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For the ornithine fermentation pathway, described more than 70 years ago, genetic and biochemical
information are still incomplete. We present here the experimental identification of the last four missing genes
of this metabolic pathway. They encode L-ornithine racemase, (2R,4S5)-2,4-diaminopentanoate dehydrogenase,
and the two subunits of 2-amino-4-ketopentanoate thiolase. While described only for the Clostridiaceae to date,

this pathway is shown to be more widespread.

The catabolism of ornithine by anaerobic bacteria can be
accomplished through the Stickland reaction, the main chem-
ical reaction by which Clostridium sporogenes obtains its energy
(16, 17). The Stickland reaction usually involves one amino
acid which acts as an electron donor while another acts as an
electron acceptor, as described for Clostridium sporogenes (16,
20), Clostridium botulinum (4, 5), and Clostridium sticklandii (6,
7). However, L-ornithine, as a single substrate, is converted
into both an electron donor and acceptor and metabolized in a
way similar to the Stickland reaction: it is oxidized to acetate,
alanine, and ammonia (oxidative pathway) and reduced to
5-aminovalerate through the formation of proline (reductive
pathway) (Fig. 1). This study focuses on the oxidative degra-
dation pathway, starting with the conversion of L-ornithine to
the D isomer by ornithine racemase (OR) (EC 5.1.1.12) (Fig. 1,
step 1) (2). pD-Ornithine is next converted to (2R,4S5)-2,4-di-
aminopentanoate (DAP) through the action of D-ornithine
aminomutase (OA) (EC 5.4.3.5) (Fig. 1, step 2), an adenosyl-
cobalamine and pyridoxal phosphate (PLP)-dependent en-
zyme (3, 14). DAP then undergoes a NAD'- or NADP"-
dependent oxidative deamination by DAP dehydrogenase
(DAPDH) (EC 1.4.1.12) (Fig. 1, step 3), leading to 2-amino-
4-ketopentanoate (AKP) (13, 18). This compound is metabo-
lized by AKP thiolase (AKPT), a PLP-dependent enzyme,
through a thiolytic cleavage with coenzyme A (CoA) to form
acetyl-CoA and alanine (Fig. 1, step 4) (9).

Although the proteins of this oxidative pathway were char-
acterized biochemically 30 years ago for C. sticklandii, only the
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genes corresponding to the two subunits of OA (ora$S and
oraE) have been identified to date (3). In this article, we
present the analysis of genes which are colocalized with ora$
and oraE and which are hypothesized to be involved in the
conversion of L-ornithine to p-ornithine, the oxidative deami-
nation of DAP, and the thiolytic cleavage of AKP. The pro-
teins encoded by these genes were purified and their enzymatic
activity characterized, which made it possible to reconstitute
the whole oxidative branch of the L-ornithine fermentation
pathway in vitro. The occurrence of this oxidative metabolic
pathway in bacterial genomes which have been sequenced to
date is discussed.

Searching for candidate genes. Since genes coding for en-
zymes involved in the same metabolic pathway are often colo-
calized on the bacterial chromosome, the genomic context of
oraS and oraE (the only known genes of the pathway) was
explored in the following: (i) the ~1,100 sequenced bacterial
genomes, using the Integrated Microbial Genomes interface
(http://img.jgi.doe.gov); (ii) the assembled contigs from a
metagenomics resource from the anaerobic digester of a waste-
water treatment plant (12); and (iii) the genome of C. stick-
landii, which was recently sequenced in our laboratory. Anal-
yses of the latter two resources were performed using the
microbial genome annotation system MaGe (19). The genomic
contexts of bacterial genomes and a metagenomic sequence
possessing the ora$S and oraE genes are shown in Fig. 2. At
least five genes, including ora$ and oraE, are found in synteny
(from or-1 to oraE). Moreover, the synteny conservation is
extended to two additional genes (or-4 and or-5) in eight of the
genomes. This conserved genomic neighborhood suggests that
the genes flanking oraS and oraE could be involved in the
oxidative degradation of L-ornithine. DAPDH (Fig. 1, step 3)
from C. sticklandii has been described as a homodimer with a
subunit molecular mass of about 36 kDa (13). Interestingly,
one of the genes of the cluster, or-1 (Fig. 2), encodes a protein
with a computed molecular mass of 38 kDa. This protein con-
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FIG. 1. The ornithine fermentation pathway. Enzymes involved are OR (encoded by or-5) (EC 5.1.1.12) in step 1, OA (encoded by ora$ and
oraE) (EC5.4.3.5) in step 2, DAPDH (encoded by or-1) (EC 1.4.1.12) in step 3, AKPT (encoded by or-2 and or-3) in step 4, ornithine transaminase
(EC 2.6.1.13) in step 5, spontaneous in step 6, pyrroline-5-carboxylate reductase (EC 1.5.1.2) in step 7, proline racemase (EC 5.1.1.4) in step §,
D-proline reductase (EC 1.21.4.1) in step 9, and ornithine cyclodeaminase (EC 4.3.1.12) in step 10.

tains a predicted N-terminal NAD(P)*-binding Rossmann
fold, consistent with dehydrogenase activity. These data there-
fore support or-1 as a promising candidate. Concerning AKPT
(Fig. 1, step 4), the only available biochemical data concern its
stimulation by PLP (9). The protein encoded by the gene or-3
(Fig. 2) presents (weak) similarities with PLP-dependent en-
zymes, such as threonine, tryptophan, and cysteine synthases.
Moreover, the InterProScan software program classifies this
protein as a “tryptophan synthase B-subunit-like PLP-depen-
dent enzyme.” Therefore, the or-3 gene seemed to be an in-
teresting candidate for encoding the AKPT activity. Neverthe-
less, the conserved presence of a small gene (or-2) just
upstream of the AKPT gene candidate suggests by analogy
with tryptophan synthase that AKPT may be composed of two
different subunits encoded by genes or-2 and or-3. Finally, OR
(Fig. 1, step 1) has been described by Chen et al. as a PLP-
dependent enzyme with a subunit molecular mass of 46.8 kDa
(2). The or-5 gene is present in the conserved gene cluster in
eight organisms, including C. sticklandii (Fig. 2), and is pre-
dicted to encode a putative amino acid/alanine racemase. Its
homology with known alanine racemases is weak but reaches
26% in the N-terminal region, which includes the PLP fixation
site. However, the alanine racemase consensus PLP attach-
ment site (prosite) is not present, and the C-terminal part of

the or-5 protein shares no similarity with known racemases.
This suggests that or-5 may encode a new type of racemase. In
spite of the slight size difference between the protein encoded
by or-5 and the one characterized by Chen et al. (39.4 versus
46.8 kDa), it was nevertheless considered the most promising
candidate for OR activity.

Cloning and purification of candidate proteins. The coding
sequences of OA (Fig. 1, step 2), DAPDH (Fig. 1, step 3), and
AKPT (Fig. 1, step 4) were amplified by PCR on the
EJOADIGA411YI15 fosmid DNA from our metagenomic collection
of sequences, using the following primers (Sigma Genosys): a-OA-
fwd, 5'-CAAAGGCAAAGTGATTTTGATAAG-3'; B-OA-rev, 5'-
TCAATTTTCATTTGAGGTGGCC-3'; DAPDH-fwd, 5'-GGTA
AAAACGTAAAGA-3'; DAPDH-rev, 5'-TTAAAAACCATTTG
AGATAGATC-3'; B-AKPT-fwd, 5'-GCAAAAGACACATCCTA
CGAC-3"; B-AKPT-rev, 5'-TCACAATCTCACTCCCAAGTC-
3’; and a-AKPT-fwd, 5'-ATGAGTGAGAAATGCAAAAAAGA
TG-3'.

The coding sequence of OR (Fig. 1, step 1) was amplified by
PCR on C. sticklandii DNA with the following primers: OR-
fwd, 5-TATCCTAAAATTACAATAGATATT-3’; OR-rey,
5'-TTAAAGAAGTTCTTTTTCAATATAT-3'.

The amplified sequences were inserted into the Invitrogen
pEXPS5-NT/TOPO vector according to the manufacturer’s pro-
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FIG. 2. Gene organization around ora$ and oraE in complete sequenced genomes of 11 putative ornithine-fermenting bacteria (black) and in
the sequence resources where the candidate genes have been cloned: the metagenomic contig MAA MAB from an anaerobic digester of a
wastewater treatment plant and the genome of ornithine-fermenting C. sticklandii (red). The symbol “//” indicates that the or-4 and or-5 genes are
located elsewhere in the genome in these organisms. *, the draft genomes of eight additional C. difficile strains exhibit ornithine clusters which are

identical to that in the completed 630 strain.

tocol, and the sequences of the resulting plasmids were veri-
fied. Cell cultures, cell extracts, and nickel affinity purifications
were conducted as previously reported (10). OA and DAPDH
were further purified by ion exchange using a MonoQ 5/50 GL
column (Amersham Biosciences). OR, DAPDH, and AKPT
were submitted to gel filtration on a Superdex 200 10/300 GL
column (Amersham Biosciences). Chromatographic condi-
tions have been described previously (10). The purified pro-
teins were stored at —80°C. The samples were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using the Invitrogen NuPAGE system.
Characterization of DAPDH. DAPDH catalyzes the oxida-
tive deamination of DAP, leading to the formation of AKP
(Fig. 1, step 3). The apparent molecular mass of the product of
the gene or-1, 38 kDa (not shown), is consistent with its cal-
culated value: 38,926 Da. According to gel filtration experi-
ments (not shown) and earlier studies carried out by Somack
and Costilow (13), the putative DAPDH is a homodimer. The
natural substrate of DAPDH, (2R,4S)-DAP, was obtained by
enzymatic synthesis from p-ornithine. The reaction was carried
out in 20 ml Tris-HCI (50 mM) (pH 9.0)-10 mM dithiothreitol
in the presence of 3 wM adenosylcobalamine, 40 wM PLP, and
90 wg of purified OA. The reaction mixture was stirred at room
temperature for 42 h in an N, atmosphere, and the reaction

was terminated by the addition of 200 pl of 13 M trifluoroace-
tic acid. After centrifugation and filtration, the solution was
lyophilized and purified by high-performance liquid chroma-
tography. After several lyophilizations and filtrations on Seph-
adex LH20, purified (2R,45)-DAP was obtained and analyzed
by nuclear magnetic resonance (D,O, 500 MHz) and mass
spectrometry. The putative DAPDH was first assayed to esti-
mate the stoichiometry of the products formed by its enzymatic
reaction. NADH was monitored spectrophotometrically
(€540 = 6,300 M~ ! - cm ™) (21). The enzyme was incubated in
the presence of 800 pM (2R,4S)-DAP and 2 mM NAD* in 50
mM Tris-HCI (pH 9.0)-0.2 M NacCl for 10 min. The 45,, was
recorded, the enzymatic reaction stopped with 1% (vol/vol)
trifluoroacetic acid and neutralized with 5 M K,CO;, and NH;
assayed according to the method of Bailey et al. (1). Results
show that for 91 = 1 uM NADH formed, 88 = 1 pM of NH;,
is released (average of two replicates), proving that DAPDH
catalyzes the oxidative deamination of DAP. In a second set of
experiments, kinetic constants of DAPDH for NAD™ and
NADP* were evaluated, since the enzyme can function with
both nucleotides as hydrogen acceptors, as described for C.
sticklandii (13, 18). The assays were performed by varying the
NAD™ or NADP™" concentration at a saturating concentration
of (2R,45)-DAP. The kinetic parameters were obtained from
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TABLE 1. Kinetic parameters of purified enzymes involved in anaerobic oxidative degradation of L-ornithine
Michaelian parameter Non-Michaelian parameter®
Enzyme Substrate
K, (BM) Kear (571) Kea/Kp (71 - M7D Ss0 (BM) Vinax (571 n

DAPDH NAD** 16 = 1 34 +0.7 2.110°

NADP*“ 2,560 = 280 5*05 2.0 10°

(2R ,4S)-DAP? 109 = 4 51.6 = 0.6 1.24 = 0.04

(2R4R)-DAP? 1,800 = 200 28+ 0.1 1.77 £ 0.25
OR L-Ornithine 520 = 20 1,660 * 30 3.210°
AKPT CoA-SH* 18 =3 3502 1.910°

AKP? 356 34+02 9.7 10*

“The (2R,4S)-DAP concentration was 800 wM.
> The NAD™ concentration was 2 mM.

¢ The AKP concentration was 350 pM.

4 The CoA-SH concentration was 80 M.

¢ S50 is the substrate concentration showing half-maximal velocity, n is the Hill coefficient, and V/

duplicate experiments by nonlinear analysis of initial rates us-
ing the software program SigmaPlot 9.0 (Systat Software, Inc.).
Results show that the enzyme studied here is a NAD "-prefer-
ring enzyme, since it is about 1,120 times more efficient (as
indicated by the ratios between k., /K,, NAD™ and k_,/K,,,
NADP") with NAD" (Table 1).

Although it was previously established that the product of
the ornithine mutase reaction is (2R,4S5)-DAP (14), it was
nevertheless decided to assess the ability of DAPDH to me-
tabolize (2R,4R)-DAP. (2R,4R)-DAP was synthesized from the
synthetic intermediate fert-butyl (3R)-5-methyl-2-oxopyrroli-
din-3-ylcarbamate produced from Dp-serine by Alfa Chimica.
This intermediate was purified by high-performance liquid
chromatography to furnish the two separated diastereoisomers
tert-butyl (3R,5R)-5-methyl-2-oxopyrrolidin-3-ylcarbamate and
tert-butyl (3R,55)-5-methyl-2-oxopyrrolidin-3-ylcarbamate. Af-
ter acidic treatment (HCI [6 M, 4 h, 80°C]), the two desired
enantiomers (2R,4S5)-DAP and (2R,4R)-DAP were obtained as
bishydrochloride salts and assigned by nuclear magnetic reso-
nance comparison with the (2R,4S)-DAP obtained enzymati-
cally. These experiments revealed that although the enzyme is
more efficient with (2R,45)-DAP, both diastereoisomers can be
metabolized (Table 1). The higher catalytic activity observed in
the presence of (2R,4S)-DAP may be due to a lower activation
energy needed to yield its transition state compared to that for
(2R,4R)-DAP. Although kinetics of DAPDH with a fixed con-
centration of (2R,4S5)-DAP and increasing NAD" and NADP™*
concentrations were hyperbolic, kinetics with a fixed NAD™
concentration and various concentrations of (2R,4S5)-DAP and
(2R 4R)-DAP were sigmoidal. Values of v (initial rate of reac-
tion) at various substrate concentrations were fit using nonlin-
ear regression according to the general Hill equation, v =
(Vimax /(850" + 8™), where Sy is the substrate concentration
showing half-maximal velocity, n is the Hill coefficient, and
V max 18 the maximal velocity. The resulting kinetic parameters
are presented in Table 1. Binding of a molecule of ligand to
one subunit of the «2 dimer may cause a conformational
change that increases the binding affinity of the ligand for the
second subunit, leading to positive homotropic cooperativity.
DAPDH undergoes allosteric activation by its own substrate,
but it is negatively regulated by its product, AKP, and by both
the end products of the oxidative metabolic pathway, acetyl-
CoA and p-alanine. The initial rate of the reaction conducted

is the maximal velocity.

max

with 2 mM NAD™ and 100 pM (2R,4S)-DAP was 70%, 30%,
or 45% inhibited in the presence of 1 mM AKP, acetyl-CoA, or
p-alanine, respectively.

Characterization of AKPT. The first attempts to character-
ize AKPT activity were conducted with the product of or-3.
Since no enzymatic activity could be detected, it was consid-
ered that AKPT might be composed of subunits encoded by
distinct genes and acting as a complex. Because or-2 is always
found next to the AKPT candidate gene (or-3), it was expected
that these two genes could encode the o and B subunits of
AKPT, respectively. The two genes were then cloned as a
polycistronic sequence in pEXP5-NT/TOPO for recombinant
production. Under these conditions, the hexahistidine tag was
inserted only into the putative a subunit of the complex. SDS-
PAGE analysis after immobilized metal affinity chromatogra-
phy revealed the presence of two purified polypeptide chains
with apparent molecular masses around 14 and 50 kDa (not
shown), consistent with the calculated masses of 13,930 and
51,450 Da for the putative o and B subunits, respectively. The
copurification of the polypeptide chain deprived of the hexa-
histidine sequence using an Ni** affinity column strengthens
the hypothesis that AKPT is composed of distinct subunits. But
according to SDS-PAGE analysis, the absence of a His-tagged
sequence on the putative B subunit led to its substoichiometric
proportion. To purify the « and B subunits in equimolar pro-
portions, gel filtration experiments were therefore conducted
on the mixture containing the two purified proteins. A total of
300 pg of putative AKPT in 50 mM Tris-HCI (pH 8.0)-150
mM NaCl was loaded onto the column. A peak with an appar-
ent mass of 136 kDa, consistent with a functional heterotet-
rameric a,3, structure, was isolated. SDS-PAGE analysis re-
vealed that the protein fractions recovered contained both o
and B subunits in apparent stoichiometric proportions and
purified to apparent homogeneity (not shown). AKPT activity
was thus assayed in the forward direction, following the pro-
duction of acetyl-CoA (Fig. 1, step 4). The formation of the
thioester bond of acetyl-CoA could be continuously monitored
(€235 = 4,500 M~ - cm ™ ') (15). The reaction was carried out
in 50 mM Tris-HCI (pH 8.0) in the presence of 40 uM PLP, 80
pM CoA-SH, and 1 mM AKP, confirming the functionality of
the purified thiolase. Experiments indicated that, in agreement
with the data of Jeng et al. (9), AKPT activity is strictly PLP
dependent (not shown). The kinetic constants of AKPT for
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AKP and CoA-SH were evaluated by varying the concentra-
tion of one substrate while keeping the other substrate at the
saturating concentration. The kinetic parameters were ob-
tained from duplicate experiments by nonlinear analysis of
initial rates. Results are presented in Table 1. The identity of
the compound detected at 232 nm was further analyzed using
citrate synthase. Briefly, AKP was allowed to react with
CoA-SH in the presence of AKPT to accumulate acetyl-CoA.
Twenty-five micrograms of AKPT was incubated in 100 pl 50
mM Tris-HCI (pH 8.0) in the presence of 40 wM PLP, 80 uM
CoA-SH, and 1 mM AKRP for 1 h. The reaction was stopped by
the addition of 1% (vol/vol) trifluoroacetic acid and neutral-
ized with 5 M K,CO;, and the mixture was further incubated
with 450 wM dithionitrobenzoate to deplete free CoA-SH. The
depletion of the free CoA-SH pool was continuously moni-
tored at 412 nm through the formation of the thionitrobenzo-
ate ion until a plateau was reached. The addition of 0.4 U of
citrate synthase and 1 mM oxaloacetate led to a new strong
increase in absorption, confirming the presence of acetyl-CoA
synthesized by AKPT. Alanine has been described to be the
other reaction product, but its conformation has never been
established, while it is expected to be the D isomer (9). Indeed,
p-ornithine is the substrate for ornithine mutase (14), and
there is no evidence for further steric rearrangements of the
a-amino group during dehydrogenase and thiolase reactions.
The identification of the isomer conformation was experimen-
tally established, taking advantage of the reversibility of the
AKPT reaction (Fig. 1, step 4). A 2.5-pg amount of AKPT was
incubated in 100 pl 50 mM Tris-HCI (pH 8.1), containing 40
pM PLP and 450 uM dithionitrobenzoate, in the presence of
2 mM acetyl-CoA and 2 mM bp-alanine. The reaction was
initiated by the addition of p-alanine and monitored continu-
ously at 412 nm. The formation of CoA-SH was observed only
in the presence of the D isomer as the substrate and not in that
of the L isomer (not shown). The substrate specificity of the
enzyme was investigated in a similar way. Several amino acids
and esters of CoA were tested for thiolase activity. The enzyme
was incubated as follows: (i) in the presence of acetyl-CoA and
of each proteogenic amino acid (with the exception of cys-
teine) in its D conformation; (ii) in the presence of p-alanine
and of a CoA ester (propionyl-CoA, crotonyl-CoA, succinyl-
CoA, butyryl-CoA, or malonyl-CoA). Under these conditions,
the formation of CoA-SH was never observed, suggesting a
strict substrate specificity. AKPT has no significant homology
with any known enzyme family. Homologs of AKPT (>57%
identity over the whole length of the protein) were found only
in genomes containing all the genes of the pathway, which are
expected to ferment this amino acid. In the other organisms,
the maximum percentage identity falls to ~26%, with other
PLP-dependent enzymes, such as tryptophan synthase.
Characterization of OR. OR catalyzes the conversion of L-
to p-ornithine (Fig. 1, step 1). The His-tagged recombinant
putative OR has a calculated molecular mass consistent with its
apparent mass in SDS-PAGE (41,763.9 Da and ~43 kDa,
respectively). The protein was purified as a homodimer by gel
filtration (not shown). The UV/visible spectrum of the purified
protein revealed an absorption maximum at 420 nm, suggest-
ing the presence of tightly bound PLP (not shown). These data
can be linked to the work of Chen et al., who described the
purification of dimeric and PLP-dependent OR with an appar-
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ent mass of 46.8 kDa on an SDS-PAGE gel for C. sticklandii
(2). Here, the OR activity was first demonstrated by NADH
formation in a coupled enzymatic assay with excess OA and
DAPDH. The pyridine nucleotide reduction was triggered by
the addition of L-ornithine, proving the functionality of the
enzyme. Preliminary experiments with saturating concentra-
tions of L-ornithine were conducted to set up an assay with
adequate amounts of enzymes. Particular care was given to the
handling of the racemase due to its instability upon dilution
(~40% activity lost within 2 h). Under these conditions, the
rate of formation of NADH was strictly proportional to the
amount of OR (with amounts of enzyme ranging from 0.24 to
1.43 ng). The coupled assay was conducted using 0.24 ng OR,
20 pg OA, 5.5 pg DAPDH, 2 mM NAD™*, 3 uM adenosylco-
balamine, and 40 wM PLP in 100 pl 50 mM Tris-HCI, pH 8.5.
The kinetic parameters of OR were determined from triplicate
experiments by nonlinear analysis of initial rates and are shown
in Table 1. Data are close to those previously reported (2):
K, = 770 pM; k., = 980 s~ '. To further characterize the
enzyme, its substrate specificity was assessed. Five mM of L and
D enantiomers of all proteogenic amino acids plus ornithine
were incubated in 100 pl 10 mM Tris-HCI (pH 8.5) in the
presence of 10 uM PLP and 8 pg OR for 3 h. L and D enan-
tiomers of amino acids were separated on a Sumichiral OA-
6100 column (150 by 4.6 mm, 5 pm; Sumika) using an isocratic
gradient (1 mM CuSO, plus 2% acetonitrile) with a flow rate
of 1 ml/min. Compounds were detected by a photodiode array
(Thermo-Fisher) between 200 and 600 nm. Results indicated
that OR racemizes preferentially basic amino acids; for lysine,
arginine, and ornithine, the reaction reached equilibrium with
around 50% conversion for each enantiomer. Three other
amino acids, serine, asparagine, and alanine, were also con-
verted, but at a lower rate, with a maximum of only 10% serine
conversion within the time course of the experiment (data not
shown). The conversion of D- to L-alanine was further con-
firmed by a spectrophotometric assay coupling the formation
of L-alanine to NAD™ reduction in the presence of L-alanine
dehydrogenase. These results are thus in disagreement with
the work of Chen et al. (2), where a strict specificity for orni-
thine was reported. Finally, these discrepancies (the slight dif-
ference in molecular mass but especially the marked difference
in substrate specificity) suggest that the racemase presented
here could be different from the one previously reported.

In vitro reconstitution of the L-ornithine degradation path-
way. A coupled enzymatic assay, combining purified OR, OA,
DAPDH, and AKPT, was set up to generate acetyl-CoA from
L-ornithine. The overall reaction was first monitored through
the reduction kinetics of NAD™ and stopped with 1% (vol/vol)
trifluoroacetic acid at equilibrium. The end products of the
oxidative degradation pathway, acetyl-CoA and alanine, along
with the intermediates DAP and AKP, were then characterized
by liquid chromatograph (LC)-mass spectrometry analysis. Ex-
periments were carried out using an LTQ/Orbitrap coupled to
an Accela LC system (Thermo-Fisher). Intermediates of the
oxidative ornithine degradation pathway were detected in the
positive mode by full-scan mass analysis from /z 50 to 1,000 at
a resolving power of 15,000 at m/z = 400. Compounds were
detected using a heated electrospray ionization source (150°C)
at 4 kV with sheath, auxiliary, and sweep gases set at 40, 35,
and 5 arbitrary units, respectively. The chromatographic col-
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umns were thermostated at 35°C. Ornithine, DAP, and AKP
were separated with a Hypercarb column (150 by 2.1 mm, 5
pwm; Thermo-Fisher) using an isocratic gradient (95% water
containing 0.1% formic acid plus 5% 2-propanol) with a flow
rate of 0.2 ml/min. Acetyl-CoA was detected with a Hypersil
Gold C,g column (100 by 2.1 mm, 1.9 wm; Thermo-Fisher). A
mobile-phase gradient was used with a flow rate of 0.4 ml/min
in which mobile phase A consisted of 50 mM ammonium
acetate adjusted to pH 9.0 and mobile phase B consisted of
acetonitrile. The gradient started at 100% A for 5 min, fol-
lowed by a linear gradient at 100% B for 5 min and finally 5
min at 100% B. Alanine was separated with a Luna NH,
column (100 by 2.1 mm, 3 wm; Phenomenex). A mobile-phase
gradient was used with a flow rate of 0.2 ml/min in which the
mobile phases were the same as those used for the separation
of acetyl-CoA. The gradient started at 85% B for 2 min, fol-
lowed by a linear decreasing gradient from 85 to 5% B in 10
min and finally 10 min at 5% B. Ornithine was detected at m/z
133.0970 (accuracy, 1.0 ppm) at a retention time of 1.92 min
and could be separated from DAP, detected at m/z 133.0969
(accuracy, 1.7 ppm) at a retention time of 2.37 min. AKP was
detected at m/z 132.0654 (accuracy, 0.7 ppm). Acetyl-CoA was
detected at m/z 810.1316 (accuracy, 1.8 ppm) and alanine at
m/z 90.0544 (accuracy, 5.5 ppm). In conclusion, LC-mass spec-
trometry analyses confirmed the functionality of such a recon-
stituted metabolic pathway.

In this study, we have identified the four last missing genes
implicated in the anaerobic oxidative degradation of L-orni-
thine. We demonstrated that these genes, named orr, ord, ortA,
and ortB (Fig. 2), code for OR, DAPDH, and AKPT (« and 8
subunits) activities, respectively. Of the seven genes colocal-
ized in most of the putative ornithine-fermenting bacteria, six
(ord, ortA, ortB, oraS, oraE, and orr) (Fig. 2) have been exper-
imentally associated with a function. Concerning the remaining
gene, or-4 (between oraE and orr), its product shares 37%
amino acid identity with the product of mutL. The mutL gene
is generally located between the mutS and mutE genes, which
encode the two subunits of the adenosylcobalamine-dependent
glutamate mutase. While the function of MutL is not known, it
has been suggested that it might be a reactivating factor for
glutamate mutase (11). In this case, or-4 may have a similar
role for the adenosylcobalamine-dependent OA. As expected,
the genes of the oxidative ornithine fermentation pathway,
experimentally found in C. sticklandii, are also found in other
members of the Clostridiaceae, including the nosocomial
pathogen Clostridium difficile, in which Stickland reactions and
amino acid metabolism are critical for growth and toxin pro-
duction (8). Interestingly, we have found that two additional
phylogenetically distant phyla, the Actinobacteria and the Ther-
motogae, contain these genes. These data indicate that these
organisms might ferment ornithine and thus that this pathway
is certainly not restricted to the Firmicutes.

Nucleotide sequence accession numbers. The nucleotide se-
quences reported in this article have been submitted to the
GenBank/EBI data bank with the accession numbers CU695246,
CU695247, CU695248, and CU695250.
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