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ABSTRACT: Glutaryl-coenzyme A dehydrogenases (GDHs) involved in amino acid degradation were thought to
catalyze both the dehydrogenation and decarboxylation of glutaryl-coenzyme A to crotonyl-coenzyme A and
CO2. Recently, a structurally related but nondecarboxylating, glutaconyl-coenzyme A-forming GDH was
characterized in the obligately anaerobic bacteriaDesulfococcus multivorans (GDHDes) which conserves the free
energy of decarboxylation by a Naþ-pumping glutaconyl-coenzyme A decarboxylase. To understand the distinct
catalytic behavior of the two GDH types on an atomic basis, we determined the crystal structure of GDHDes

with andwithout glutaconyl-coenzymeA bound at 2.05 and 2.1 Å resolution, respectively. The decarboxylating
and nondecarboxylating capabilities are provided by complex structural changes around the glutaconyl
carboxylate group, the key factor being a Tyrf Val exchange strictly conserved between the two GDH types.
As a result, the interaction between the glutaconyl carboxylate and the guanidinium group of a conserved
arginine is stronger in GDHDes (short and planar bidentate hydrogen bond) than in the decarboxylating human
GDH (longer and monodentate hydrogen bond), which is corroborated by molecular dynamics studies. The
identified structural changes prevent decarboxylation (i) by strengthening the C4-C5 bond of glutaconyl-
coenzymeA, (ii) by reducing the leaving group potential of CO2, and (iii) by increasing the distance between the
C4 atom (negatively charged in the dienolate transition state) and the adjacent glutamic acid.

Glutaryl-coenzymeA (CoA)1 dehydrogenases (GDHs) belong
to the family of FAD-containing acyl-CoA dehydrogenases and
are unique in catalyzing both the dehydrogenation and decar-
boxylation of the acyl-CoA substrate (1, 2). They are involved in
the catabolism of lysine, hydroxylysine, and tryptophan in
mitochondria and bacteria. Defects in human GDHs cause the
inherited neurometabolic disease glutaric acidemia type I (3, 4).
GDHs play a different role in anaerobic bacteria that use
aromatic growth substrates. Here, many aromatic compounds
are channeled to the central intermediate benzoyl-CoA (5-7).
After dearomatization of the latter, ring cleavage, and a series of
β-oxidation reactions, glutaryl-CoA is formed which in faculta-
tive anaerobes or the Fe(III)-respiring Geobacter metallireducens
serves as a substrate for decarboxylatingGDHs yielding crotonyl-
CoA and CO2 (8-11).

Decarboxylating GDHs were the subject of various structural
and functional studies in the past decade, with the human enzyme
(GDHhum) representing the best-studied GDH (2, 12-17). Ac-
cordingly, the reaction can be separated into the reductive half-
reaction, the dehydrogenation of glutaryl-CoA to glutaconyl-CoA
(2,3-dehydroglutaryl-CoA), and the decarboxylationhalf-reaction
forming crotonyl-CoA and CO2 (Figure 1). Similar to those of other acyl-CoA dehydrogenases, the reaction is initiated by the

abstraction of the pro-R proton from the C2 atom by a glutamate
carboxylate which acts as general catalytic base and is conserved
in all GDHs (Glu370 in GDHhum). In the next step, a hydride
is transferred from the C3 atom to the N5 atom of the FAD
cofactor. Decarboxylation of glutaconyl-CoA proceeds via a di-
enolate transition state, which in GDHhum is protonated directly
or solvent-mediated by Glu370, thereby regenerating the gluta-
mate base (18) (Figure 1). The release of crotonyl-CoA is the rate-
limiting step of GDHhum (16). The structures of GDHhum in the

FIGURE 1: Reaction catalyzed by glutaryl-CoA dehydrogenases: de-
hydrogenation reaction and decarboxylation reaction. A conserved
glutamate residue serves as a proton acceptor during the dehydro-
genation reaction and as a direct or indirect proton donor for the
protonation of the dienolate transition state.
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presence of the dehydrogenated product or transition state analo-
gues 4-nitrobut-2-enoyl-CoA (14) or 3-thiaglutaryl-CoA (17) pro-
vided detailed insights into the mechanism of the dehydrogenation
and decarboxylation partial reactions. A network of conserved
amino acid functionalities was proposed to polarize the C4-C5
bond to initiate decarboxylation. The invariant Arg94, hydrogen
bonded to the carboxylate of the reduced substrate, was shown to
play a key role in the decarboxylation process (13, 14).

Very recently, a nondecarboxylating GDH from the sulfate-
reducing, aromatic compound-degrading bacteria Desulfococcus
multivorans (GDHDes) was purified and characterized (11). Because
of the poor energy yield of this organism (19), the exergonic
decarboxylation of the glutaconyl-CoA intermediate released by
GDH is accomplished by a membrane-bound, Naþ-pumping
glutaconyl-CoA decarboxylase (20-22). Amino acid sequence
comparisons revealed that GDHDes contains the glutamate
general base catalyst (Glu367, GDHDes numbering) and the
invariant arginine (Arg87) involved in carboxylate binding.
However, the active site amino acids Glu87, Ser95, and Tyr369
(GDHhum numbering), present in all decarboxylating GDHs,
were exchanged in GDHDes. For this reason, the presence or
absence of these amino acids was hypothesized to governwhether
the glutaconyl-CoA intermediate is further decarboxylated or
released (11).

In the work presented here, the crystal structure of the non-
decarboxylating GDHDes was determined with and without the
oxidized product of the natural substrate at 2.05 and 2.1 Å
resolution, respectively. While the structural basis for the dehy-
drogenation partial reaction appears to be similar in all GDHs
and other acyl-CoAdehydrogenases, a number of unique features
at the active site of GDHDes were identified that are proposed
to ensure the prevention of decarboxylation. Prevention of
decarboxylation by GDHs appears to be essential for aromatic

compound-degrading obligate anaerobes with a poor energy
yield as they rely on energy conversion by Naþ-pumping
glutaconyl-CoA decarboxylases.

MATERIALS AND METHODS

Heterologous Expression and Purification of His-Tagged
GDHDes. The gene encoding GDHDes (gi 228015642) was
expressed in Escherichia coli according to the procedure des-
cribed recently (11). The expressed His-tagged gene product was
purified as described from the supernatant at 4 �C by Ni-
Sepharose high-performance chromatography. The purity of
the enzyme was>98% as estimated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The amount of flavin and
protein in glutaryl-CoA dehydrogenase was determined as
described previously (11).
Crystallization and Data Collection for GDHDes. Prior

to crystallization, GDH was concentrated to approximately
35 mg/mL in 10 mM 2-(N-morpholino)ethanesulfonic acid
(MES) (pH 6.5), 0.5 M KCl, 10% (w/v) glycerol, 1 mM dithio-
threitol, and 1 mM FAD. Crystallization trials were performed
with the hanging drop vapor diffusion method at a temperature of
4 �C using a sparse matrix crystallization kit (Jena Bioscience
GmbH) for initial screening. The best crystals for native GDH
were obtained after equal volumes of the enzyme solution
(10mg/mL) had beenmixedwith the reservoir solution containing
50%(v/v)MPD, 0.1MTris-HCl (pH8.5), and 0.2MNH4H2PO4.
The GDHDes substrate-product complex was crystallized using
the enzyme solution (20 mg/mL) supplemented with 2 mM
glutaryl-CoA (previously adjusted to pH 6.0) and a reservoir
solution of 15% (v/v) MPD, 0.1 M imidazole (pH 6.5), 0.2 M
KCl, and 2% PEG 3350. Crystals emerged after 2 days and were
immediately frozen using the reservoir buffer supplemented with

Table 1: Crystallization, Data Collection, and Refinement of GDHDes Structures

GDH GDH-glutaryl-CoA GDH-CoA

Crystallization

reservoir solution 50% (v/v) MPD, 0.1 M Tris

(pH 8.5), 0.2 M NH4H2PO4

15% (v/v) MPD, 0.1 M imidazole

(pH 6.5), 0.2 M KCl, 2% PEG 3350

8% (v/v) ethylene glycol,

0.1 M MES (pH 6.5)

Data Collection

wavelength (Å) 1.0000 0.9999 0.9918

space group P21212 C2 I41
unit cell parameters

a, b, c (Å) 62.6, 152.3, 251.0 175.0, 114.8, 122.2 123.7, 123.7, 112.3

R, β, γ (deg) 134.0

no. of tetramers per asymmetric unit 1.5 2 � 0.5 0.5

resolution range (Å) 50-2.1 (2.16-2.1)a 50.0-2.05 (2.15-2.05)a 50.0-2.7 (2.8-2.7)a

redundancy 6.0 (5.2)a 3.1 (3.1)a 5.2 (5.4)a

completeness (%) 99.7 (98.0)a 96.5 (96.6)a 95.3 (97.1)a

Rmerge (%) 11.3 (56.7)a 5.8 (51.9)a 8.9 (84.8)a

I/σ(I) 11.0 (3.1)a 12.3 (3.2)a 10.5 (2.4)a

Refinement

resolution limit (Å) 30-2.1 (2.154-2.1)a 30-2.05 (2.1-2.05)a 30-2.7 (2.77-2.70)a

Rwork/Rfree (%) 17.9/22.1 (24.9/29.0)a 18.4/22.3 (32.8/35.4)a 18.7/25.2 (30.3, 44.0)a

no. of residues, FAD, CoA compound 6 � 389, 6, 0 4 � 389, 4, 4 (glutaconyl-CoA) 2 � 389, 2, 1.5 (CoA)

no. of solvent molecules 791, 6 Cl- 478 14

rmsd for bond lengths (Å) 0.017 0.013 0.009

rmsd for bond angles (deg) 1.67 1.54 1.26

average B (Å2) (protein/FAD/CoA/solvent) 38/28/-/36 53/44/54/56 84/69/87/73

aData in parentheses are for the highest-resolution shell.
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20% 1,2-propanediol (by volume). Data for GDHDes and the
GDHDes-glutaconyl-CoA complex were collected at the SLS-
PXII beamline in Villigen, Switzerland, to resolutions of 2.05 and
2.1 Å, respectively. Processing and scaling were performed using
HKL (23) and XDS (24), respectively (see Table 1).
Phase Determination and Refinement. The structures were

determined by the molecular replacement method using PHA-
SER (25), and the coordinates of GDHhum [Protein Data Bank
(PDB) entry 1siq] (14) as the first searchmodel. Iterative cycles of
refinement and manual model building were performed with
REFMAC5 (26) and COOT (27). TLS refinement, treating each
monomer as a separate TLS group, maximum likelihood mini-
mization with isotropic B value refinement, and several modi-
fications of the geometry files of the substrate led to the final
result listed in Table 1. Structure interpretation was based on
normalized 2Fobs - Fcalc and Fobs - Fcalc electron density maps.
The quality of the model was checked with PROCHECK (28).
Figures 2-5 were produced with PYMOL (Schr€odinger, LLC).
The coordinates of GDHDes and the GDHDes-glutaconyl-CoA
complex were deposited in the Protein Data Bank as entries
3MPI and 3MPJ, respectively.
Preparation of Site-Directed Mutants. Point mutations

were inserted into the gene of GDHDes and cloned in the expres-
sion plasmid in a single step (29). Point mutations were intro-
duced by polymerase chain reaction (PCR) using the Quik-
Change site-directed mutagenesis kit (revision B, Stratagene)
using appropriate mutagenesis primers (Table S1 of the Support-
ing Information). The wild-type plasmid, which served as a
template, was digested withDpnI (FastDigest DpnI, Fermentas).
The digested PCR mixture was separated by gel electrophoresis
on a 1% agarose gel. The plasmid was extracted (GenElute Gel
Extraction Kit, Sigma-Aldrich) and transformed into chemically
competent E. coli TOP10 cells (Invitrogen). Transformed cells
were cultured overnight at 37 �C in Luria-Bertani agar with the
appropriate antibiotic. Single colonies were selected and cultured

in Luria-Bertani medium for plasmid propagation. The plasmid
was isolated (GenElute Plasmid Miniprep Kit, Sigma-Aldrich),
and the mutated insert with flanking regions was sequenced after
sequencing PCR by the chain termination method with appro-
priate primers (Table S1) on anABIPrism3730GeneticAnalyzer
(Amersham Pharmacia Biotech). For the insertion of further
point mutations, plasmids with one mutation were used as the
template. Expression of themutated genes and purification of the
His-tagged proteins were conducted as described previously (11).
Enzyme Assays and Kinetic Studies. Enzyme activity was

determined at 30 �C in a continuous spectrophotometric assay
containing 50 mMTris-HCl (pH 7.8), 250 mMKCl, and 0.2 mM
ferrocenium hexafluorophosphate. The reaction was started via
addition of glutaryl-CoA (200 μM), and the time-dependent
reduction of ferrocenium hexafluorophosphate was monitored
at 300 nm (Δε300 = 3600M-1 cm-1) (11). For the determination
of Km values, the glutaryl-CoA concentration was varied from
1 to 500 μM (two to three determinations with each concen-
tration); the values obtained were fitted to Michaelis-Menten
curves using PrismGraphpad (GraphpadSoftware Inc., La Jolla,
CA). For the qualitative determination of substrate consumption
andproduct formation, sampleswere taken in adiscontinuous assay
at different time points and analyzed by reversed-phase HPLC
analysis as described previously (11). Glutaryl-CoA, glutacanoyl-
CoA, and crotonyl-CoA served as standards.
Sequence Analysis and Molecular Modeling. Sequence

analysis studies were initiated by a Blast search (30) with the
sequence gi 228015642 as the query. The default parameters
were applied. The 500 resulting sequences were filtered for the
occurrence of the conserved Arg87, which has been shown to
be characteristic for GDH enzymes (13). The 43 resulting
sequences were aligned with ClustalW (31), and an average
distance tree based on the Blosum62 matrix was calculated
with JalView version 2.4.0 (32).

Molecular dynamics studies were used for the GDHDes- and
GDHhum-glutaconyl-CoA complex structures using the Mole-
cular Operating Environment MOE (2008.10, Chemical Com-
puting Group, Inc., Montreal, QC). For the latter, the substrate
3-thiaglutaryl-CoA (17) wasmodified to glutaconyl-CoA. Prior to
calculation, the water molecules were stripped off and hydrogen
atoms were added. Moreover, Amber99 charges were assigned to

FIGURE 2: Structure of the binary GDH-glutaconyl-CoA complex
of D. multivorans. The tetrameric enzyme is composed of a dimer of
dimers (A-B and A0-B0). Each subunit consists of an R-helical
domain (orange), a β-sheet domain (blue), and another R-helical
domain (red). FAD and glutaconyl-CoA (drawn as stick models) are
embedded between the three domains of one subunit and one domain
of the partner subunit.

FIGURE 3: Glutaconyl-CoA binding site. Glutaconyl-CoA is shown
together with its 2Fobs - Fcalc electron density (contour level of 1.5σ)
to demonstrate its high quality, which allows the presented mechan-
istic interpretations. In addition, FAD and the most important
residues that interact with glutaconyl-CoA are drawn as a stick
model.
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each atom and the positions of the hydrogen atoms were relaxed
by a steepest descent minimization of 100 steps keeping the heavy
atoms of the structure fixed. The Amber99 force field was used
with a distance-dependent dielectric constant. The simulations
were performed for 1 ns at 300 K with a time step of 2 fs with the
default parameters. Snapshots were saved every 1 ps.

RESULTS AND DISCUSSION

Overall Structure. The structures of GDHDes with and
without glutaconyl-CoA were determined by the molecular
replacement method with human GDH (PDB entry 1siq) as
the model and subsequently refined to Rfree values of 22.1 and
22.3% at resolutions of 2.05 and 2.1 Å, respectively (Figure 2 and
Table 1). As GDHDes showed a tendency to lose the flavin
cofactor, the protein solutionwas supplementedwith 1mMFAD
during the entire crystallization process. Under these conditions,
the FAD binding site was completely occupied in all subunits of
the asymmetric unit in both structures. The CoA ester compound
was present at a high occupancy in all four subunits of the
asymmetric unit of the binary complex. The electron density of
the acyl moiety of the CoA ester was only insignificantly weaker
than that of the residual molecule, indicating that partial hydro-
lysis during the crystallization process was greatly prevented
(Figure 3). Suppression of hydrolysis was the major challenge of
cocrystallization as the electron density calculated from most
data sets of GDHDes cocrystallized in the presence of 5 mM
glutaryl-CoA solely contained CoA (Table 1, GDH-CoA). The
rather planar shape of the electron density of the acyl-CoA group
(Figure 3) prompted us to model the CoA ester as glutaconyl-
CoA, the product of the redox half-reaction. This assumption is
in agreement with the structure of the CoA ester compound in the
isobutyryl-CoA dehydrogenase binary complex (33). Obviously,
the redox reaction proceeded in the crystallization solution,
which has also been described for GDHhum (14). We assume
that the thereby generated FADH2 was reoxidized with mole-
cular O2 during crystallization.

GDHDes is present in a homotetrameric oligomeric state con-
sisting of a dimer of two tightly associated dimers. Each subunit is
composed of an amino-terminal R-helical bundle domain of six
R-helices, a medial seven-strand β-sheet domain (strands 1-7),
and a second R-helical domain of five R-helices at the carboxy
terminus (Figure 2). This architecture corresponds to that des-
cribed for GDHhum and other acyl-CoA dehydrogenases with a
rmsd between GDHDes and GDHhum of 1.6 Å (95% of the CR
atoms). The relatively low level of sequence identity of 27%
between GDHDes and GDHhum is reflected by diverse structural
differences especially in loop segments. However, only the three
described in the following appear to be functionally relevant.

First, the orientation of the irregular segment at theN-terminal
end proceeding R-helix 6:27 differs by more than 90� between
GDHDes and GDHhum. Whereas in GDHhum the elongated
N-terminal arm (15 residues) interacts with several parts of the
C-terminal domain of a subunit of the counter dimer, the four
N-terminal residues ofGDHDes aremultiply linkedwith the same
residues of the partner subunit. Correct oligomerization is
essential for the functionality of GDHs or other acyl-CoA
dehydrogenases documented by several pathogenic mutations
in interface regions (33). Second, the six or seven terminal
residues of the C-terminal arms of GDHDes and GDHhum are
also oriented perpendicular to each other. In GDHDes, this
irregular segment pivots toward the loop between R-helices

233:271 and 284:310 of the same subunit, thereby shielding the
adenosine moiety of CoA from bulk solvent. In contrast, the
C-terminal arm of GDHhum is attached to the partner subunit
and encapsulates the adenine base of FAD. Third, parts of
R-helix 233:271 and concomitantly R-helix 284:310 (attached to
helix 233:271) of GDHDes are displaced∼1.5 Å toward the active
site cleft. As a result, the binding site of the glutaconyl group of
the CoA compound becomes narrower.
FAD Binding and Substrate and Product Binding. FAD

and glutaconyl-CoA are embedded in an approximately 15 Å
deep cleft formed by the three domains of one subunit and the
C-terminal domain of the partner subunit as described for other
acyl-CoA dehydrogenases (Figure 3). FAD binds to GDHDes in
an extended conformation with a planar isoalloxazine ring. Its
overall conformation and polypeptide-FMN interactions are
well-conserved between GDHDes and GDHhum and among
members of the acyl-CoA dehydrogenase family. Significant
differences are found with respect to adenosine binding. For
example, the ribose hydroxyl groups ofGDHhum are linked to the
polypeptide via Asp343 and Asp374, whereas in GDHDes, only
Asn371 is available as a binding partner. As mentioned, the
adenine ring of FAD in GDHDes is highly accessible to bulk
solvent, whereas in GDHhum, the adenine is hydrogen-bonded to
the C-terminal arm and thereby encapsulated. Although partly
compensated by Phe281 (Asn285 in GDHhum), which is attached
parallel to the adenine ring, the lack of interaction with the
C-terminal arm might be responsible for the rather weak FAD
binding in GDHDes.

Glutaconyl-CoA binds to the protein in the well-conserved
J-shaped conformation and is similarly positioned as the CoA
compounds in other acyl-CoA dehydrogenases (Figure 3). How-
ever, a comparison between glutaconyl-CoA binding in GDHDes

and 4-nitrobut-2-enoyl-CoA or 3-thiaglutaryl-CoA binding in
GDHhum (14, 17) revealed substantial conformational changes
throughout the molecule. Most notable is the sharper bend of
the J-shaped CoA inGDHhum compared toGDHDes that implies
a displacement of the 30-phosphoryl group of the adenosine
by more than 3 Å in the superimposed binary complexes.
In GDHDes, the loop between R-helices 233:271 and 284:310
(implying a small shift ofR-helix 284:310) is displaced up to 6 Å to
contact the less bent 30-phosphorylated adenosine and to allow
an attachment of the C-terminal arm to this loop. In this
conformation, the adenine ring is sandwiched between Arg389
of the C-terminal arm and Phe239 of R-helix 233:271 (Figure 3).
Glutaconyl-CoA binding does not induce large-scale conforma-
tional changes in the polypeptide. Only side chains were adjusted
up to a size of 1 Å except for those of Arg385 and Arg389 that
rotate toward glutaconyl-CoA. The empty space in the cavity of
the substrate-free structure is filled with several firmly bound
solvent molecules.

The modes of binding of the glutaconyl and 4-nitrobut-2-enoyl
groups ofGDHDes andGDHhumwere analyzed in detail (Figures 4
and 5). The thioester oxygen in GDHDes forms two hydrogen
bonds to the 20-OH group of FAD and the peptide amide group of
Glu367, and both are strictly conserved within the acyl-CoA
dehydrogenase family (34). Likewise, the C2 atom of glutaconyl-
CoA is always in close contact with the carboxylate group of the
invariant glutamate. The distance between the C2 and Glu367 Oε2

atoms is 3.2 Å inGDHDes and 3.3 Å inGDHhum.Notably, the Oε2

atom also appears to contact the C4 atom in GDHhum (3.3 Å) but
not in GDHDes (3.7 Å). In GDHDes, however, the carboxylate
group of Glu367 is additionally hydrogen-bonded to the hydroxyl
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group of Thr245. In all structurally characterized acyl-CoA
dehydrogenases, the C3 atom is in van der Waals contact with
the N5 atom of FAD, their separation being 3.2 Å in GDHDes.
Surprisingly, in the GDHhum-4-nitrobut-2-enoyl-CoA complex,
this distance is with 3.9 Å too long for an efficient hydride transfer
reaction (14), in contrast to the corresponding distance in the
GDHhum-3-thiaglutaryl-CoA complex of 3.5 Å (17). Because of
this ambiguity, we compared the structures between both
GDHhum-substrate analogue complexes and the GDHDes-glu-
taconyl-CoA complex, although the analogy between the isosteric
and isoelectronic glutaconyl and 4-nitrobut-2-enoyl groups is
stronger than that between the glutaconyl and 3-thiaglutaryl
groups.

The carboxylate and nitro groups of the glutaconyl and
4-nitrobut-2-enoyl moieties, respectively, are anchored multiply
to the protein matrix (Figures 4 and 5). The most pronounced
interaction in GDHDes is a bidentate hydrogen bond between
both carboxylate oxygens and the Nη1 and Nη2 atoms of Arg87,
with the conjugated carboxylate and guanidinium groups being
nearly planar. The short distance between the interacting atoms
and the relatively nonpolar surrounding of the guanidinium
group maintaining a high local charge density argue for a strong
ionic interaction. In contrast, the equivalent Arg94 in GDHhum

forms a monodentate hydrogen bond to the nitro and carbox-
ylate oxygens of the 4-nitrobut-2-enoyl and 3-thiaglutaryl
groups, respectively (14, 17). This finding is a consequence of
the rather orthogonal arrangement of the nitro/carboxylate and

guanidinium planes in GDHhum (Figures 4 and 5). Furthermore,
the positive charge on the guanidiniumgroup inGDHhum ismore
delocalized as inGDHDes, in particular, by a salt bridge toGlu87
(Ala80 in GDHDes) and a bifurcated hydrogen bond to the side
chain oxygen of Tyr369 (Val366 in GDHDes) (Figures 4 and 5).
Tyr369, additionally, compresses the Arg94 side chain to a less
elongated conformation, which increases the distance between
the guanidinium nitrogens and the nitro/carboxylate oxygens
and thereby decreases the strength of the binding between them.

The conformation of the glutaconyl-CoA carboxylate and its
interactions with Arg87 (Arg94 in GDHhum) were further
analyzed by molecular dynamics studies using the Molecular
Operating Environment, MOE. Throughout the full simulation
timeof 1 ns, the position of glutaconyl-CoA inGDHDes remained
unaffected, which is documented by a rmsd of <1 Å relative to
the X-ray structure (data not shown). In comparison, GDHDes

equipped with glutaconyl-CoA in the conformation of GDHhum

readily returns to the conformation of the crystal structure. The
inverted result was obtained with GDHhum via application of
glutaconyl-CoA in the conformation found in GDHDes and thus
corroborates the X-ray crystallographic findings that the specific
protein environments around the carboxylate in GDHDes and
GDHhum adjust a bidentate and monodentate binding mode,
respectively.

Apart from this pronounced difference, the number of polar
interactions between the carboxylate/nitro functionalities of the
CoA compound and the polypeptide are virtually balanced in
GDHDes and GDHhum. In GDHDes, one of the carboxylate

FIGURE 4: Schematic representation of the interactions between the
carboxylate group of glutaconyl-CoA andGDHDes (A) and the nitro
groupof 4-nitrobut-2-enoyl-CoAandGDHhum (B). Polar (nonpolar)
interactions are drawn as red (gray) dashed lines. Solvent is abbre-
viated Sol. Polar interactions between the carboxylate of glutaconyl-
CoAand the polypeptide dominate in nondecarboxylatingGDHand
nonpolar interactions in decarboxylating GDHs.

FIGURE 5: Conformations of residues that crucially influence dec-
arboxylation and nondecarboxylation in GDHDes (A) and GDHhum

(B). The different interaction between the carboxylate group of
glutaconyl-CoA and the guanidinium group of Arg87 or Arg94
mainly triggered by V366Y exchange is the major structural feature
for the different catalytic behavior ofGDHDes andGDHhum. Val366,
Val88, and Ala80 of GDHDes were exchanged for tyrosine, serine,
and glutamate, respectively, in site-specific mutagenesis experiments.
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oxygens is additionally hydrogen-bonded to the Nδ2 atom of
Asn91 and the other via solvent molecules to hydroxyl groups of
Ser120, Ser161, and Thr362. For comparison, the nitro oxygens
are hydrogen-bonded to the hydroxyl group of Ser95 andThr170
in GDHhum (Figure 4). In contrast, the nonpolar interactions
between the polypeptide and the nitro/carboxylate oxygen atoms
dominate in GDHhum compared to GDHDes, indicating a more
hydrophobic environment.

Because of the different protein environments, the confor-
mation and position of the glutaconyl and 4-nitrobut-2-enoyl
(3-thiaglutaryl) groups also differ in GDHhum and GDHDes

(Figures 4 and 5). In GDHDes, the conformation of the
glutaconyl group is characterized by a bend between the C4
and C5 atoms which turns the carboxylate group away from
the re side of FAD and thereby optimizes its interaction with
Arg87. The plane of the carboxylate group approximately
corresponds to the plane of the CoA thioester. This conforma-
tion significantly deviates from that of the 4-nitrobut-2-enoyl
group of GDHhum, which is rather straight, and the nitro
plane is oriented perpendicular to that of the thioester. In
the GDHhum-3-thiaglutaryl complex, the carboxylate con-
formation lies between that of the GDHhum-4-nitrobut-2-
enoyl-CoA andGDHDes-glutaconyl-CoA complexes (14, 17).
The described conformational differences seem to be mainly
due to the Y369V exchange: in GDHhum, the bulky phenol
moiety of Tyr369 displaces the 4-nitrobut-2-enoyl (3-thiaglu-
taryl) group and causes a reorientation of the nitro (carboxy-
late) oxygens; as a consequence, the distance to Arg94 is
increased, that to the proton donor Glu370 is decreased, and
the bidentate hydrogen bond to Arg87 in GDHDes is replaced
by a monodentate bond in GDHhum (Figure 4). The key
function of Tyr369 is further substantiated by sequence com-
parison studies; 43 glutaryl-CoA dehydrogenase sequences
identified on the basis of the strictly conserved Arg87
(missing in other acyl-CoA dehydrogenases) cluster into two
major groups (Figure S1 of the Supporting Information). The
first group (34 members) contains a tyrosine at position 369
(GDHhum numbering), which is exchanged with a valine in the
second group. The nine members of the second group were
exclusively found in obligately anaerobic Deltaproteobacter-
ia/Gram-positives that also contain the genes of glutaconyl-
CoA decarboxylases not present in the 34 organisms with
GDHs of the first group.
Catalytic Reaction. (i)RedoxReaction.The structure of

theGDHDes-glutaconyl-CoA complex is completely compatible
with the mechanism of the reductive half-reaction established for
acyl-CoA dehydrogenases, which is characterized by the rupture
of two kinetically stable C-H bonds. The substrate binds to the
re side of the FAD ring, and the C2-C3 bond is sandwiched
between the carboxylate group of Glu367 and the pyrimidine

ring of FAD. Then, the C3 pro-R hydride and the C2 pro-R
proton are abstracted in an antiperiplanar arrangement by the
N5 atom of oxidized FAD and by the glutamate carboxylate
group, respectively. The C2 atom is acidified (pKa∼ 8) because
of its conjugation to the thioester carbonyl group which is
polarized via two hydrogen bonds conserved in all acyl-CoA
dehydrogenases (34).

(ii) Decarboxylation Reaction. In general, the transition
state energy for the decarboxylation of glutaconyl-CoA is
reduced by the stabilization of the anionic dienolate intermediate,
the positioning of a suitable proton donor in the vicinity of the C4
atom, the formation of a favorable surrounding for the neutral
CO2 leaving molecule, and the weakening of the C4-C5 bond.
Comparison of the GDHDes and GDHhum binary complexes
offers valuable information to improve our understanding of
their distinct decarboxylation behavior.

GDHhum and GDHDes share the ability to neutralize the
dienolate state by delocalizing the charge via the stabilized
oxyanion of the thioester, as both require it for the redox reaction
(Figure 4). In GDHhum, protonation of the dienolate anion
generated after decarboxylationwas originally attributed directly
to the protonated Glu370 facilitated by a 1,3-prototropic
shift (15, 35), whereas recent results argue for a more indirect
solvent-mediated protonation process (18). In each case, efficient
proton donation is favored by the shorter distance between the
glutaconyl C4 and Glu370 OE2 atoms in GDHhum compared to
GDHDes which is mainly a consequence of the displacement of
the CoA moiety by the bulky side chain of Tyr369 (Figure 4).

The environment of the glutaconyl carboxylate group is
significantly different in GDHhum and GDHDes. In GDHDes,
the fraction of polar interactions between the carboxylate group
and the protein matrix is greater and the fraction of nonpolar
interactions is smaller (see Figure 4) as in GDHhum favoring the
binding of the charged carboxylate inGDHDes and a neutral CO2

inGDHhum. The strong bidentate (GDHDes) and the rather weak
monodentate (GDHhum) hydrogen bonds between the carbox-
ylate and the invariant arginine largely determine this difference.

The more planar arrangement of the carboxylate group in
GDHDes relative to the double bond and the thioester plane
would support the formation of an extended conjugated sp2

system that strengthens the C4-C5 bond and thus represses the
cleavage. Moreover, the strong interaction between the carbox-
ylate group and the guanidinium group of Arg87 in GDHDes

(Figure 5) withdraws electron density from atom C5 toward the
oxygen atoms and from atom C4 toward atom C5, which
impedes the cleavage of the C4-C5 bond.
Site-Directed Mutants of GDH. Amino acid sequence

comparisons and the structural information obtained in this
work suggested that only a relatively small number of exchanges
of amino acids in GDHDes determine decarboxylation activity.

Table 2: Properties of Site-Directed Mutants of GDHDes

decarboxylation dehydrogenation

mol of FAD

per monomer

Km

(μM)

Vmax

(μmol min-1 mg-1)

Vmax

(% activity)

kcat/Km

(s-1 μM-1)

tetramer:

monomer ratioa

wild type -
√

0.65 53( 4 3.4 ( 0.1 100 1.7 8.2:1

A80E - - <0.1 - <0.001 - - 8.5:1

V88S -
√

0.66 59( 13 0.27( 0.02 8.0 0.12 8.8:1

V366Y -
√

<0.1 28( 6 0.032( 0.001 0.9 0.01 5.3:1

A80E/V366Y -
√

<0.1 14( 4 0.05( 0.003 1.5 0.01 10.1:1

A80E/S161T/V366Y - - <0.1 - <0.001 - - 12.8:1

aThe tetramer:monomer ratio was determined by gel filtration, and the amount of dimer formed was negligible.
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Of potential interest were especially the exchange of V366Y
and A80E, with the tyrosine and glutamate both being strictly
conserved in decarboxylating GDHs. An exchange of Arg87 was
not conducted because of its conservation in both GDH types
and its great effect onKm and kcat in GDHhum (13). Accordingly,
the A80E, V366Y, and, in addition, V88S and corresponding
double/triple mutants were constructed to convert GDHDes to a
decarboxylating enzyme. All mutated GDHDes forms were
expressed in a soluble form and in a predominantly tetrameric
oligomerization state, the latter being analyzed by gel filtration
experiments (Table 2). Obviously, the structural integrity of
GDH is not influenced by the mentioned amino acid exchanges.
Similar to the wild-type enzyme, a minor fraction (<15%) of the
mutated proteins eluted as a monomer probably due to dissocia-
tion during dilution. Kinetic properties and the content of the
FAD cofactor were determined as summarized in Table 2.

With the exception ofV85S, all enzyme variants essentially lost
the FAD cofactor; in the case of the V366Y mutant and A80E/
V366Y double mutant, a residual activity was determined in the
presence of 0.5 mM FAD in the assay buffer. Surprisingly, these
two mutants exhibited a slight but significant decrease in the Km

values, indicating an interaction between Tyr366 and glutaryl-
CoA,which can be understood on the basis of the structural data.
The low FAD content could be structurally rationalized for the
V366Y mutant because of weak interference between its phenol
ring and FAD. In none of themutatedGDHswas the conversion
to a decarboxylating GDHDes accomplished, but their properties
indicated the complexity of constructing a bifunctional enzyme
with two spatially adjacent active sites.

CONCLUSIONS

The growth of sulfate-reducing or -fermenting bacteria with
organic acids and aromatics is thermodynamically limited by a
poor energy metabolism. Therefore, these bacteria are obliged to
employ enzymes that conserve the energy of exergonic reactions
wherever feasible. In the case of glutaryl-CoAdecarboxylation, the
combined action of a nondecarboxylating GDH and Naþ-pump-
ing glutaconyl-CoA decarboxylase guarantees that the free energy
of decarboxylation [-30 kJ/mol under cellular conditions (22)]
is conserved in the form of an electrochemical gradient. The
presented structure of the GDH-product complex provides a
solid molecular basis for how glutaconyl-CoA decarboxyla-
tion is efficiently prevented in obligate anaerobes with a poor
energy yield.

The binding site of the glutaconyl-CoA carboxylate group in
GDHhum andGDHDes significantly differs, and specific structural
features modify the strength of the C4-C5 bond, the stability of
the proposed dienolate transition state, and the leaving group
potential of CO2. The key player of the thereby generated
different catalytic behavior appears to be a strictly conserved
tyrosine in decarboxylatingGDHs (Tyr369 inGDHhum), which is
replaced with a valine in nondecarboxylating GDHs (Val366 in
GDHDes) (Figures 4 and 5 and Table 2). The bulky side chain of
Tyr369 at the active site inGDHhum (i) prevents a shorter distance
between Arg94 and the carboxylate moiety of glutaconyl-CoA,
(ii) displaces the glutaconyl group toward Glu370, (iii) adjusts the
orientation of the carboxylate oxygens, and (iv) reduces the
polarity of the substrate carboxylate site. In particular, the weaker
interaction between the glutaconyl carboxylate group and Arg94,
which is strongly enhanced by Glu87, is responsible for the
decarboxylating activity of GDHhum (Figures 4 and 5).

Mutagenesis experiments with the aim of constructing a
GDHDes with a decarboxylation activity revealed the complexity
of this venture. The V366Y and A80E mutations of key residues
in GDHDes altered both FAD binding and concomitantly sta-
bility, as well as substrate binding, which can be partly rationa-
lized on the basis of the presented structure. For this reason, a
rational choice of promising amino acid exchanges is difficult
because unpredictable conformational changes easily disturb the
complex network of interactions required for substrate and flavin
binding, and for the dehydrogenation reaction.
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