. The
first purification of ACH was published in 1995 [Rosner
and Schink, 1995], followed by a high-resolution crystal
structure [Seiffert et al., 2007] and heterologous expres-
sion and site-directed mutagenesis of several amino acids
located at the active site [Ten Brink et al., 2011]. ACH was
isolated from the soluble fraction of P. acetylenicus cells
as a monomer [73 kDa/SDS-PAGE; 83.5 kDa/MALDI
mass spectrometry (MS)]. Activity of ACH depended on
the presence of tungstate, or molybdate, in the growth
media. Maximum activity of the enzyme reduced with
2 mM Ti(III) citrate was observed at pH 6.0-6.5, the tem-
perature optimum was around 50°C [2 mM Ti(III) citrate;
pH 7.0], and the K, for acetylene was 14 uM [Rosner and
Schink, 1995].

ACH is a member of the DMSOR family based on its
amino acid sequence and its crystal structure. When puri-
fied under N,/H, (94/6% v/v) atmosphere, it contains
0.4-0.5 mol W/mol enzyme and 3.7-3.9 mol Fe/mol en-
zyme (inductively coupled plasma MS) [Meckenstock et
al., 1999; Rosner and Schink, 1995; Ten Brink et al., 2011],
and the bis-WPT-guanine-dinucleotide cofactor. When
isolated under N,/H, (94/6% v/v) atmosphere, ACH was
silent in electron paramagnetic resonance (EPR) spectro-
scopic analysis; EPR spectra of the enzyme reduced with
dithionite showed the typical signal of alow-potential fer-
redoxin-type [4Fe-4S]*! cluster (g, = 2.048, g, = 1.939,
gx = 1.920 [Meckenstock et al., 1999]). Upon oxidization
of ACH with one equivalent hexacyanoferrate(III)
{[Fe(CN)4]*}, the spectra revealed the signal of a W(V)
center (g, =2.007, g, =2.019, g, = 2.048). The dependence
of ACH activity on the applied redox potential was inves-
tigated by potentiometry, giving a standard midpoint po-
tential of ~410 mV for the [4Fe-4S] cluster [Meckenstock
etal., 1999]. The enzyme activity had a midpoint potential
around -340 mV, indicating that ACH was active in the
W(IV) state, whereas the redox state of the iron-sulfur
center appeared to be less important for enzyme activity.
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Fig. 3. X-ray structure of ACH of P. acetylenicus (1.26 A resolution). a Overall structure. b Active site showing
the W center, the nearby [4Fe-4S] cluster and the crucial residue Asp13 (D13). ¢ Active site showing the hydro-
phobic pocket responsible for substrate binding. PDB ID code 2E7Z [Seiffert et al., 2007].

Notably, a Mo-dependent active form of ACH could
be obtained from P. acetylenicus; activity with both Mo or
W has also been demonstrated for another member of the
DMSOR family [Stewart et al., 2000]. Growth of P. acety-
lenicus in medium containing only trace amounts of
tungstate (2 vs. 800 nM in the original tungstate medium)
and elevated amounts of molybdate (2 uM vs. 6 nM) led to
a Mo form of ACH (ACH-Mo) which was 10 times less
active than the original ACH-W but still converted acety-
lene to acetaldehyde at a rate of 1.9 versus 14.8 pmol/
min/mg of the original ACH-W. ACH-Mo contained
0.45-0.51 mol Mo/mol enzyme and 2.7-3.1 mol Fe/mol
enzyme; W was absent. The EPR spectrum of ACH-Mo,
as isolated in the absence of dioxygen, showed a weak sig-
nal from a Mo(V) center (g, =1.978, g, =1.99, g, = 2.023),
which increased in size upon addition of [Fe(CN)4]*~. Di-
thionite reduced samples of ACH-Mo revealed again the
signal of the ferredoxin-type [4Fe-4S] cluster as found in
ACH-W. Furthermore, only minor differences in the cir-
cular dichroism spectroscopy data of the two forms of
ACH were detected. Attempts to replace W by V failed
[Abt, 2001; Ten Brink, 2010].

Structural Properties of ACH

A first high-resolution X-ray structure (1.26 A) of
ACH was published in 2007 (PDB ID 2E7Z) [Seiffert et
al., 2007]. The crystallization of ACH was achieved under
a N,/H; (94/6% v/v) atmosphere at 20°C using the sitting
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drop vapor diffusion method [Einsle et al., 2005]. Despite
the minor differences in the circular dichroism spectros-
copy data of ACH-W and ACH-Mo, only the former
formed protein crystals suitable for X-ray analysis.

Overall Structure

ACH is a monomer of 730 amino acids, containing a
bis-WPT guanine dinucleotide cofactor moiety and a
[4Fe-4S] cluster. The two cofactors are buried deep inside
a four-domain fold, as typically observed for enzymes of
the DMSOR family (fig. 3a) [Seiffert et al., 2007, 2008].
Domain I (residues 4-60) harbors the [4Fe-4S] cluster,
ligated by the four cysteine residues Cys9, Cys12, Cys16
and Cys46. Domains II (residues 65-136 and 393-542)
and III (residues 137-327) have an afa-fold with homol-
ogies to the NAD-binding fold of dehydrogenases. Each
of these two domains provides hydrogen bonds, required
to bind one of the WPT guanine dinucleotides (generally
referred to as MGD, MPT guanine dinucleotide), as they
are identical in Mo- or W-containing cofactors of the
DMSOR family). The interactions are mainly provided by
variable loop regions at the C-terminal ends of the strands
of a parallel B-sheet. The coordination of the two MGD
cofactors is completed by domain IV (residues 590-730),
which consists mainly of a seven-strand (-barrel fold
[Seiffert et al., 2007].

The overall structure of ACH and the position of the
cofactors, with the two MGDs (referred to as MGDp and
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MGDy,) in an elongated conformation and the [4Fe-4S]
cluster close to the MGD, are similar to all other struc-
tures of members of the DMSOR family published so far.
However, the access from the surface of the protein to-
wards the active site, consisting of the W center coordi-
nated by the two MGDs with the [4Fe-4S] cluster in close
proximity, is unique for an enzyme of the DMSOR fam-
ily. In all structures of this family of enzymes published
so far, the access funnel starts at the pseudo twofold axis
between domains II and III. A shift in the loop region of
residues 327-335 towards the surface of the protein and
further rearrangements of the residues 336-393 block
this entrance in ACH. In other enzymes, e.g. nitrate re-
ductases and FDHs, this loop region separates the [4Fe-
48] cluster from the Mo/W site. In ACH, the shift of this
loop opens a new access funnel towards the W center at
the intersection of domains I, IT and II1, allowing the sub-
strate to approach the W site from a completely different
direction compared with other enzymes of the DMSOR
family [Seiffert et al., 2007].

The Active Site

While the overall fold of ACH is remarkably similar to
those observed in the enzymes of the DMSOR family, ma-
jor structural rearrangements are found at the active site.
The W center in its reduced W(IV) state is coordinated
by the four sulfur atoms of the dithiolene moieties of the
Pygp and Quigp cofactors, and by one sulfur atom of a
cysteine residue (Cys141). The sixth ligand position is oc-
cupied by a tightly coordinated oxygen atom at a distance
of 2.04 A from the W ion. Due to a rotation of the Pygp
cofactor, the geometry of the coordination in ACH is not
square pyramidal or trigonal prismatic, as typically found
in enzymes of this family [Dobbek and Huber, 2002], but
resembles more an octahedral or trigonal antiprismatic
coordination geometry (fig. 3b) [Seiffert et al., 2007].

The access funnel opened by a shift in the loop region
of residues 327-335 ends in a ring of six bulky hydropho-
bic residues (Ile14, Ile113, Ile142, Trp179, Trp293 and
Trp472) that form a small hydrophobic pocket directly
above the oxygen ligand and an adjacent aspartate residue
(Asp13; fig. 3c). Aspl3, a direct neighbor of the [4Fe-4S]
coordinating Cys12, forms a tight hydrogen bond of 2.41
A to the oxygen ligand of the W ion. Although it has not
yet been possible to solve a crystal structure with acety-
lene or an inhibitor bound, an acetylene molecule docked
computationally to the ACH structure gave an excellent
fit in the pocket of the hydrophobic ring with its carbon
atoms positioned directly above the oxygen ligand and
the carboxylic acid group of Asp13 [Seiffert et al., 2007].

Unusual Tungsten Enzymes

Fig. 4. Variants of ACH. Biochemically characterized variants
(D13A, DI13E, K48A, C141S and 1142A) are marked in red; the
variant W472A (marked in orange) could not be isolated [Ten
Brink, 2010; Ten Brink et al., 2011].

The nature of the oxygen ligand of the W center is cru-
cial for deriving the ACH reaction mechanism. The bond
length of 2.04 A observed in the X-ray structure was be-
tween the values expected for a hydroxo ligand (1.9-
2.1 A) and a coordinated water molecule (2.0-2.3 A). Seif-
fert et al. [2007] chose a water molecule, since the close
proximity of the heavy scatterer W may distort the dis-
tance observed in the X-ray data by Fourier series termi-
nation and a simulation of this effect resulted in a true
ligand distance of 2.25 A.

Site-Directed Mutagenesis and Mechanistic Aspects

The development of a successful protocol for the het-
erologous expression of ACH in Escherichia coli allowed
for site-directed mutagenesis studies [Ten Brink et al.,
2011]. Overall, when related to its W content, the activity
of the heterologously produced ACH was nearly identical
to that of the native enzyme purified from P. acetylenicus.
Three amino acids at the active site were exchanged
by site-directed mutagenesis: Aspl3, Lys48 and Ile142
(fig. 4). Asp13 forms a hydrogen bond to the oxygen li-
gand (OH™ or H,O) of the W center and is assumed to be
catalytically important in the sense that it activates the
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oxygen atom for the addition to the C=C triple bond. The
mutation of Asp13 to alanine (D13A variant) resulted in
a dramatic loss of activity (0.2 vs. 2.6 umol/min/mg; wild
type), while the mutation of Asp13 to glutamate (D13E
variant) had little effect (2.5 umol/min/mg). These results
underline the important role of the carboxylic acid group,
as discussed below.

Residue Lys48 is located between the [4Fe-4S] cluster
and the MGD, cofactor (fig. 3, 4). In other enzymes of the
DMSOR family, this residue is involved in electron trans-
fer between the two cofactors [Dobbek and Huber, 2002].
As expected given that the reaction of ACH does not in-
volve net electron transfer, the exchange of Lys48 against
alanine did not affect catalysis.Finally, Ile142 is part of the
hydrophobic pocket that is expected to form the sub-
strate-binding cavity at the end of the access tunnel to-
wards the active site (fig. 3, 4). Its mutation to alanine
resulted in a strong loss of activity, in support of the idea
that the cavity within the hydrophobic ring is the sub-
strate-binding site of ACH. However, until now, numer-
ous experiments to locate the binding of the substrate
acetylene in crystallography or by spectroscopic methods
have not been successful [Seiffert, 2007; Ten Brink, 2010].

Computational Studies

The mechanism of ACH has been investigated in sev-
eral computational studies [for review, see Ten Brink,
2014]. One important prerequisite for calculating an ac-
curate mechanism is the correct assignment of the pro-
tonation state of the active site residues. This is best done
by electrostatic calculations [Bashford and Karplus,
1990; Ullmann and Knapp, 1999]. In these calculations,
the shift of the protonation energy of a titratable residue
due to the protein environment compared to the proton-
ation energy of a titratable group free in aqueous solution
is calculated using the Poisson-Boltzmann equation
[Ullmann and Bombarda, 2014]. The shift in proton-
ation energy is caused by two effects: (i) the protein en-
vironment can stabilize, or destabilize, charged groups
by specific interactions such as hydrogen bonds or salt
bridges, and (ii) the titratable group resides in a different
solvation environment within the protein compared to
the situation of an isolated titratable group in aqueous
solution. In fact, in the protein, the titratable group is at
least partially shielded from the solvent, which lowers the
reaction field stabilization and thus destabilizes the
charged state of the titratable group. However, a protein
has usually several interacting titratable groups. In order
to obtain a titration of a particular group, the proton-
ation probability has to be calculated by a thermodynam-
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ic average over all possible protonation states of the pro-
tein [Bashford and Karplus, 1990], which can be achieved
by a Monte Carlo averaging for large proteins [Beroza et
al., 1991; Ullmann and Ullmann, 2012]. If two or more
groups interact strongly and titrate in the same pH range,
the corresponding titration curves can adopt a nonsig-
moid shape [Klingen et al., 2006]. In extreme cases, even
nonmonotonic titration curves can be observed [Onu-
friev et al., 2001; Sudmeier and Reilley, 1964]. This be-
havior can be interpreted as a pH dependence of the pro-
tonation energy, and thus the pK, value, of a particular
group in the protein [Bombarda and Ullmann, 2010].
Such a pH-dependent protonation energy can, however,
also be found for residues that titrate at very different pH
but interact strongly. A consequence of this finding is
that a pK, value that is read from the midpoint of a pH
titration curve of a group cannot always be associated
with a defined protonation energy. Instead, the proton-
ation energy has to be considered pH dependent if sev-
eral titratable groups interact strongly [Ullmann and
Bombarda, 2013].

One remarkable result of the calculated titration curves
for ACH was the finding that the COOH group of Asp13,
which is located right at the active site of the enzyme close
to the W center (fig. 3, 4), did lose its proton at high pH
[Seiffert et al., 2007]. A free energy calculation of the pro-
tonation energy indicates that the protonated state of
Aspl13 is stabilized by about 9 kcal/mol at pH 7 [Ullmann,
unpubl. results]. This finding is not too surprising, since
the active site is very well shielded from the solvent which
would destabilize the negatively charged (i.e. deproton-
ated) state of Asp13. Moreover, the electrostatic potential
at the active site is already overall negative due to the pres-
ence of the W center [charge of -1 due to the oxidation
state W(+IV) and five negatively charged sulfur ligands]
and the reduced iron sulfur cluster (which has a total
charge of -3). In another theoretical study, Liao et al.
[2010] estimated a pK, value of 6.3 for Aspl3 using
PROPKA [Bas et al., 2008]. However, the PROPKA algo-
rithm used does not take into account either the charge
effect of the W center nor that of the iron sulfur cluster,
which will most likely lead to an underestimation of the
pK, value of Asp13.

The crystal structure of ACH solved at high resolution
suggests two alternative reaction mechanisms [Seiffert et
al.,, 2007]. Depending on the nature of the oxygen ligand
of the W center (OH™ or H,O), either a nucleophilic ad-
dition of H,O to the acetylene C=C triple bond or an elec-
trophilic Markovnikov-type addition has been proposed.
Notably, in both suggested mechanisms, the substrate
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acetylene does not interact directly with the W ion, but is
located in the pocket formed by a hydrophobic ring inter-
acting with the oxygen ligand which is activated by the
W(IV) center and Asp13. The crystal structure favors the
coordination of a water molecule over the coordination
of a hydroxo ligand, due to a W-O bond distance of about
2.25 A. A bound water molecule could gain a partially
positive net charge by the proximity of the protonated
Asp13, turning it into an electrophile that could directly
attack the C=C triple bond. In several computational
studies [for review, see Ten Brink, 2014], this second shell
mechanism was investigated. However, in all studies only
reaction pathways with unrealistically high barriers were
obtained. Therefore, different mechanisms were suggest-
ed for ACH based on these computational studies involv-
ing a direct binding of the substrate acetylene to W. Es-
pecially in the work of Liao et al. [2010], a mechanism
with reasonably low barriers was suggested. Notably,
Asp13 was assumed to be deprotonated in these calcula-
tions, most likely an unrealistic assumption as discussed
above. In the mechanism proposed by Liao et al. [2010],
acetylene forms a n*-complex with the W ion by displac-
ing the water ligand. The energy barrier for this step was
not calculated in this study. The water molecule that was
displaced by acetylene attacks the n*-acetylene complex
forming a vinyl anion, and a water proton is transferred
to the Asp13 carboxylate group. In a subsequent step, the
resulting vinyl anion is protonated by Asp13 yielding the
corresponding vinyl alcohol. The tautomerization of the
vinyl alcohol to acetaldehyde most likely occurs sponta-
neously in solution after the release from the active site or
even at the active site. In any case, this latter reaction will
proceed spontaneously with alow energy barrier, perhaps
with the assistance of water and Asp13 in case this reac-
tion occurs at the active site. The mechanism that was
found by pure QM cluster calculations [Liao et al., 2010]
was recently also investigated by QM/MM calculations
[Liao and Thiel, 2012, 2013], which led to similar conclu-
sions.

Even though the mechanism involving a n*-complex
of acetylene with W may appear plausible, a direct or in-
direct proof of this mechanism is still lacking. Different
reaction pathways that have not been discovered yet may
exist. Moreover, the transition barrier for the replace-
ment of water by acetylene has not been calculated yet. In
the energetic considerations, it must also be considered
that the concentration of water is much higher than that
of acetylene. A crucial point in the understanding of the
mechanism of ACH will be the determination of the pro-
tonation state of Asp13. Thus, more theoretical and ex-
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perimental work will be required before the quest for the
mechanism of ACH can be considered to be finished [Ten
Brink, 2014].

Distribution of ACH-Related Enzymes

The genus Pelobacter comprises strictly anaerobic fer-
menting, Gram-negative Deltaproteobacteria. The best in-
vestigated species within this genus are Pelobacter carbino-
licus and P. acetylenicus. The genome of P. carbinolicus has
been sequenced; this organism is closely related to P. acet-
ylenicus. Pelobacter species feed only on a narrow substrate
range. P. carbinolicus and P. acetylenicus degrade acetoin,
2,3-butandiol, ethylene glycol (P. carbinolicus) or acetylene
(P. acetylenicus) in pure culture, or ethanol in coculture
with a syntrophic partner. The metabolism of all these sub-
strates includes acetaldehyde as central intermediate,
which was proposed to be the ecological specialization or
niche of these bacteria [Schink, 2006; Schmidt et al., 2014].

In principle, the electron-rich C=C triple bond and the
excellent solubility in water make acetylene a suitable
substrate for microorganisms. The first report on bacteria
living with acetylene was published as early as 1932
[Birch-Hirschfeld, 1932]. Almost 50 years later, Norcadia
rhodochrous was aerobically grown with acetylene as sole
source of carbon and energy in the presence of dioxygen;
in addition, ACH activity was detected in cell-free ex-
tracts from Rhodococcus A1 grown with acetylene under
fermentative conditions [de Bont and Peck, 1980; Kanner
and Bartha, 1979]. Anaerobic oxidation of acetylene to
CO, was found in enrichment cultures from estuarine
sediments. Two groups of bacteria were identified: (i) fer-
menting bacteria converted acetylene to acetaldehyde,
which they transformed to acetate and ethanol, and (ii)
sulfate-reducing bacteria further oxidized both ethanol
and acetate to CO, [Culbertson et al., 1988]. According to
these authors, the morphology of the bacteria was similar
to that of P. acetylenicus [Schink, 1985]. Rosner et al.
[1997] described aerobic acetylene-degrading bacteria
from soil samples. Two isolates were assigned to the spe-
cies Rhodococcus opacus, two others to Rhodococcus ruber
and Gordonia sp. ACH activity was present in cell-free
extracts of R. opacus and required Ti(III) citrate, whereas
in experiments with cell-free extracts of R. ruber and Gor-
donia sp. no reductant had to be added. However, cross
reactivity with antibodies raised against ACH from strict-
ly anaerobic fermenting organism P. acetylenicus was not
found, and the authors concluded that ACHs represent a
biochemically heterogeneous group of enzymes. In this
context, when performing activity or microbial growth
experiments with commercially available acetylene gas,
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one should recall that this gas usually contains acetone.
In growth experiments with the aerobic strain MoAcy2
(Gordonia alkanivorans), a zinc-dependent enzyme (M,
40 kDa) could be enriched from cell extracts which ap-
peared to be an oxygen-tolerant ACH. However, when
using purified acetylene gas (grade 2.6; passage through
concentrated sulfuric acid) [Hyman and Arp, 1988], for-
mation of acetaldehyde from acetylene was no longer ob-
served [Fischer et al., unpubl. results].

Recently, a more systematic survey was conducted on
the presence of ACH activity. Anoxic samples from
chemically diverse field sites were assayed for their ability
to consume acetylene. Over incubation periods of 10-80
days, selected samples from 7 of the 13 tested sites dis-
played significant C,H, removal. No significant forma-
tion of ethylene was noted in these incubations, and C,H,
consumption was attributed to ACH rather than to nitro-
genase activity. The lag phase was explained by selecting
and enriching bacteria that thrive on acetylene. This
would mean that acetylene-fermenting bacteria were
rather scarce in the original samples. Furthermore, the
authors tried to amplify genes coding for ACH from DNA
extracted from the sediment and water samples. The use
of primers synthesized from the ACH gene of P. acetyle-
nicus resulted in 63 PCR products out of 645 environ-
mental samples (9.8%). Since ACH-like genes could not
be amplified in all samples exhibiting ACH activity, it was
argued that the primer may have been overly specific for
the ACH gene of P. acetylenicus [Miller et al., 2013]. Ear-
ly BLASTP searches showed that ACH isolated from P.
acetylenicus had the highest similarity to a putative MPT
oxidoreductase of the hyperthermophilic archaeon Ar-
chaeoglobus fulgidus (protein accession No. NP_070031);
the sequence identity was about 35%. Five of the 15 cys-
teine residues of ACH were highly conserved and 4 of
them showed a sequence motif [C-x-x-C-x-x-x-C-(x),-
C], representing a motif for a [4Fe-4S] site. In view of the
results of the BLASTP searches, A. fulgidus was tested for
ACH activity at 80°C using the thermostable alcohol de-
hydrogenase from Sulfolobus solfataricus. Neither the
crude extract nor partially purified fractions from A. ful-
gidus showed any significant ACH activity [Abt, 2001].

Class Il Benzoyl-CoA Reductase

Biological Function of BCRs

For along time, it had generally been accepted that the
complete degradation of aromatic compounds requires
molecular oxygen as cosubstrate for ring hydroxylation
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and cleavage catalyzed by mono- and dioxygenases. How-
ever, in the past decades, an increasing number of aro-
matic compound-degrading anaerobes have been isolat-
ed from sediments of rivers, lakes, seas or aquifers con-
taminated with aromatic compounds. These facultative
or obligate anaerobes belong to nearly all physiological
classes, including denitrifying, metal oxide-respiring, sul-
fate-reducing and fermenting bacteria, as well as bacteria
with an anoxygenic photosynthesis [Boll et al., 2014; Car-
mona et al.,, 2009; Fuchs et al., 2011].

In anaerobic bacteria, the vast majority of monocyclic
aromatic growth substrates are converted to the central
intermediate benzoyl-CoA by channelling reactions of
the peripheral catabolism. Benzoyl-CoA or analogues
with hydroxy, methyl or halogen substituents at the
ring serve then as substrates for dearomatizing reductases
that reduce the benzene moiety to the cyclic, conjugat-
ed cyclohexa-1,5-diene-1-carbonyl-CoA (dienoyl-CoA;
fig. 2e) or analogs with substituents of it [Boll, 2005; Boll
etal., 2014; Buckel etal., 2014; Carmona et al., 2009; Fuchs
etal., 2011]. The two-electron reduction of aromatic rings
to cyclic dienes is known as a basic reaction in organic
chemical synthesis referred to as Birch reduction [Birch,
1944; Zimmerman, 2012]. It uses alkali metals dissolved
in ammonia to form solvated electrons as donors; alco-
hols serve as weak proton source. It proceeds in single
electron transfer and protonation step with the first elec-
tron transfer forming a highly reactive radical anion tran-
sition state. Considering the nonphysiological conditions
of Birch reductions, it was surprising that such a reaction
can be accomplished in a biological environment [Buckel
et al., 2014; Kung et al., 2010; Mobitz and Boll, 2002].

The reduction potential of the benzoyl-CoA/dienoyl-
CoA couple is with E* = -622 mV among the most nega-
tive ones known in biology [Kung et al., 2010]. This low
two-electron reduction potential can be rationalized by
the resonance-stabilized aromatic m-electron system. As
there is no common biological electron donor providing
electronsat E* < -500 mV, reductive benzoyl-CoA dearo-
matization has to be coupled to an exergonic reaction.
There are two different solutions for this thermodynamic
problem, realized by two different classes of BCRs. The
class I and II BCRs differ fundamentally in their amino
acid sequence, molecular architecture and cofactor con-
tent, but most surprisingly, both yield the identical con-
jugated dienoyl-CoA product (fig. 2e).

The class I BCR was identified and isolated from the de-
nitrifying Thauera aromatica in 1995 [Boll and Fuchs,
1995]; it couples the endergonic reduction of benzoyl-CoA
to dienoyl-CoA by a reduced ferredoxin to a stoichiometric

Boll/Einsle/Ermler/Kroneck/Ullmann

Bayreuth

16 9:45:42 AM


http://dx.doi.org/10.1159%2F000440805

2H, HdrA “

FAD

4 H*
2[4Fe-45]
4C
2[4Fe-4S]
[4Fe-4S]
[4Fe-45]

~

[4Fe-45)

CoM-5-5-CoB + 2 H+

E*=-140 mV
a

Fd E‘=-500 mV E*“=-622 mV

HS-CoM + HS-CoB

I - -500 mv

Fdred

2[4Fe-4S]
4C

2[4Fe-45) EamD

[4Fe-45)

[4Fe-45]
[4Fe-45]

BamH

2-3x [4Fe-45]

FAD

Bami
1x [2Fe-25]
2x [4Fe-4S]

b E* =-320 mV VLS

NADH + H*

Fig. 5. Schematic subunit architecture/cofactor contents of the hy-
drogenase/heterodisulfide reductase complex and class I benzoyl-
CoA reductase. The interaction of individual components has not
been experimentally verified. Subunits depicted in similar colors
and sizes indicate amino acid sequence identities >30%. a Compo-
nents of hydrogenase/heterodisulfide reductases from hydrogeno-
trophic methanogenic archaea. Light blue = Subunits of methyl
viologen-reducing hydrogenase (MvhAGD); green = subunits of
heterodisulfide reductase (HdrABC). b Components of class II
benzoyl-CoA reductase (BamBCDEFGHI). Light blue = Compo-
nents with similarities to MvhGD; green = components with simi-
larities to HdrABC; red = active site component similar to AORs;
dark blue = components similar to soluble subunits of complex I

ATP hydrolysis (two ATP for the transfer of two electrons
[Boll et al., 1997]). Class I BCRs have been found in facul-
tatively anaerobic bacteria and in the aromatic compound
degrading archaeon Ferroglobus placidus [Holmes et al.,
2012; Schmid et al., 2015]. It belongs to the recently intro-
duced BCR/HAD family of radical enzymes that drive low-
potential single electron transfer steps to a stoichiometric
ATP hydrolysis; they usually contain exclusively [4Fe-4S]
clusters as cofactors [Buckel et al., 2014]. Almost 15 years
later, an ATP-independent class II BCR was identified as a
novel member of the AOR family of bis-WPT-containing
enzymes; they appear to be present only in obligately an-
aerobic bacteria [Kung et al., 2009; Loffler et al., 2011].

Unusual Tungsten Enzymes

(e.g. NuoEFG of E. coli). So far, only the BamBC components from
G. metallireducens have been isolated. For the hydrogenase/het-
erodisulfide complex, a flavin-based electron bifurcation has ex-
perimentally been verified in which endergonic ferredoxin (Fd)
reduction by H, is driven by the exergonic reduction of the het-
erodisulfide using the same donor. For class II BCR, an analogous
flavin-based electron bifurcation is predicted, in which the ender-
gonic reduction of benzoyl-CoA by reduced ferredoxin is coupled
to the exergonic reduction of NAD(P)* using the same donor. In
both, hydrogenase/heterodisulfide reductase and benzoyl-CoA re-
ductase an FAD bound to HdrA/BamE is considered as electron
bifurcation cofactor. The 4 C depicted in HdrA means a motif of
cysteins conserved with heterodisulfide reductases/BamEs.

General Properties of Class II BCR

Proteomic and transcriptomic analyses of the Fe(III)-
respiring Geobacter metallireducens identified a benzo-
ate-induced cluster of eight genes, referred to as bam-
BCDEFGHI (benzoic acid metabolism) [Wischgoll et al.,
2005]. The corresponding BamBCDEFGHI complex is
proposed to have a modular composition (fig. 5b) [Boll et
al., 2014]. BamB shows up to 33% amino acid sequence
identities to members of the AOR family of W enzymes,
and was predicted to contain the site of benzoyl-CoA re-
duction. The BamCDEF components show sequence
identities to components of heterodisulfide reductases
and Fj-independent hydrogenases of methanogens
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(BamCDE, 40-46%; N-terminus of BamF, 55%). They are
predicted to contain flavins, numerous FeS clusters and a
selenocysteine (BamF). Finally, the putative BamGHI
subunits are similar to NADH binding, and flavin/FeS
cluster-containing components of NADH:quinone oxi-
doreductases (e.g. 24-41% to NuoEFG components from
E. coli). It is predicted that the BamDEFGHI components
are involved in a flavin-based electron bifurcation process
to accomplish endergonic electron transfer from a low-
potential external donor, such as reduced ferredoxin, to
the active site [Boll et al., 2014]. This assumption is based
on the in vitro evidence for such a flavin-based electron
bifurcation in the homologous heterodisulfide-reduc-
tase/hydrogenase complex in hydrogenotrophic metha-
nogenic archaea [Buckel and Thauer, 2013]. In Methano-
thermobacter marburgensis, the endergonic reduction of
ferredoxin (E' = -500 mV) by H, (E*' = -414 mV) is driv-
en by the coupling to the exergonic reduction of the CoM-
S-S-CoB disulfide (B = -140 mV) [Costa et al., 2010;
Kaster etal.,2011]. The HdrA component of this complex
is similar to BamE, and both are predicted to harbor the
electron-bifurcating FAD cofactor. In case of class II
BCR, reduction of benzoyl-CoA (E°' = -622 mV) at the
active site BamB by an external donor, e.g. a reduced fer-
redoxin (E* = -500 mV) could be coupled to the exer-
gonic reduction of a second acceptor, e.g. NAD", at the
predicted NAD*-binding BamGHI module (fig. 5b).

Initial attempts to isolate the predicted BamBCDEEF-
GHI complex failed. However, when extracts of G. metal-
lireducens grown with benzoate and Fe(III) citrate were
treated with 500 mM KCl, a dissociation of the active site
BamBC components from the predicted holo enzyme
complex was accomplished [Kung et al., 2009]. Based on
this protocol, a 185-kDa complex composed of the 73-
and 20-kDa BamB and BamC with a Bam(BC), architec-
ture was isolated by five chromatographic steps. Predic-
tions from amino acid sequence comparisons, metal anal-
yses and EPR spectroscopy gave rise to the presence of
one bis-WPT cofactor, four [4Fe-4S] clusters (one bound
to BamB and three to BamC) and a Zn?* per BamBC
[Kung et al., 2009].

Kinetic Properties of Class II BCR

Initial attempts to determine a benzoyl-CoA reduction
activity of the BamBC-complex in the absence of the pu-
tative electron-bifurcating BamDEFGHI components
were not successful, even in the presence of low-potential
artificial electron donors such as sodium dithionite or
Ti(III) citrate. In contrast, BamBC catalyzed the reverse,
electron acceptor-dependent oxidation of dienoyl-CoA
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to benzoyl-CoA, which was routinely used for testing
BamBC activity [Kung et al., 2009]. First evidence for the
competence of catalyzing the forward reaction was pro-
vided by a BamBC-catalyzed isotope exchange reaction,
in which the formation of 1>C-labeled dienoyl-CoA from
a mixture of ring '*C-labeled benzoyl-CoA and nonla-
beled dienoyl-CoA was observed [Kung et al., 2010]. Lat-
er on, the forward reaction could also be demonstrated by
using a combination of Ti(III) citrate and low-potential
viologens as mediators; in this case, formation of cyclo-
hex-1-ene-1-carboxyl-CoA (monoenoyl-CoA) was ob-
served, suggesting that the dienoyl-CoA formed was fur-
ther reduced by two electrons. The observed formation of
cyclohexanoyl-CoA might be due to a cyclohexanoyl-
CoA dehydrogenase impurity [Kung et al., 2014]. In the
absence of an electron acceptor, BamBC catalyzed the dis-
proportionation of two dienoyl-CoA to benzoyl-CoA
plus cyclohex-1-enoyl-CoA (monoenoyl-CoA). This ac-
tivity can be rationalized by the following reaction se-
quence: (i) two electron transfers to the active site during
the oxidation of dienoyl-CoA to benzoyl-CoA; (ii) ben-
zoyl-CoA/dienoyl-CoA exchange, and (iii) reduction of
the second bound dienoyl-CoA to monoenoyl-CoA. The
low activity and the observed competitive inhibition of
BamBC by monoenoyl-CoA (K; = 0.2 £ 0.02 mM) rather
rules out that this disproportionation reaction plays a
physiological role [Kung et al., 2010].

In the reverse reaction, BamBC was highly specific for
1,5-dienoyl-CoA, whereas numerous alternative dienoyl-
or monoenoyl-CoA analogs were not converted. More-
over, in spite of the similarities to AORs, no oxidation of
aldehydes to carboxylic acids was observed in the pres-
ence of viologens as electron acceptors. In the oxidized
state, BamBC was moderately oxygen sensitive; however,
half-life in air dramatically decreased from =3 h to 0.5
min in the presence of reducing agents such as dithionite
or the dienoyl-CoA product. BamBC was insensitive to
cyanide, which typically inactivates Mo/W enzymes that
contain inorganic sulfur ligands [Kung et al., 2009]. In
contrast, a slight but reproducible activation by 5 mM so-
dium cyanide was observed. Possible explanations for this
stimulatory effect are discussed below.

Structural Properties and Proposed Mechanism of

Class 11 BCR

Opverall Structure

The structure of the Bam(BC), heterotetramer was re-
cently solved by X-ray crystallography in the as-isolated
7Zn**-bound state and in complex with the substrate,
product and the inhibitor monoenoyl-CoA based on an-
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aerobically grown protein crystals [Weinert et al., 2015].
The Bam(BC),-CoA-ester complex structures are essen-
tially identical at the current resolution and therefore
treated as one structural state. The highest resolution of
1.9 A was obtained for the structure of the Bam(BC),-
inhibitor complex, which was used for fold, W center and
substrate binding description. Bam(BC), is built up of
two central subunits BamC contacting each other and two
subunits BamB, each attached to one subunit BamC but
not to each other (fig. 6). This architecture suggests two
catalytically independent active sites for benzoyl-CoA re-
duction. However, it also suggests that the electron sup-
ply to the two W centers in the Bam(BC), complex might
be coupled. Similar as other members of the AOR family,
BamB is composed of three domains [Chan et al., 1995;
Hu et al., 1999] and harbors one bis-WPT cofactor, one
Zn atom and one [4Fe-4S] cluster (fig. 6). The electron-
transferring BamC subunit has a ferredoxin-like fold and
binds three additional [4Fe-4S] clusters. Electrons are
transferred over a total distance of more than 40 A from
the distal [4Fe-4S] cluster of BamC to the active site via
the [4Fe-4S] clusters of BamC and BamB (fig. 6).

W and Zn Binding Sites

Catalysis of BCRs is predicted to occur in a highly hy-
drophobic, encapsulated environment to avoid futile
electron transfer from the generated low-potential W(IV)
electron donor site to solvent-derived protons. In agree-
ment with this assumption, the W center is located in an

Unusual Tungsten Enzymes

essentially aprotic and locked cavity in both the ‘as-isolat-
ed’ and CoA-ester-bound states. It is characterized by a
distorted octahedral coordination shell which completely
shields W and thus prevents binding of an additional li-
gand (fig. 7). W is coordinated to the four sulfur atoms of
the bis-WPT cofactor and two additional ligands. The
fifth ligand is a sulfhydryl sulfur of a highly conserved
cysteine that is missing in AORs; it, therefore, serves as a
distinguishing marker of class I BCRs. A sixth inorganic
ligand of the W atom was identified, the nature of which
is still unclear [Weinert et al., 2015]. The electron density
maps obtained from X-ray structure analysis argue
against monoatomic C/N/O ligands, and are in favour of
an electron-rich sulfur or chloride ligand (fig. 7). In con-
trast, extended X-ray absorption fine-structure (EXAFS)
analyses at the W Ly edge did not support such a sce-
nario. They rather identified, next to the five S atoms, two
backscatterers at distances of 2.0 and around 3.2 A, fitting
perfectly to a linear diatomic ligand such as CN~ or CO.
In this context, it is remarkable that addition of KCN had
a slight but reproducible stimulatory effect on BCR activ-
ity. However, Fourier transform infrared spectroscopy,
which has frequently been used to detect cyanide ligands
bound to Fe atoms in hydrogenases [Pandelia et al., 2010],
were not supportive for a W-C=N bond. Moreover, nu-
merous chemical procedures for detecting cyanide re-
leased from denaturated enzyme failed, probably due to
the concomitant release of a high amount of sulfide from
the [4Fe-4S] clusters. The current discrepancy between
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bis-WPT

Fig. 7. The structure of the W center. The W is coordinated to the
four sulfurs (green) of bis-WPT, one cysteine sulfur and one un-
known inorganic ligand (orange) forming a distorted octahedral
coordination shell. No open binding site for an additional ligand
is present. The contour level of the electron density map is 60.

the X-ray and EXFAS data needs further investigations,
e.g. by studying enzymes from other organisms.

In agreement with inductively coupled plasma MS,
metal analyses and the EXAFS data recorded at the Zn K
edge, the as-isolated Bam(BC), structure reveals a Zn?**
atom 11.5 A away from W and is not directly involved
in the catalytic process (fig. 8). The Zn** atom is tetra-
hedrally coordinated by Glu251, His255, Glu257 and
His260. These residues are invariant in class I BCRs, sug-
gestinga crucial role of the Zn?* site [Weinert etal., 2015].
Indeed, the Zn?" rigidifies a largely irregular polypeptide
segment and contributes to the encapsulation of the ac-
tive site in the absence of a CoA ester substrate. This
shielding property might be essential for protecting the
active site for uncontrolled reactions with protons and
water.
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CoA-Ester Binding

The structures of the Bam(BC),-CoA ester complexes
revealed CoA ester binding inside a long funnel-like
channel of 20 A [Weinert et al., 2015]. CoA ester binding
induces the destruction of the Zn** binding site and the
expulsion of the metal from the enzyme as evidenced by
X-ray structural and EXAFS data from the two conforma-
tional states (fig. 8). In particular, Phe264, Phe323 and
Leu434 that occlude the access to the W center in the ‘as-
isolated’ state are displaced upon CoA ester binding. The
former Zn** ligands are rearranged and form a proton
storage site that connects the C4 of the substrate with the
bulk solvent via a proton transfer pathway. Water mole-
cules cannot reach the substrate in this way, and proton
transfer to the W center is blocked by the substrate (fig. 8).
In addition, the bound CoA ester takes over the task from
the released Zn?* to rigidify the irregular segment. The
presence of two alternative Zn- and CoA ester-bound
states of BCR was experimentally substantiated by kinet-
ic studies demonstrating the inhibitory effect of supple-
mental Zn** with a K; of 6.7 + 0.5 uM [Weinert et al.,
2015]. The mode of inhibition is not purely competitive,
which reflects that Zn** and the CoA ester substrate bind
to different conformations of the enzyme. Due to the usu-
ally submicromolar concentration of 7Zn2* in the cell, the
K4 value in the absence of the competing CoA ester is
considered to be much lower than the K; determined.

The six-membered rings of the CoA esters accurately
fit into a predominantly hydrophobic cavity (fig. 8). The
only hydrophilic residues are His260 and Glu251 that are
positioned at a distance of 3.7/3.0 and 4.7/3.9 A, respec-
tively, apart from C3/C4 of the substrate ring. In particu-
lar, His260 serves most likely as proton donor during sub-
strate reduction. The absence of proton donors near C2
or C6 of the substrate ring explains why the enzymatic
reduction of the aromatic ring yields the thermodynami-
cally favored conjugated 1,5-dienoyl-CoA. In contrast,
the chemical Birch reduction usually proceeds via an
1,4-addition of protons to the aromatic ring resulting in
the nonconjugated product [Zimmerman, 2012].

The six-membered ring cannot bind to the ligand-
shielded W but lies with a distance of 3.7-4.2 A nearly in
van der Waals distance to its inorganic ligand (fig. 8). An-
other feature relevant for catalysis are the interactions be-
tween the thioester carbonyl of the substrate and Gln466-
NE1 and Glu461-OEl, with the carboxylate of the latter
being presumably protonated. Notably, the unfavorable
geometry of the Glu461 side chain prevents a futile full
protonation of the CoA carbonyl that would result in
thioester cleavage. The suggested partial protonation of
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Fig. 8. The as-isolated and CoA ester-
bound states of the Bam(BC), complex.
The superimposed section between the as-
isolated (its C in yellow) and CoA ester-
bound (its C in gray) Bam(BC), structures
is focused on the W and Zn binding sites.
Monoenoyl-CoA is emphasized by a trans-
parent surface representation. X = Un-
known inorganic ligand of W.

the CoA carbonyl is considered to stabilize negatively
charged radical/nonradical intermediates during ben-
zene ring reduction.

Catalytic Mechanism

The recent structural insights obtained shed light on
the catalytic process of the class II BCR. Two scenarios
appear conceivable for class II BCR catalysis: a Birch-like
reduction via single electron transfer steps resulting in
radical ring intermediates and a nucleophilic aromatic
addition presumably via a hydride transfer reaction
[Weinert et al., 2015]. The latter implies that the sixth W
ligand has to act as a regenerative hydride donor. The fol-
lowing points rather argue for a Birch reduction-like
mechanism: (i) The active site of benzoyl-CoA reduction
is designed to separate the electron and proton transfer
events. A proton storage site is implemented between
bulk solvent and the substrate that shuttles protons to the
substrate but blocks the access of water. In the absence of
the substrates, proton access to the active site is also inter-
rupted via Zn** binding. (ii) The placement of the sub-
strate ring C4 between the inorganic bis-WPT electron
donor ligand and the perfectly positioned, strictly con-
served His260 strongly suggests the latter as the favorite
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proton donor. This arrangement is also consistent with
proton-coupled electron transfer steps, a well-known
electron transfer principle in enzymology [Weinberg et
al., 2012]. In such a scenario, the formation of a highly
reactive true radical anion intermediate could be avoided
(fig. 9). In contrast, a genuine hydride transfer from the
bis-WPT to the C4 suggests the presence of a sulfido or
hydroxo ligand at the W; both would be inconsistent with
either EXAFS analyses or X-ray structural data. In case of
the sixth ligand acting as hydride donor, it has to be re-
generated after each turnover. This seems to be only pos-
sible by a hardly controllable inflow of water molecules
during product/substrate exchange. (iii) A Birch-like
mechanism would involve proton-assisted one-electron
transfer steps suggesting a W(IV/V) redox chemistry
(fig. 9). In agreement with W(IV/V) transitions, BamBC
as isolated exhibits a S = 1/2 W(V) EPR signal that disap-
pears upon reduction by dienoyl-CoA to the EPR-silent
W(IV) state [Kung et al., 2009].

Distribution/Phylogenetic Tree of BCRs

A W-containing class I BCR has so far only been iso-
lated from the Fe(III)-respiring G. metallireducens [Kung
et al.,, 2009]. However, a recent study comprising in vitro
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Fig. 9. Proposed proton-coupled electron transfer mechanism of class II benzoyl-CoA reductase catalysis. As an
alternative to the ultimate proton donor NE2-His260 shown here, OE2-Glu251 could be involved (not shown).

activity assays as well as gene expression and sequence
analyses of the BamB, BamE and BamF components sug-
gested that all obligately anaerobic bacteria with the ca-
pacity to degrade aromatic compounds use a class Il BCR
[Loffler et al., 2011]. Interestingly, all BamF, and in some
cases the BamE components, contain a selenocysteine,
suggesting that all class II BCRs are W/Se enzymes. The
homologous MvhG and HdrA components of methano-
genic archaea also often, but not always, contain seleno-
cysteine (fig. 5). Notably, class II BCRs and hydrogenase/
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heterodisulfide reductase complexes are the only Se-con-
taining enzymes in which selenocysteine is not involved
in catalysis at the active site, as it is the case in the W/Se-
containing FDH [Hartmann et al., 2014]. The role of se-
lenocysteine in class II BCRs is unknown, and it is un-
known whether it can be replaced by a cysteine without a
loss of function.

The question arises how the genes encoding BamBs
can be identified and distinguished from those encoding
AORs? In other words, what are the distinguishing se-
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Fig. 10. Phylogenetic tree of the AOR/
BamB protein family. The tree was gener-
ated from the 326 amino acid sequences
with similarities to AORs and BamBs. Tax-
onomic classes are shown in different col-
ors; for tree generation, BLAST was used
(http://blast.ncbi.nlm.nih.gov/Blast.cgi;
expect threshold 10; word size 3; max.
matches in a query range 0; matrix:
BLOSUMS62, gap costs: existence, 11, ex-
tension: 1). The first 100 sequences ob-
tained for AORs from Moorella thermo-
acetica (GI: 499710967), Aromatoleum
aromaticum (GI: 499557869) and Geobac-
ter sulfurreducens (GI: 504364365) and
for BamB from G. metallireducens (GI:
490649584, position indicated by asterisk)
were combined in one alignment and used
in Mega5.2 software (http://megasoftware.
net/: neighbor joining; 1,000 bootstrap rep-
lications; Poisson model; pairwise deletion
of gaps/missing data). The scale bar repre-
sents a difference of 0.1 substitutions per
site.
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quence elements of AORs and BCRs? We suggest the fol-
lowing criteria for a most likely reliable assignment of a
gene/polypeptide to a true class Il BCR enzyme: (i) amino
acid sequence identities higher than 45% to the experi-
mentally verified BamB from G. metallireducens; (ii)
presence of the conserved cysteine as active site ligand for
the W metal (Cys322 in G. metallireducens BamB) [Wei-
nert et al., 2015], and (iii) conservation of at least three
of the Zn?* ligands (His260, His255, Glu251 and Glu257
in G. metallireducens BamB) [Weinert et al., 2015]. Based

Unusual Tungsten Enzymes

on these criteria, true BamB components are found in all
obligately anaerobic Deltaproteobacteria and Firmicutes
that are known to degrade aromatic compounds. These
comprise sulfate-reducing, Fe(III)-reducing and fer-
menting bacteria. An updated phylogenetic tree of BamB
clearly indicates that BamB from class IT BCRs form a
distinct phylogenetic cluster (fig. 10; reference date July
1, 2015).

Class I and II BCRs share the trait of a high oxygen
sensitivity [Boll and Fuchs, 1995; Kung et al., 2009], which
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explains why they do not occur in aerobic organisms.
This property also explains why during anaerobic growth
with aromatic compounds oxygen detoxification systems
are induced in bacteria containing class I or II BCRs
[Heintz et al., 2009; Thiele et al., 2008]. The occurrence of
both BCR classes in either facultative or obligate anaer-
obes is generally explained by the necessary energetic in-
vestment for benzene ring dearomatization and the over-
all yield of energy metabolism. Facultative anaerobes
such as denitrifying bacteria or bacteria with an anoxy-
genic photosynthesis have a much higher ATP yield per
aromatic compound oxidized to CO, than obligate anaer-
obes. Therefore, it appeared to be a rule of thumb that
they can afford an ATP-dependent irreversible dearoma-
tization step. The relatively simple architecture of class I
BCR with [4Fe-4S] clusters as only cofactors and the ir-
reversibility of its reaction enable facultative anaerobes a
fast exploitation of aromatic growth substrates in appro-
priate ecological niches. In contrast, obligate anaerobes,
such as sulfate-reducing bacteria, use a reversibly operat-
ing enzyme, which is on the one side less energy-consum-
ing, but depends on the other side on numerous metals,
uptake systems and biosynthetic cofactor machineries
[Boll et al., 2014].

There are some exceptions for the anticipated distri-
bution of class I and II BCRs in facultative and obligate
anaerobes, e.g. the obligately anaerobic euryarchaeon
Ferroglobus placidus uses a class I BCR for the degrada-
tion of numerous aromatics such as benzene, toluene or
phenol coupled to dissimilatory Fe(III) reduction; the
ATP dependence of the enzyme has recently been dem-
onstrated in vitro [Schmid et al., 2015]. Other examples
are dearomatizing aryl-CoA reductases from polycyclic
aromatic compound-degrading anaerobes, e.g. the sul-
fate-reducing Deltaproteobacterium NaphS2 or the en-
richment culture N47. During growth of these obligate
anaerobes with naphthalene, the 2-naphthoyl-CoA inter-
mediate is first reduced to 5,6,7,8-tetrahydro-2-naphtho-
yl-CoA (THNCoA) by two flavin-dependent reductases
belonging to the old yellow enzyme family [Eberlein et al.,
2013a; Estelmann et al., 2015]. These enzymes can be re-
garded as a third class of dearomatizing aryl-CoA reduc-
tases [Boll et al., 2014]. The formed THNCoA-CoA is
then reduced to a hexahydronaphthoyl-CoA product in
an ATP-dependent manner [Eberlein et al., 2013b]. In
agreement, the genomes of N47 and NaphS2 contain
genes coding fur putative class I BCRs [Bergmann et al.,
2011; DiDonato et al., 2010].
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Conclusions and Future Perspectives

The W-containing ACH and class II BCR represent
two W enzymes catalyzing unprecedented reactions
within the Mo/W enzyme families. Both enzyme reac-
tions may be of biotechnological interest: the formation
of acetaldehyde from acetylene and cyclic dienes from ar-
omatic rings are important processes to produce valuable
building blocks in chemical syntheses. The structural in-
sights into ACH and BCR catalysis provide the prerequi-
site to future biological or biomimetic synthetic ap-
proaches. But there are still a number of open basic ques-
tions that need to be addressed in future work.

While ACH, like other members of the DMSOR fam-
ily, is apparently perfectly suited for redox catalysis, the
hydration of C,H, to form acetaldehyde is definitely not
aredox reaction. This remarkable finding suggests thatan
enzyme with a previous redox function was later recruit-
ed for the catalysis of the hydration reaction. For the re-
cruitment of ACH as hydrolase, two extreme possibilities
may be considered: (i) recruitment may have occurred
late after anthropogenic acetylene made its appearance in
the world, which would explain the limited distribution
in today’s biosphere, and (ii) recruitment may have oc-
curred very early when acetylene may have been more
abundant. After the disappearance of the primordial
source of acetylene, some unknown sources of low-level
acetylene would have remained in the environment and
microbial acetylene hydration would have been preserved
through the ages, albeit with restriction to one or a few
species in special niches [Wéchtershéduser, pers. com-
mun.]. So far, ACH has only been isolated and structur-
ally characterized from the Deltaproteobacterium P. acet-
ylenicus. It exhibits a remarkable specificity for acetylene;
other potential substrates, such as N,, CO and derivatives
of acetylene, are not converted. This finding supports the
idea that ACH is an ancient enzyme that evolved in an
early phase of biochemical evolution when acetylene was
more abundant in the Earth’s atmosphere [Culbertson et
al., 1988]. At this point, a definitive reaction mechanism
cannot be formulated in detail despite the availability of
a high-resolution X-ray structure and several computa-
tional studies to model the reaction pathway.

In case of class II BCR, one of the most intriguing
open questions is the nature of the sixth inorganic ligand
at the W atom. As the outer shell electron transfer from
the reduced W metal has to occur via this ligand to the
aromatic ring, its unambiguous identification will be the
key to understand the catalytic function of the enzyme.
In particular EXAFS data favor a diatomic sixth ligand,
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most probably cyanide. However, a W-cyanide bond
would be unprecedented in nature, and its clear identi-
fication needs numerous future spectroscopic and struc-
tural analyses, most probably with enzymes from differ-
ent organisms. In any case, the transfer of two single
electrons from the Mo/W metal via a ligand to the sub-
strate without binding of the latter to the metal is unique
among MPT/WPT-containing enzymes. The huge
number of bamB-like genes in genomes from Deltapro-
teobacteria and Firmicutes (<45% sequence identity)
poses the question whether all of these code for class II
BCR or for enzymes with different, so far unknown,
functions.

Another open question is the mode of energetic cou-
pling in class II BCRs. The obvious similarities of the
BamCDEF modules to components of electron bifurcat-
ing hydrogenase/heterodisulfide complexes from hy-

drogenotrophic methanogens suggest a similar mode of
energetic coupling in these enzymes. However, experi-
mental evidence for the predicted coupling of the ender-
gonic benzoyl-CoA reduction to the exergonic NAD* re-
duction with a reduced ferredoxin as medium-potential
electron donor has not been shown yet. Most possibly, the
demonstration of such or a similar process will rely on the
availability of a pure, intact holo enzyme complex to ex-
clude intervening short-cut electron transfer reactions in
cell extracts.
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