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A novel c-N-methylaminobutyrate demethylating oxidase involved
in catabolism of the tobacco alkaloid nicotine by Arthrobacter
nicotinovorans pAO1

Calin B. Chiribau1, Cristinel Sandu1, Marco Fraaije2, Emile Schiltz3 and Roderich Brandsch1

1Institute of Biochemistry and Molecular Biology, University of Freiburg, Freiburg, Germany; 2Laboratory of Biochemistry, University

of Groningen, the Netherlands; 3Institute of Organic Chemistry and Biochemistry, University of Freiburg, Freiburg, Germany

Nicotine catabolism, linked in Arthrobacter nicotinovorans
to the presence of the megaplasmid pAO1, leads to the for-
mation of c-N-methylaminobutyrate from the pyrrolidine
ring of the alkaloid. Until now the metabolic fate of
c-N-methylaminobutyrate has been unknown. pAO1 carries
a cluster of ORFs with similarity to sarcosine and dimeth-
ylglycine dehydrogenases and oxidases, to the bifunctional
enzyme methylenetetrahydrofolate dehydrogenase/cyclo-
hydrolase and to formyltetrahydrofolate deformylase. We
cloned and expressed the gene carrying the sarcosine dehy-
drogenase-like ORF and showed, by enzyme activity, spec-
trophotometric methods and identification of the reaction
product as c-aminobutyrate, that the predicted 89 395 Da
flavoprotein is a demethylating c-N-methylaminobutyrate
oxidase. Site-directedmutagenesis identifiedHis67 as the site

of covalent attachment of FAD and confirmed Trp66 as
essential for FAD binding, for enzyme activity and for the
spectral properties of the wild-type enzyme. AKm of 140 lM
and a kcat of 800 s)1 was determined when c-N-methyl-
aminobutyrate was used as the substrate. Sarcosine was also
turned over by the enzyme, but at a rate 200-fold slower than
c-N-methylaminobutyrate. This novel enzyme activity
revealed that the first step in channelling the c-N-methyl-
aminobutyrate generated from nicotine into the cell meta-
bolism proceeds by its oxidative demethylation.

Keywords: Arthrobacter nicotinovorans; c-N-methylamino-
butyrate oxidase;megaplasmid pAO1; nicotine degradation;
sarcosine oxidase.

The bacterial soil community plays a pivotal role in the
biodegradation of an almost unlimited spectrum of natural
and man-made organic compounds, among them the
tobacco alkaloid nicotine. Perhaps analysed in greatest
detail is the pathway of nicotine degradation as it takes
place in Arthrobacter nicotinovorans (formerly known as
A. oxydans). Pioneering work on the identification of the
enzymatic steps of this oxidative catabolic pathway was
performed in the early 1960s by Karl Decker and
co-workers at the University of Freiburg, Germany [1–8],
and by Sidney C. Rittenberg and co-workers at the
University of Southern California (Los Angeles, CA, USA)
[9–14]. The first step in the breakdown of L-nicotine, the
natural product synthesized by the tobacco plant, is the
hydroxylation of the pyridine ring of nicotine in position
six. This step is catalysed by nicotine dehydrogenase, a

heterotrimeric enzyme of the xanthine dehydrogenase
family, which carries a molybdenum cofactor (MoCo), a
FAD moiety and two iron-sulphur clusters [15,16]. Next,
the pyrrolidine ring of 6-hydroxy-L-nicotine is oxidized by
6-hydroxy-L-nicotine oxidase [17]. A second hydroxylation
of the pyridine ring of nicotine is performed by ketone
dehydrogenase [18], an enzyme similar to nicotine
dehydrogenase, yielding 2,6-dihydoxypseudooxynicotine
[N-methylaminopropyl-(2,6-dihydroxypyridyl-3)-ketone]
(Fig. 1). Cleavage of 2,6-dihydoxypseudooxynicotine by an
as yet unknown enzyme, results in the formation of 2,
6-dihydroxypyridine and c-N-methylaminobutyrate [6,14].
2,6-Dihydroxypyridine is hydroxylated to 2,3,6-trihydroxy-
pyridine by the FAD-dependent 2,6-dihydroxypyridine
hydroxylase [19] and, in the presence of O2, spontaneously
forms a blue pigment, known as nicotine blue. The
metabolic fate of c-N-methylaminobutyrate was unknown
until now.

Biodegradation of nicotine by A. nicotinovorans is linked
to the presence of the megaplasmid, pAO1 [20]. The recent
elucidation of the DNA sequence of pAO1 revealed the
modular organization of the enzyme genes involved in
nicotine degradation [21]. Next to a nic-gene cluster [19],
there is a cluster of genes on pAO1 encoding the complete
enzymatic pathway responsible for the synthesis of MoCo,
required for enzyme activity by nicotine dehydrogenase and
ketone dehydrogenase, and a gene cluster of an ABC
molybdenum transporter. Adjacent to the nic-gene cluster is
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a set of hypothetical genes encoding a predicted flavo-
enzyme similar tomitochondrial and bacterial sarcosine and
dimethylglycine dehydrogenases and oxidases (ORF63),
and two putative enzymes of tetrahydrofolate metabolism
(ORF64 and ORF62) [21].

In the present work we show that the protein encoded by
the sarcosine dehydrogenase-like ORF63 represents a novel
enzyme, specific for the oxidative demethylation of
c-N-methylaminobutyrate generated from 2,6-dihydroxy-
pseudooxynicotine. Identification of this enzyme extends
our knowledge about the catabolic pathways of nicotine in
bacteria and demonstrates that the first step in themetabolic
turnover of c-N-methylaminobutyrate consists of its deme-
thylation.

Experimental procedures

Bacterial strains and growth conditions

A. nicotinovorans pAO1 was grown at 30 �C on citrate
medium supplemented with vitamins, trace elements [22]
and 5 mM of L-nicotine, as required. Growth of the
culture was monitored by the increase in absorption at
600 nm. Escherichia coli XL1-Blue was employed as a
host for plasmids and was cultured at 37 �C on LB
(Luria–Bertani) medium, supplemented with the appro-
priate antibiotics.

Cloning of the c-N-methylaminobutyrate oxidase
(MABO ) gene

pH6EX3 [23] is the expression vector used to clone the
MABO gene. The DNA fragment carrying the MABO
ORF was amplified with the primer pair 5¢-GAC
CTGAGTAGAAATGGATCCCTGATGGACAGG-3¢
and 5¢-GGAATGGCTCGAGGGATCATCACC-3¢ bear-
ing the restriction enzyme recognition sites BamHI and
XhoI, respectively. pAO1 DNA, isolated as described
previously [20], was employed as a template in PCR
amplifications performed as follows: 1 min at 95 �C, 40 s
at 62 �C and 2 min at 72 �C, for 30 cycles, followed by one
additional amplification round of 1 min at 95 �C, 40 s at
62 �C and 10 min at 72 �C. Pfu-Turbo high fidelity
polymerase (Stratagene, Heidelberg, Germany) was used
in the PCR. The amplified DNA fragment was ligated into
pH6EX3 digested with the same restriction enzymes. E. coli
XL1-Blue, made transformation competent with the Roti-
Transform kit (Roth, Karlsruhe, Germany), were trans-
formed with the ligated DNA and the bacteria were plated
onto LB plates supplemented with 50 lgÆmL)1 of ampicil-
lin. Recombinant clones were verified by sequencing.

Purification of MABO

The recombinant plasmid carrying the MABO gene was
transformed into E. coli BL21 (Novagen, Schwalbach,
Germany) and selected on 50 lgÆmL)1 of ampicillin. One-
hundred millilitres of LB medium was inoculated with a
single colony, cultured overnight at 30 �C and used to
inoculate 1 L of LB medium. MABO overexpression was
induced with 0.3 mM isopropyl thio-b-D-galactoside at
22 �C for 24 h. Bacteria were harvested at 5000 g, resus-
pended in 40 mM Hepes buffer, pH 7.4, containing 0.5 M

NaCl, and disrupted with the aid of a Branson sonifier.
The supernatant obtained by centrifugation of the bacterial
lysate at 13 000 g was used to isolate the proteins on
Ni-chelating Sepharose, as described by the supplier of the
Sepharose (Amersham Biosciences, Freiburg, Germany).
The isolated protein was analysed by SDS/PAGE on 10%
(w/v) polyacrylamide gels. Superdex S-200 permeation
chromatography, for determining the size of the native
protein, was performed with the aid of a Mini-Maxi Ready
Rack device, according to the suggestions of the supplier
(Amersham Biosciences).

Determination of enzyme activity

Enzyme activity was determined by using the peroxidase-
coupled assay, consisting of 20 mM potassium phosphate
buffer, pH 10, 25 lM to 10 mM c-aminobutyrate or
1–100 mM sarcosine as substrates, 10 IUÆmL)1 of horse-
radish peroxidase (Sigma, Steinheim, Germany), 0.007%
(w/v) o-dianisidine (Sigma) and 10 lgÆmL)1 ofMABO. The
reaction was initiated by the addition of substrate, and the
increase in absorption at 430 nm caused by the oxidation of
o-dianisidine was followed in an Ultrospec 3100 spectro-
photometer (Amersham Biosciences). The pH optimum of
the enzyme reaction was determined in potassium phos-
phate buffer of pH 5–10. A similar assay was employed in
the activity staining of native MABO on nondenaturing
polyacrylamide gels soaked in 10 mL of 20 mM potassium
phosphate buffer, pH 10, containing 10 mM c-N-methyl-
aminobutyrate, 10 IUÆmL)1 of horseradish peroxidase, and
0.007% (w/v) o-dianisidine.

TLC

Identification of the product of the reaction between
c-N-methylaminobutyrate and MABO was performed by
TLC on Polygram Cel400 plates (Macherey-Nagel,
Düren, Germany) with n-butanol/pyridine/acetic acid/
H2O (10 : 15 : 3 : 12; v/v/v/v) as the mobile phase. One
microlitre of a mix of 2 mM amino acids, consisting of

Fig. 1. Breakdown of nicotine by Arthro-

bacter nicotinovorans pAO1 (see the text for

details). 6HLNO, 6-hydroxy-L-nicotine oxi-

dase; KDH, ketone dehydrogenase; MABO,

c-N-methylaminobutyrate oxidase; NDH,

nicotine dehydrogenase.
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oxydized glutathione, lysine, alanine and leucine, and
1 lL of a 10 mM solution of c-aminobutyrate, were used
as standards. The dry plates were developed by spraying
with a 0.1% (v/v) nynhidrine solution in acetone.

State of FAD attachment to MABO

Noncovalent or covalent binding of FAD to MABO was
determined by precipitation of the protein with trichloro-
acetic acid, and by the flavin fluorescence, in 10% (v/v)
acetic acid, of the precipitated protein separated by SDS/
PAGE on 10% (w/v) polyacrylamide gels.

Site-directed mutagenesis of the MABO gene

The amino acid substitutions in the MABO protein were
made with the aid of the Quick Change site-directed
mutagenesis kit (Stratagene), according to the instructions
of the supplier, and by using the primer pair 5¢-
GGCACCTCTTGGGCCGCCGCAGGC-3¢ and 5¢-GCC
TGCGGCGGCCCAAGAGGTGCC-3¢ for the H67A
mutant, by using the primer pair 5¢-GCAGCGGCAC
CTCTTCTCACGCCGCAGGCTTG-3¢ and 5¢-CAAG
CCTGCGGCGTGAGAAGAGGTGCCGCTGC-3¢ for
the W66S mutant, and by using the primer pair
5¢-GCCACCTCTTTCCACGCCGCAGGC-3¢ and 5¢-GC
CTGCGGCGTGGAAAGAGGTGCC-3¢ for the W66F
mutant.

Spectroscopic measurements and determination of the
FAD redox potential of MABO Spectra were recorded in a
Lambda Bio40 UV/VIS spectrophotometer (PerkinElmer)
or in an Ultrospec 3100 spectrophotometer (Amersham
Biosciences). Reduction of the enzyme was accomplished by
using c-N-methylaminobutyrate, sarcosine and sodium
dithionite under anaerobic conditions, achieved by flushing
the cuvettes (Hellma, Müllheim, Germany) with high-
quality nitrogen. In addition, reduction with substrates was
performed in the presence of 1 U of glucose oxidase (Roche,
Mannheim,Germany) and 1 mM glucose in order to deplete
the oxygen from the assay. Sodium disulfite was used for
sulfite titration experiments. Determination of the redox
potential of MABO was performed as described previously
[24], employing the xanthine/xanthine oxidase method.

Western blotting of A. nicotinovorans pAO1 extracts

Purified MABO protein was used to raise an antiserum in
rabbits according to standard protocols. Bacterial pellets
from 1 L cultures of A. nicotinovorans pAO1, cultured as
described above, were suspended in 5 mL of 0.1 M phos-
phate buffer, pH 7.4, containing 58 mM Na2HPO4, 17 mM

NaH2PO4, 68 mMNaCl, 1 mM phenylmethylsulfonyl fluor-
ide and 5 mgÆmL)1 lysozyme.After 1 h of incubation on ice,
the bacterial suspensions were passed through a French
pressure cell at 132 Mpa and the lysate was centrifuged for
30 min at 12 000 g. The extracts were analysed by SDS/
PAGE on 10% (w/v) polyacrylamide gels and blotted onto
nitrocellulose membranes (Optitran BA-S 85; Schleicher &
Schuell, Dassel, Germany). The membranes were decorated
with MABO antiserum and developed by using alkaline
phosphatase-conjugated anti-rabbit IgG (Sigma) and Nitro
Blue tetrazolium chloride as the indicator.

Results

ORF63 codes for a protein with covalently attached
flavin, synthesized only in bacteria grown in the presence
of nicotine

The DNA carrying the sarcosine dehydrogenase-like
ORF63, corresponding to a protein of 813 amino acids
with a predicted molecular mass of 89 395 kDa, was
inserted into the expression vector pH6EX3, giving rise
to a fusion protein with the N-terminal sequence
MSPIHHHHHHLVPGSLM (one letter amino acid code;
the underlined residue corresponds to the start methionine
of ORF63). The protein was overexpressed in E. coli BL21,
and the His-tagged protein was purified on Ni-chelating
Sepharose. The purified protein analysed by SDS/PAGE on
10% (w/v) polyacrylamide gels showed a molecular mass of
� 90 000, in good agreement with the predicted size of the
protein (Fig. 2A, lane 2 and lane 3). The protein isolated
from E. coli BL-21 cultures grown at a temperature of
>30 �Cwas practically colourless. However, when isolated
from bacterial cultures grown at a temperature between
15 �Cand 22 �C, the protein was yellow-coloured, typical of
flavoenzymes. The trichloracetic acid-precipitated protein
retained its yellow colour and showed an intense fluores-
cence on SDS-polyacrylamide gels under UV light (Fig. 2A,
lane 3). These features are characteristic of enzymes with a
covalently attached flavin prosthetic group. The protein
behaved on gel permeation chromatography (a Superdex
200 column) like a monomer with a molecular mass of
� 90 000 (data not shown).

When extracts of A. nicotinovorans pAO1, grown in the
presence or absence of nicotine in the growth medium, were
analysed by Western blotting for the presence of ORF63

Fig. 2. Purification, UV fluorescence and nicotine-dependent expression

of the ORF63 protein. (A) The H6-ORF63 protein was isolated

by Ni-chelating chromatography from pH6EX3.MABO carrying

Escherichia coli BL21 lysates, as described in the Experimental pro-

cedures and analysed by SDS/PAGE on 10% (w/v) polyacrylamide

gels stained with Coomassie Brilliant Blue. Lane 1, 50 lg of protein of

E. coli lysate; lane 2, 10 lg of purified H6-ORF63 protein; and lane 3,

UV fluorescence of H6-ORF63 protein soaked in 10% acetic acid.

To the left of the gel images are the molecular mass markers.

(B) Expression of H6-ORF63 protein analysed by Western blotting of

extracts of Arthrobacter nicotinovorans pAO1 grown in the presence

(lane 1) and in the absence (lane 2) of nicotine, as described in the

Experimental procedures. Lane 3, 1 lg of purified H6-ORF63 protein

as a control.
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protein with specific antiserum, the protein was detected
only in extracts of nicotine-grown bacteria (Fig. 2B, com-
pare lane 1 with lane 2). The protein was not produced in a
pAO1-deficient A. nicotinovorans strain, grown either in the
presence or absence of nicotine (data not shown).

The sarcosine dehydrogenase-like ORF63 protein
is a c-N-methylaminobutyrate oxidase

Because the ORF63 protein was detected only in extracts of
bacteria grown in the presence of nicotine, we reasoned that
the hypothetical enzyme may be connected to nicotine
catabolism. Cleavage of 2,6-dihydroxypseudooxynicotine
yields c-N-methylaminobutyrate, which would be a candi-
date substrate for an enzymewith similarity to sarcosine and
dimethylglycine dehydrogenases and oxidases. Indeed,
when the protein was tested on native polyacrylamide gels
in a peroxidase-coupled assay with c-N-methylaminobuty-
rate as the substrate, a characteristic colour developed at the
position of the protein (Fig. 3A). The enzyme behaved like
an oxidase and, with c-N-methylaminobutyrate as the
substrate, showed the kinetic parameters listed in Table 1.
The pH optimum of the enzyme reaction was between pH 8
and pH 10. Sarcosine, but not dimethylglycine, was
converted to a detectable extent (Table 1). Compounds
structurally related to c-N-methylaminobutyrate were not
accepted as substrates (Table 1). Apparently, the enzyme is
highly specific for c-N-methylaminobutyrate, as the cata-
lytic efficiency (kcat/Km) with sarcosine is several orders of
magnitude (36 000·) lower. Addition of tetrahydrofolate to
the assay did not increase enzyme activity. As predicted, the

enzyme catalysed the demethylation of c-N-methylaminob-
utyrate, yielding c-aminobutyrate, as shown by TLC
(Fig. 3B). Thus, the enzyme was found to be a demethy-
lating c-N-methylaminobutyrate oxidase (MABO). Cyclic
compounds, such as L-proline, pipecolic acid or nicotine,
were not turned over. N-Methylaminopropionate was,
unfortunately, not at our disposition, but 2-methylamino-
ethanol was also no substrate and the carboxyl group of
c-N-methylaminobutyrate appeared to be important, as
methylaminopropylamine and methylaminopropionnitrile
were not accepted by the enzyme. Compounds with long
carbohydrate chains, such as 12-(methylamino)lauric acid
[CH3-NH-(CH2)11-COOH], were not turned over.

Flavin content and the UV-visible absorption spectrum
of recombinant MABO

The UV-visible spectrum of MABO (Fig. 4A) exhibited
absorption maxima centred at 278, 350 and 466 nm, with
an additional shoulder at 500 nm. The ratio between the
absorption at 280 nm and at 466 nm was 17.5 and this
indicates a stoichiometry of 1 flavin molecule per protein
molecule. Unfolding of the enzyme with SDS led to the
disappearance of the shoulder at 500 nm and the forma-
tion of a spectrum typical for free flavin (Fig. 4A, dotted
line). In contrast to flavoprotein dehydrogenases, flavo-
protein oxidases typically react with sulfite to form a flavin
N(5)-adduct [25,26]. MABO was found to react readily
with sulfite, as the flavin spectrum was efficiently bleached
by the addition of sulfite (Fig. 4C). Sulfite titration revealed
effective formation of the flavin-sulfite adduct (KD ¼
150 lM). Anaerobic titration with c-N-methylaminobuty-
rate and sarcosine resulted in full reduction of the enzyme
without formation of flavin semiquinone species (Fig. 4B).
This indicates that the enzyme is able to perform oxidation
reactions which involve a 2-electron reduction of the flavin
cofactor.

Site-directed mutagenesis of MABO

An amino acid alignment of the N-terminal sequence of
pAO1 MABO, with the sequence of related enzymes, is
shown in Fig. 5A. The alignment reveals, besides the
characteristic dinucleotide-binding fingerprint amino acid
motif, GXGXXG, a conserved His residue, typical for
enzymes of this family. This His residue was first shown to
be the site of covalent attachment of the FADmoiety in rat
mitochondrial SaDH and DMGDH [27–30]. It is preceded
in pAO1 MABO and in the mitochondrial enzymes by a
Trp residue, which corresponds to a Ser residue in
dimethylglycine oxidase from Arthrobacter spp. [31]. As
expected from the alignment, replacement ofHis67 withAla
resulted in a protein without covalently bound flavin when
tested by trichloracetic acid precipitation and by UV
fluorescence following SDS/PAGE (results not shown).
The isolated protein contained noncovalently bound flavin
and exhibited� 10% of the enzyme activity of the wild-type
enzyme. However, the UV-visible spectrum (Fig. 5B, dotted
broken line, number 2) was very similar to that of the wild-
type enzyme (Fig. 5B, continuous line, number 1), with a
characteristic shift to higher wavelengths. Replacement of
Trp66 by Ser also resulted in a noncovalently flavinylated

Fig. 3. The ORF63 protein is a demethylating c-N-methylaminobuty-

rate oxidase (MABO). (A) MABO analysed by PAGE on nondena-

turing 10% (w/v) polyacrylamide gels and stained with Coomassie

brillant blue (lane 1), or analysed by activity staining with

c-N-methylaminobutyrate as a substrate (lane 2), as described in the

Experimental procedures. M, molecular mass markers. (B) Identifi-

cation by TLC of c-aminobutyrate as the reaction product of MABO.

Onemicrolitre of a 10 mM solution of c-aminobutyrate (lanes 2 and 9);

1 lL of a 10 mM solution of c-N-methylaminobutyrate (lane 3, which

does not react with the ninhydrine reagent); a mix of 1 lL of

c-N-aminobutyrate and 1 lL of c-N-methylaminobutyrate (lane 4);

0.5 lL, 1 lL, 2 lL, 5 lL of a 1 mL enzyme assay with 10 mM

c-N-methylaminobutyrate as the substrate and 10 lg of MABO

incubated for 60 min (lanes 5–8) showing the formation of c-N-ami-

nobutyrate, were separated as described in the Experimental proce-

dures on a TLC plate and developed with ninhydrine reagent. Lane 1,

1 lL of a 2 mM amino acid mix (from bottom to top: oxidized glu-

tathion, lysine, alanine and leucine) employed as a standard.
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Fig. 4. UV-visible spectra of purified c-N-methylaminobutyrate oxidase (MABO). (A) UV-visible spectra of MABO (––) and SDS unfoldedMABO

(- - -). (B) Anaerobic reduction of MABO with 10 mM c-N-methylaminobutyrate: 1, oxidized spectrum; and 2, reduced spectrum. (C) Reaction of

MABO with sodium disulfite (1, 0.005 mM; 2, 0.01 mM; 3, 0.05 mM; 4, 0.15 mM; 5, 0.5 mM; and 6, 5 mM sodium disulfite).

Table 1. Substrate specificity of c-N-methylaminobutyrate oxidase (MABO).

Compound Km kcat (s
)1)

c-Methylaminobutyrate CH3–NH–(CH2)3–COOH 140 lM 800

Sarcosine CH3–NH–CH2–COOH 25 mM 4

Dimethylglycine CH3–N–CH2–COOH

|

CH3

– No substrate

Methylaminopropionnitrile CH3–NH–(CH2)3–CN – No substrate

Methylaminopropylamine CH3–NH–(CH2)3–NH2 – No substrate

a-Methylaminobutyrate CH3–NH–CH–COOH

|

CH2

|

CH3

– No substrate

Fig. 5. Alignment of N-terminal amino acid sequences of selected enzymes related to pAO1 c-N-methylaminobutyrate oxidase (MABO) and

UV-visible spectra of wild-type and mutantMABO proteins. (A) Amino acid alignment. Amino acids identical amongMABO and one of the related

enzymes are in bold type. The enzymes are rat mitochondrial sarcosine dehydrogenase (SaDH rat [29] Q88499, 30% identity withMABO), putative

SaDH of Rhizobium lotti (SaDH R. l. Q98KW8, 41% identity with MABO), hypothetical dehydrogenase of Agrobacterium tumefaciens (HDH,

Q8U599, 30% identity with MABO), rat dimethylglycine dehydrogenase (DMGDH rat [30], 30% identity with MABO), and dimethylglycine

oxidase ofArthrobacter globiformis (DMGOA. g. [38] Q9AGP89, 30% identity withMABO). (B) UV-visible spectra: 1, continuous line, spectrum

of wild-type MABO; 2, dotted broken line, spectrum of the H67A mutant; and 3, broken line, spectrum of the W66S mutant.
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protein, but which was devoid of enzyme activity. The
absorption spectrum of the mutant protein resembled the
spectrum of free FAD, indicative of a significantly altered
microenvironment around the isoalloxazine ring (Fig. 5B,
broken line, number 3). Phe in place of Trp66 resulted in a
protein with noncovalently bound FAD, again showing no
enzyme activity, and isolation of the flavin cofactor from
these mutant enzymes followed by TLC analysis showed it
to be, as expected, FAD (not shown).

Determination of the FAD redox potential of MABO

The xanthine/xanthine oxidase-mediated reduction of
MABO gave rise to the formation of a one-electron-reduced
flavin semiquinone anion with a typical absorbance maxi-
mum at 363 nm. The redox potential for the observed
one-electron reduction could be determined by using 5,5-
indigodisulfonate (Em ¼ )118 mV) (Fig. 6) and was found
to be )135 mV. The log(Eox/Ered) vs. log(dyeox/dyered) plots
for the one-electron reduction gave a slope of 0.51. The red
anionic flavin semiquinone was formed for more than 99%
during the reaction, indicating that the redox potentials of
the two couples (oxidized/semiquinone and semiquinone/
hydroquinone) are separated by at least 200 mV [24,32].
The relatively low redox potential for the second 1-electron
reduction could also be inferred from the fact that full
reduction of the enzyme could not be established by using
the xanthine oxidase method. While benzyl viologen
()359 mV) and methyl viologen (Em ¼ )449 mV) could
be reduced in the presence of MABO, no significant
reduction of the MABO semiquinone was observed.
Apparently, the anionionic semiquinone is strongly (kinet-
ically) stabilized by the microenvironment of the flavin

cofactor. A similar redox behaviour was recently observed
for glycine oxidase from Bacillus subtilis [25]. With the
flavinylated mutants, again only the semiquinones could be
formed during the redox titration. The corresponding redox
potentials of the oxidized/semiquinone redox couples were
found to be significantly lower compared to wild-type
enzyme, as 5,5-indigodisulfonate was fully reduced before
semiquinone was formed.

Discussion

The pAO1 gene with similarity to mitochondrial and
bacterial sarcosine and dimethylglycine dehydrogenases
and oxidases was shown, in this work, to encode a
demethylating oxidase with a novel substrate specificity.
Theenzymeefficiently convertsc-N-methylaminobutyrate,a
compound generated during the catabolism of nicotine from
2,6-dihydroxypseudooxynicotine [6,14]. The enzyme deme-
thylates c-N-methylaminobutyrate, producing c-aminobu-
tyrate. The enzyme exhibited a narrow substrate specificity
as, besides c-N-methylaminobutyrate, only sarcosine was
found to be converted to a detectable extent. The methyl
group is probably transferred to tetrahydrofolate, the
assumed second cofactor of the enzyme. Methylene-tetra-
hydrofolate may then be turned over by the bifunctional
enzyme methylene-tetrahydrofolate dehydrogenase/cyclo-
hydrolase and by formyl-tetrahydrofolate deformylase, the
products of the two genes which form an operon with the
gene of MABO (C. B. Chiribau & R. Brandsch, unpub-
lished).The associationof sarcosine oxidase geneswith genes
encoding enzymes of tetrahydrofolate-mediated C1 meta-
bolism has been shown to be of general occurrence and has
been described in detail for different bacteria [31,33]. The
similarity of the C-terminal domain of MABO to other
proteins of the sarcosine dehydrogenase and oxidase family
may indicate that this is the site of attachment of tetra-
hydrofolate to the enzyme. c-Aminobutyrate produced
during the reaction may enter the general metabolism.

Compared to kinetic data from the literature obtained
with the same peroxidase-coupled assay for tetrameric
sarcosine oxidase (Km ¼ 3.4 mM; kcat ¼ 5.8Æs)1 [34]),
monomeric sarcosine oxidase (Km ¼ 4.5 mM; kcat ¼
45.5Æs)1 [35]) and dimethylglycine oxidase (Km ¼ 2 mM;
kcat ¼ 14.3Æs)1 [31]), MABO with a Km of 25 mM and a
kcat of 4Æs

)1 and sarcosine as substrate is enzymatically less
active. However, it is a catalytically highly efficient enzyme
when c-N-methylaminobutyrate is the substrate. This
strongly supports the conclusion that c-N-methylamino-
butyrate is the natural substrate of the enzyme. The low Km

for c-N-methylaminobutyrate may reflect the necessity of a
high affinity for a substrate generated from L-nicotine
present at low concentrations in the environment. The
finding that MABO also exhibits sarcosine oxidase activity,
may indicate an evolutionary relationship to sarcosine
oxidases, enzymes largely distributed among soil bacteria.
MABO may have evolved from a sarcosine oxidase by
adjustment of the catalytic centre to accommodate the
increased length of the carbohydrate chain.

MABO exhibits, like the mitochondrial sarcosine and
dimethylglycine dehydrogenases [29,30], a tryptophan–his-
tidine (WH) motif (see Fig. 5A), with His being the FAD
attachment site. The H67A mutant contained, as expected,
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Fig. 6. Determination of the redox potential of wild-type c-N-methyl-
aminobutyrate oxidase (MABO). Selection of spectra obtained during

reduction of 6.25 lM MABO in Hepes buffer, pH 7.5, at 25 �C in the

presence of 3 lM 5,5-indigodisulfonate and 2 lM methyl viologen.

Reduction was accomplished by using the xanthine/xanthine oxidase

method [24]. The reductionwas complete after 90 min. The inset shows

the log(MABOox/MABOred) (measured at 467 nm) vs. log(dyeox/

dyered) (measured at 612 nm) revealing a slope of 0.51, which is close to

the theoretical value of 0.5.

4682 C. B. Chiribau et al. (Eur. J. Biochem. 271) � FEBS 2004



a noncovalently bound FAD. The flavin absorbance
maximum at lower wavelength was shifted dramatically
(350 nm for the wild-type, 380 nm for the H67A mutant
enzyme), which is indicative for breakage of the His–FAD
bond [36]. However, loss of the covalent bond did not affect
the spectral features of the absorbance maximum around
450 nm, an indication that binding and positioning of the
flavin cofactor at the active site was not affected. Replace-
ment of tryptophan with serine (W66S), also abolished
covalent binding of FAD and resulted in an inactive enzyme
variant. However, this inactivation was accompanied by a
drastic change of the UV-visible spectrum. The observed
unresolved absorbance maximum at 450 nm indicates that
the flavin cofactor is bound in a different microenvironment
from the wild-type enzyme, suggesting an important role for
W66 in binding of the flavin cofactor. Tryptophan in this
position also seems to be essential for covalent flavinylation
as it could not be replaced without affecting covalent
cofactor binding. As shown for other covalent flavo-
proteins, covalent attachment of FAD can significantly
alter the redox properties of the cofactor [36,37]. The wild-
type enzyme was found to form and stabilize the red anionic
flavin semiquinone, but could not be fully reduced using
xanthine oxidase. The redox potential for the transfer of the
first electron was found to be )135 mV, while the redox
potential for the second electron transfer is well below
)449 mV, resulting in a relatively low midpoint potential.
As the redox potential for the second electron transfer could
not be measured with the commonly used redox titration
approach, the redox behaviour of the mutant enzymes were
studied qualitatively. Again it was found that using the
redox titration by xanthine oxidase only the semiquinone
flavin could be formed. Interestingly, the redox potential for
the first electron transfer of the mutant proteins was found
to be significantly lower when compared with the wild-type
enzyme, indicating that the mutation affects the redox
behaviour of the flavin cofactor. The H67A mutant still
exhibited � 10% of the activity when compared with the
wild-type enzyme. This is in line with a decreased redox
potential, as a similar inactivating effect upon breaking the
covalent cofactor-protein linkage has been observed with
another oxidase. When breaking the histidyl–FAD bond in
vanillyl-alcohol oxidase, a 10-fold inactivation was also
observed, which could be correlated with a drop in redox
potential [36].

During the course of this work, the structure of
dimethylglycine oxidase from A. globiformis was published
[38]. Examination of the structure shows that the serine
side-chain, corresponding to W66 in MABO, does not
belong to those residues making direct contact with the
flavin. However, the conserved tryptophan may be
important in positioning nearby active-site residues. Pre-
cise positioning of active-site residues is not only import-
ant for catalysing c-N-methylaminobutyrate oxidation, but
the covalent tethering of the flavin cofactor is an
autocatalytic process [39] for which the active site has to
be well defined [40].

The results of this work define a demethylating oxidase of
novel substrate specificity, directed against c-N-methylam-
inobutyrate, a compound generated during the catabolism
of nicotine. The identification of this enzyme reveals, for the
first time, the metabolic fate of the pyrrolidine ring of

nicotine during the pAO1-dependent nicotine catabolism by
A. nicotinovorans.
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