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with adenosinetriphosphatase activity

Castor ME__NENDEZ', Annegret OTTO, Gabor IGLOP, Peter NICK, Rainer BRANDSCH, Berthold SCHUBACH,
Bettina BOTTCHER and Roderich BRANDSCH

' Institut flr Biochemie und Molekularbiologie, Universitat Freiburg, Germany
2 Institut fur Biologie Ill, Universitat Freiburg, Germany

¢ Institut fir Materialforschung, Universitat Freiburg, Germany

4 Insitut fUr Physikalische Chemie, Universitat Freiburg, Freiburg, Germany

(Received13 Augustl3 October1997) — EJB 971170/2

A gene cluster consisting of homologs Escherichia coli moaAmoeA moaC and moaE which
encode enzymes involved in the biosynthesis of molybdopterin cofactor (MoCo), amddd modB
andmodG which encode a high-affinity molybdate transporter, were identified onpafArthrobacter
nicotinovoransnear genes of molybdopterin-dependent enzymes involved in nicotine degradation. This
gene arrangement suggests a coordinated expression of the MoCo-dependent and the MoCo-biosynthesis
genes and shows that catabolic plasmids may carry the transport and biosynthetic machinery for the
synthesis of the cofactors needed for the functioning of the enzymes they encode M@ function-
ally complementecE. coli moeAmutants. The overexpressed and purified protein, of molecular mass
44500 Da, associated into high-molecular-mass complexes and spontaneously formed gels at concentra-
tions abovel mg/ml. Transmission electron microscopy and atomic force microscopy revealed that MoeA
forms fibrilar structures. In the presence of MgvioeA exhibited ATPase activity (0.020 pmol ATP -
pmol protein' - min~*). ATP, ADP or AMP induced the disassembly of the MoeA fibers into aggregates.
pAO1 MoeA shows 39% identity to the C-terminal domain of the rat neuroprotein gephyrin. Like ge-
phyrin it binds to neurotubulin, but binds with preference to tubulin dimers.

Keywords:catabolic-enzyme-encoding plasmid; MoeA; molybdopterin cofactor; molybdenum-contain-
ing enzyme; Mg -ATPase.

Molybdopterin is the common cofactor of a large group of with unknown functions in MoCo synthesis, but which are
molybdenum enzymes, which play essential roles from bactekaown to bind molybdate (Kamdar et al.994). Bacterial up-
to man. Its synthesis involves many gene products, generically take of molybdate is performed by a high-affinity Mo transporter
called Mol, many of which are conserved in all living organismsf the ATP-binding-cassette type, typically consisting of a peri-
but only a few have been defined functionally (Rajagopalan apdasmic Mo-binding protein, ModA, a membrane pore formed
Johnson,1992). The biochemical activities of MoaA, MoaB,by a dimer of ModB, and a membrane-associated ATP-binding
MoaC and MoeA are unknown; genetic studies suggest, hodimeric protein representing the energizer of the uptake system,
ever, that these gene products may be involved in the first biftodC (Higgins,1992).
synthetic steps leading to a precursor molecule (precursor Z) Soil bacteria make use of plasmids to carry inducible genes
of the molybdopterin cofactor (MoCo). MoeA shows significanbf catabolic enzymes, which enable them to use a large variety
similarity to eukaryotic proteins, such as the cinnamon gerns# organic substrates, when present in the medium, as a source
product of Drosophila melanogasteithe N-terminus of Cnk  of energy. The cofactors needed for holoenzyme formation and
from Arabidopsis thalianagephyrin fromRattus norwegigus thus enzyme activity are assumed to be supplied by the activity
and a gene product @aenorhabditis elegan¥he N-termini of of chromosomally encoded biosynthetic enzymes. The ability of
cinnamon and gephyrin are similar to MoaB and MogA, protein&rthrobacter nicotinovorang grow on the tobacco alkaloid ni-
cotine (Eberwein et al.1961) is linked to the presence of the
Correspondence t&. Brandsch, Institut fiir Biochemie und Mole- 160-kb catabolic plasmid pADin the bacterial cells (Bernauer
kularbiologie, Hermann-Herder-Strasse 7, D08 Freiburg i. Br., Ger- et al., 1992). Nicotine dehydrogenase, the first enzyme of the
many degradative pathway (Grether-Beck et dl994), a heterotri-
Fax: 7|L.4t? 76(11 2?13 52?3' - treiburad meric protein complex, belongs to a class of bacterial hydrox-
E-mail: brandsch@ruf.uni-freiburg.de ylases of similar structure that contain as cofactors [2Fe-2S]

Abbreviations.MoCo, molybdopterin cofactor; TEM, transmission g . .
electron microscopy: AFM, atomic force microscopy. clusters, FAD and MoCo in its dinucleotide form (Kretzer et al.,

Note. The nucleotide sequence data presented here have been 1)%93)- We have shown previously that a copy ,ofnaaAgene
posited with the EMBL database and are available under the accessigrlocated close to th@dh genes on pA® (Menendez et al.,
number Y10817. 1995, 1996). Here we show thanhoaA of pAO1 belongs to a
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Table 1. Bacterial strains and plasmids.

525

Bacterial strain/
plasmid

Genotype/relevant marker

Reference/source

E. coli IM109

E. coli RK4353
E. coli RK5201
E. coli RK5202

A. nicotinovorans
pBluescriptKS I

el4-(mcrA), recAl, endAl gyrA9§ thi-1, hsdR17(rk~, mk*), supE44relAl,
D(lac-proAB), [F' traD36, proAB, lacl®Z4M15]

araD139 4(argF-lac) U169 deoC1 flhD5301 gyrA219 non-9 ptsF25 relAl rpsL150
As RK4353 butmoeA201: Muc's
As RK4353 bumodC202: Muc's

pAO1*/Nic"
Amp', T3/T7 promoters, cloning vector

Yanish-Peron et al.1085)

Stewart and McGregor1982)

Eberwein et al. {961)
Stratagene

pH6EX3 Amp, lacl?, p.e Hiss fusion, expression vector Berthold et al992)
pNGO020a AMpP', Pao NAhABGC moaA 151473, 71-kb EcoRlI—EcaRl pAO1 DNA in pKK223-3 Grether-Beck et al.1094)
pCM2218 mol cluster,10.8-kb Hindlll —Spé pAO1 DNA in pBS this work

pCM2219 moeA moaCG moaE modA 4.1-kb EcaRI—EcoRI DNA in pBS

pCM2221 modCandbgxA, 5.1-kb EcoRl—Clal pAO1 DNA in pBS

pBS-moeA moeA 1.4 kb Hindlll —Stud pAO1 DNA in pBS

pBS-moaA moaA 1.6 kb Hindlll —Spé pAO1 DNA in pBS

p6H-MoeA His fusion, 1.3-kb BanHI—Std in pHEEX3

p6H-MoaC His fusion, 700-bpBanH|—EcadRl in pH6EX3

p6H-MoaE Hig fusion, 500-bpBanHI—EcdRl in pH6EX3

mokgene cluster consisting ahoeA moaC moaE and the obtained were cloned into the vector pBluescript KSlicoli
modABCgenes of a high-affinity molybdate transporter- withtransformants carrying the region upstreanmafaAwere iden-
moaAtranscribed divergently to the rest of theol genes. The tified by colony hybridization withnaoaA[*?P]DNA probe la-
assembly of genes encoding MoCo-dependent enzymes dmdled by random primer transcription of theoaAgene cloned
genes encoding enzymes of MoCo synthesis and Mo uptake on in plasmid pN@@28endez et al.,1995). Subcloning of
a catabolic plasmid may reflect the formation of a functiondDNA fragments from pCM228 carrying individual genes into
unit aimed at the coordination of the synthesis of the apoen- pBluescript KSII and pH6EX3 (Jalds performed by stan-
zymes and the synthesis of the molybdopterin cofactor. dard methods (Sambrook et a1989).

The gene product of pADmoeAhas been overexpressed DNA sequencing and analysisSDNA sequencing was per-
and purified. Its biochemical characterization revealed unefermed on both strands with fluorescent oligonucleotides. The
pected features of the MoeA protein, which are presented in this  presence of potentially coding ORF was evaluated with the pro.
work. gram NuclPepSearch (Gonnet et aB92). Database similarity
searches coupled to potential domains and motifs searches were
done using the Beauty server (Worley et 4895) and the Pro-
site database (Bairoch et al995).

) _ ) _ Overexpression and purification of pAO1 MoeA in E.

~ Chemicals and biochemicalsAll chemicals used were of coli. E. coli cells carrying the recombinant plasmid p6H-MoeA
highest purity available. Isopropylthig-galactoside, 5-bromo- (Table 1) were induced witht mM isopropylthiof-galactoside
4-chloro-3-indolyl-p-galactopyranoside and thrombin wereat 24°C for 24 h. The cells were sonified, centrifuged, and the
from Sigma. Restriction endonucleases were from New Englagg|yple fraction passed through a2Nthelate affinity column.
Biolabs or MBI-Fermentas. DNA polymerase |, Klenow frag-The MoeA protein bound to the affinity material was eluted with
ment, T7 and T3 RNA polymerases, T4 ligase and alkaline phag-gradient of imidazole. The elution of the protein was moni-
phatase were from Boehringer Mannheim, Tag DNA polymerasgred by SDS/PAGE. When required, the Hisg was removed
was from Pharmacia-**P-labeled nucleoside triphosphates ang¢tom the fusion protein by digestion with thrombin.
[**S]methionine were from Amersham Buchler. _ PAGE and molecular-sieve chromatography.MoeA was

Bacterial strains and culture conditions. The strains and analysed by SDS/PAGE and native PAGE according to standard
plasmids used in this work are listed in TaldleBacteria were procedures (Sambrook et a1989). Cross-linking of MoeA was
grown in Luria-Bertani medium (Sambrook et dl989) and cell performed in15-ul assays containind0 pg MoeA in 1 M so-
extracts were prepared from bacterial pellets of overnight cukium borate, pH 8.5, by the addition 6f5pul 0.2 M glutaralde-
tures as described (Bernauer et 4B92). Functional comple- hyde. Reactions were stopped after 30 s by the additidn5ofl
mentation ofE. coli mutant strains deficient in Mol activity with 1 M NaBH, and run on SDS/PAGE. Molecular-sieve chromatog-
the corresponding pAO genes was performed by the nitrateraphy was performed on Superdex 200.
reductase activity test on agar plates as described previously Measurement of nucleotide triphosphate hydrolysisThe
(Menendez et al.,1995). M9 defined mineral medium was usechucleotide triphosphate hydrolytic activity of MoeA was deter-
in complementation tests with. coli mutants in Mo transport. mined by TLC. Standard assay conditions consisted of 3.3 pmol
Induction of the bacterial production, and affinity purification offa-*2P]NTP (3000 Ci/mmol) in 2Ql 10 mM Tris/HCI pH 7.5,
the His-fusion protein was performed as described (Berthold é0 mM MgCL and various additions of MoeA, incubated at
al., 1992). 30°C for different times. 2ul of the reaction mixture were

Recombinant DNA techniques. Isolated pAQ DNA spotted on polyethyleneimine-impregnated cellulose plates
(Menendez et al.,1997) was digested with a combination of (Machery-Nagel), chromatographed with 0.5 M formic acid,
Hindlll and Spé restriction enzymes and the DNA fragment€.5 M LiCl for 45 min, and the plates autoradiographed. The

MATERIALS AND METHODS
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Fig. 1. Schematic representation of the arrangement of ORF on a 17-kb pAO1 DNA fragmeniORF with similarity to mol genes hoaA
moeA moaG moaEandmodABG, the genes of nicotine dehydrogenase (tieABCoperon), and thé-hinogene are indicated. Relevant restriction
sites and subclones are indicated.

intensities of the spots on the autoradiographs was determined of a cluster of ORF resembling MoCo-biosynthetic genes up

by densitometry. ATP, GTP, CTP and UTP were used for tretream of and transcribed divergently to theaAgene (Fig1).

tests. Sequence analysis indicated that the ORF exhibit high similarity
Anti-MoeA serum. A polyclonal antiserum against purified to moeA moaCand moaE genes of different organisms and to

MoeA was raised in rabbits by standard procedures. The Moef/odABCgenes of bacterial high-affinity Mo transporter. The

specific antibodies were isolated by incubating the antiseruBRF were designated according to the names of Eheoli

with nitrocellulose strips to which the purified protein was im-  genes to which they show similarity. An ORF with a high degree

mobilized. The bound antibodies were eluted with glycinef identity (44.5%) to af-glucosidase/xylosidase gene [Bf-

pH 2.3, immediately neutralized, and used to identify tubulinwinia chrysanthem{VVroemen et al.,1995) ends thel0 772-bp

bound MoeA. pAO1 DNA fragment. Situated between tmelh genes and the
Infrared absorbtion spectroscopy. Infrared spectra of moaAgene is 13473 (Meni@dez et al.1997).

MoeA were obtained with a Bruker IFS FTIR spectrometeé

. . guence characteristics of the putative pAOl1 mol gene
equipped with an MCT detector. The spectra were record&yy . .
at a resolution of 2 cm' and apodized with a triangular functionprOdUCtS' The consensus amino acid sequence GLPGNPVSA,

- L corrersponding to the signature identifying MoeA-similar pro-
and a zero-filling factor of 2, resulting in data encoded everyio (Prosite document 828), was found between amino acid
1cm''. The 2 mg/ml MoeA sample was dialyzed against Waterositions 328 and 333 of tﬁe putative MoeA protein. pAO
and dried on a Cafwindow for measurements. To measure th eA contains the sequence 85SAGTVLGPRQL94 similar

relative areas of the amide-1 components, the spectra were cufye,, "« 1o yeasu-ATPase sequence, 165/GDRQTG-

fitted by means of a least-squares iterative program (Arrondo IEII'SWG and which includes the sequence signature GXXXXPR

al., 1993) -

’ . . characteristic for Hsp70 and V-type and F-type ATPases. In ad-
Electron microscopy. Purified MoeA was attached to 1acy yy0n ‘g o MoeA,p and mosty(?ther Moex?similar proteins,
[yl acetate for 3 min. and A dried. Images were aken BESET! e sequence K2B3PFAF287. A search in the data base

. o ’ Lo . revealed that this signature is shared by protein kinases, cal-
100 kV with a Philips EM420 transmission electron MICrOSCOP&, i " human centrosome autoantigen, and FtsZ. In paad

Atomic force microscopy (AFM) of MoeA was performed with -
bl : ﬁpabena spMoeA the sequence is altered to PXXVXXF and
a Nanoscope llla from Digital Instruments. Samples conS|stIn C. elegansnto KPXXVXXF.

of MoeA at 1 ng/ml HO, applied to freshly cleaved mica sheet, The sequence alignment of pA®loaC with putative MoaC

dryﬁ_ﬂgjur;%%i?lgiﬁgegsinad a&aelzf;ﬂbajlamxggt Cl?r?f?e'téor;f(‘)m proteins from other organisms revealed the amino acid motif
fresh pia brai bgtw y.l f cold-induced dp' bl TGVEMEAL (amino acids114—121) as a previously unde-
resh pig brain by two Cycles ot cold-induced diSassembly an,q signature characteristic of the MoaC proteins. MoaE rep-

warm-induced assembly followed by cation-exchange perfUSi?Qsents the large subunit of the MoeB - MoaE heterodimeric

chromatography (Fractogel EMDS©850 (m); Merck) on an . . g
FPLC system (Pharmacia). MoeA binding to polymerized tuéi)nvertlng factor (also called molybdopterin synthase) responsi

bulin was determined according to (Freudenreich, A. and Nic e in E. coli for the insertion of sulfur groups into precursor Z

P blished it itterle et al.,1993).
- unpublished results). The deduced sequence of ModA reveals a characteristic N-

terminal amino acid signal peptide (Nielsen et 4097), which
RESULTS suggests translocation of the protein through the cytoplasmic
membrane. The pAD modBgene encodes a putative protein
pAO1 carries a mol-gene cluster. The finding on pAQ of a with five distinct hydrophobic regions that could serve as mem-
copy of themoaAgene close to thadhgenes (Mehedez et al., brane-spanning areas. The C-terminal domain carries the con-
1995) raised the possibility that additional genes involved igensus amino acid signature of the membrane component of the
MoCo synthesis may be located on this catabolic plasmid. Thignsport systems (Prosite document 364 The putativemodC
possibility was tested by colony hybridization of pAGub- product shows similarity to a long list of ATP-binding proteins
clones in pBluescript KSII transformed int. coli cells with  belonging to the ATP-binding-cassette transport systems (Hig-
a %P-labeled probe derived froomoaA The 10 722-bp DNA  gins,1992).
sequence of &pé—Hindlll pAO1 DNA insert of a clone giving The ORF of the pAOnol genes carried on the recombinant
a positive hybridization signal (pCM28) revealed the presenceplasmids listed in Tabld could be expressed in aa. coli in
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o o] = coli molmutants it was necessary to subclone each gene individ-
i iﬁo * 120 ually (Table1). Using nitrate reductase as an indicator of func-
=y B <" tional MoCo synthesis, it could be demonstrated, as shown pre-
; -74 viously for moaA(Menendez et al.1995), thatmoeAandmodC
- , -50 from pAO1 functionally complement mutanE. coli strains
s . . gg RK5201 (moeA and RK5202 10d0).

Overexpression and purification of MoeA. Recombinant
@ pAO1 MoeA was overexpressed i. coli as a fusion protein
< ;. with a His; N-terminal extention, and purified on Nichelating
Sepharose. When analysed by SDS/PAGE MoeA migrated as
two bands (Fig. 2). Increasing the concentration of mercapto-
1 2 3 4 S 6 ethanol in the sample buffer resulted in the transformation of the
Fig. 2. Analysis of MoeA by PAGE.Lane 1, 5 g MoeA were heated doubletinto a single band (Fig. 2). MoeA contains two cysteine
in sample buffer to 95C for 5 min and submited to SDS/PAGE on aresidues (Cye81 and Cys336), which may form a disulfide
12% gel. The triangles indicate the two MoeA forms. Lane 2, samieridge in the protein. Cys residues are present in similar posi-
MoeA preparation as in lang, but treated withi % mercaptoethanol in tions in MoeA proteins of other origins. When analysed by
the sample buffer. Lane 30 ug MoeA analysed by native PAGE on a native PAGE, MoeA remained in the 5% stacking gel (Fig. 2).
5% stacking gel and 8% running gel. The closed circle indicates thgeatment with thrombin, which removes the Hisxtension
position of MoeA. Lane 4, same MoeA preparation as in lane 3, byl the fusion protein, did not change the behaviour of MoeA.

heated in SDS/PAGE sample buffer for 5 min at’@5 The open circle A tly f | | | | Thi
indicates the position of the main MoeA band, and the triangle indicatgéoe apparently forms large-molecular-mass complexes. This

the position of MoeA monomers. Lane 5, same MoeA preparation as §pnclusion is supported by the observation that MoeA solutions
lane 3, analysed by SDS/PAGE after heating the sample in SDS/PAGE concentrations abovemg/ml spontaneously form gels. The
sample buffer for 5 min at 9&. The position of MoeA monomers is transition from sol to gel may be tested by inverting the plastic
indicated by a triangle. Lane 6, glutaraldehyde cross-liking products artatoe containing MoeA. When boiled with SDS/PAGE sample
lysed by SDS/PAGE orni0% gels. Triangles indicate the positions ofpuffer and applied to the native gel, only a small proportion of
the two forms of MoeA monomers and diamonds indicate the positiofge protein appeared as monomers. The main part of the protein
of the glutaraldehyde cross-linking products. The molecular massesrpérdw entered the 8% gel (Fig. 2). We estimate the molecular
protein markers are given in kDa. mass of these MoeA aggregates as over 200 kDa when com-

pared with the migration of the 205-kDa rabbit muscle myosin
vitro transcription/translation system into proteins of the exresults not shown). It required boiling in SDS/PAGE sample
pected sizes (results not shown). buffer a_nd submlssm_n to SD_S/PAGE to release MoeA mono-

mers (Fig. 2). Cross-linking with glutaraldehyde and analysis of
E. coli mol-gene mutants are functionally complemented by the cross-linked products by SDS/PAGE revealed the formation
pAO1 mol genes.To obtain a successful complementatiortof of MoeA dimers and trimers (Fig. 2).

TEM

400

AFM

200

55 2 Ly 0
o 100 200 300 auo

Fig. 3. TEM and AFM images of MoeA. Samples ofl.6 mg/ml MoeA were prepared for TEM as indicated in Materials and Methods. (a) MoeA
fibres; (b) network of MoeA fibres formed at pH by addition of KOH to the MoeA sample; (c) desaggregation of MoeA fibres to more amorphous
aggregates in the presence of ATP anc®M@he black bar in (a) representsit. MoeA samples were prepared for AFM as indicated in Materials
and Methods and recorded in tapping mode. (a) MoeA, phase image; (b) MoeA, high image; (c) BSA, high image.
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Electron microscopy reveals MoeA fibersThe high molecular A

mass of native MoeA prompted us to analyse its appearance AMP

in the electron microscope. Transmission electron microscopy @ AMP
(TEM) showed the presence in the MoeA preparation of long

fibres, approximatelyl0—30 nm wide (Fig. 3). Adjustment of ADP ' .
the pH of the MoeA preparation with KOH to pH increased

the tendency of MoeA to form a gel. Viewed in the TEM the

preparation showed a network of fibers (Fig. 3). The presence

of fibers was characteristic for MoeA preparations and did not

occur with other protein preparations, e.g. BSA and mito- ATP . . ATP
chondrial F-ATPase (results not shown). MoeA appeared as

fibrous structures in the AFM (Fig. 3). Fibres did not occur with 123 45 6 7

BSA (Fig. 3).

MoeA exhibits an average distribution of secondary-struc- B MoeA (ug)

ture elements. The formation of fibers may suggest that the 00 < ! ®
protein adopts a predominant type of secondary structure. Infra-

red spectroscopy, however, indicated a secondary-structure com-
position of 32.2%p-sheet, 29.7% random, 29.7&helix and
11.9% turn.

MoeA exhibits ATPase activity. The nucleotide motifs iden-
tified in the amino acid sequence of MoeA suggested a nucleo-
tide hydrolytic activity of the protein. Incubation of?P]ATP
with MoeA generated ADP. The reaction was temperature de-
pendent (Fig. 4A) and required Mg (Fig. 4A). GTP was not
hydrolysed (Fig. 4A), nor was CTP, TTP or UTP (results not
shown). The ADP formed in thén vitro reaction was trans-
formed within 24 h mostly into AMP (Fig. 4A). Addition of o 20 40 e 8 10 120 140 160 180
mercaptoethanol to the assay inhibited the ATPase activity Time (min)

(Fig. 4A). Apparently, the proposed disulfide bridge of the pro-
tein was needed to keep the protein in an active form. The time-
dependent and protein-concentration-dependent hydrolytic activ-
ity of MoeA is presented in Fig. 4B. A rate of 0.02 pmol ATP
hydrolysed - pmol MoeA' - min~' was calculated. This rate is
comparable to that exhibited by weak ATPases, such as DnaK
(McCarty et al.,1995).

Since MoeA exhibits some sequence similarity to* Cae-
pendent ATPases and since it is involved in the synthesis of the
molybdenum-containing cofactor we tested the effect of*Ca
and MoQ?~ on the ATPase activity of MoeA. When these ions
were added instead of Mgto the reactions no ATP hydrolytic
activity of MoeA could be detected (results not shown). In the A B C D E F
presence of Mgy, C&* inhibited the reaction, but molybdate Fig.4. ATPase activity of MoeA.(A) MoeA-dependentd-*P]ATP hy-
enhanced the reaction rate in a concentration-dependent marthelysis was monitored on thin-layer plates as described in Material and
(Fig. 4C). Methods. Lane, control sample without MoeA; lane 2, 60 min incuba-

The standard reaction buffer wa® mM Tris/HCI, pH 7.5, “Ncl’c:‘eVAV'g; gfg_glgﬂn%eﬁ g‘oc”giﬁiir:ilzga?i’oﬁowfn'h“dg“&%“e‘x‘;’;”g&gﬂi%
;grr\?el\g ]!\(/l)?%lze' ':ai] eBI\IgEAmpCr"ee;asri\t:gnrl?ﬁa (r:r?lslnTrr?st?a(\:lggteo, b the absence of Md; lane 5, 60 min incubation ofaf**P]GTP with

.0.51g MoeA at 30°C; lane 6, 24 h incubation with MoeA at 3GQ; lane
pH7.5,10 mM Mg acetate, 50 mM K acetate and 0.5 mM di~ 54’ jncubation with MoeA at 3T in the presence of% mercapto-

thioerythritol. The reaction rate was decreased approximatelihanol. (B) Time-dependent and MoeA-concentration-dependent ATP
fivefold in 50 mM Tris/HCI, pH 7.5,10 mM MgCl, and100 mM  hydrolysis. f2PJATP was incubated with pg ATP under standard assay
NaCl. The ATPase activity was associated with the high-molecuenditions for the times indicated, and the amount of AW {n the
lar-mass form of MoeA as could be demonstrated by incubatirsgmple was determined following autoradiography of the TLC plate and
the MoeA trapped in the 5% stacking gel afternative PAGE witAuantification by densitometry of the intensity of the spot corresponding
[o-**P]ATP (results not shown). Control reactions with stackin€p ?L?dE?;sggifestgﬂgfé'ggsgwﬁeM?ﬁfdﬁg?ggrﬁ%ﬁ)fé%eﬁﬂdem
?ee ell 3:8280%‘@/%8% A;I'nF:j ?/odt&)ll\allgs\./vgls”:jne% etsti(l;lrs_[iihheOl\J/;Sr;fs::gl the presence of 01 and 5ug MoeA, se_parated_ by TLC, the th!n-

L ’ ’ - s yer plate autoradiographed, the autoradiographic spots quantified by
turnover of ADP into AMP may reflect a low hydrolytic activity jengitometry and the intensities expressed as percentages of those ob-
of MoeA with ADP as substrate. We consider the presence g@fined for ATP in the absence of MoeA. (C) Effect of 2Caand
traces of a contaminating nucleotide pyrophosphatase as W0z~ on the ATPase activity of MoeA expressed as a percentage of
likely. When [y-**P]JATP was used in the assay MoeA was nothe ADP released. Standard assays were performediwithMoeA in
phosphorylated. the absence of mM Mg?* (A), or in the presence of mM Mg?* (B),

1mM Mg?" and1 mM C&* (C), 1 mM Mg?* and 01 mM MoO3™ (D),
MoeA changes conformation in the presence of nucleotides. 1 mM Mg?* and 1 mM MoO;5;~ (E) or 1 mM Mg?* and 10 mM MoQ;~
TEM images of MoeA incubated with ATP in the presence off).

ATP hydrolysis (%)

o

(@]

ADP relased (%)
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A B whether the disulfide bridge in the protein was reduced or not.
= m !: 2 . Only a few faint bands of MoeA oligomers were present. The
- S i AMP pellet of MoeA aggregates was resolved on the denaturing gel,

ADP : in addition into the monomeric forms, into discrete multimeric
. forms (Fig. 5A). Apparently, in the presence of ATP - g
there is atight association of MoeA subunits. The subunits were
not covalently bound to each other, since incubation in SDS/
- —=s - PAGE sample buffer fod0 min at 95°C led to the dissociation
of the multimers into the monomeric form (Fig. 5A).
The ATPase activity disappeared after centrifugation from
ATP . .’ ‘ the supernatant of the MoeA samples incubated witlzWgTP
(Fig. 5B). The MoeA aggregates recovered in the pellet did not
1234 redissolve in the assay buffer and showed no ATPase activity
(Fig. 5B). The transition of MoeA from the soluble to the aggre-
gated state can be followed by measuring the increase in absor-
C bance at 380 nm. When aldng/ml solution of MoeA was incu-
bated in the presence of Mtga slight, but steady, increase in
absorption was observed (Fig. 5C). Addition of ATP, ADP or
AMP in the absence of Mg resulted in an accelerated increase
in absorbance, which leveled off within 50 min (Fig. 5C). When
ATP was added in the presence of Mdghe increase in absorp-
tion was more rapid and reached its maximum within 30 min
(Fig. 5C). Apparently, nucleotides in the absence ofMigns
can induce the transition to MoeA aggregates. However, ATP
hydrolysis accelerated this process.

12 3 4 56 7

0.8

0.6

0.4

ABSORBANCE (380 nm)

0.2 . . . . .
MoeA binds neurotubulin dimers. The amino acid sequence

of pAO1 MoeA shows 39% identity to the C-terminal part of
. ' . . gephyrin, which is the neurotubulin-binding part of this protein
0 10 20 30 40 50 60  (Prior et al.,1992). The similarity in sequence is reflected in a
functional similarity since MoeA showed affinity to neurotu-
bulin, particularely to the non-polymerized dimeric form (results
Fig.5. Aggregation of MoeA in the presence of nucleotidegA) not shown).

Analysis by SDS/PAGE on 8% gels of MoeA in the supernatant (lanes

1—3) and pellet (lanes-46) obtained by centrifugation of 2@ samples

taken at 20, 40 and 60 min, respectively, from g/ml MoeA solution

incubated witht mM ATP and1 mM Mg?*. Lines on the right side of

lane 6 indicate discrete multimeric forr%s of MoeA. The sugpernatant afISCUSSION

pellet samples were mixed wittD pl denaturing sample buffer, heated —_— -
for 2 min at 95C and submitted to SDS/PAGE. Lane 7, a pellet samplﬁ/loggebzg]s?ﬁﬁgﬁ:d efhnzdymmgegf;rrllz Fgfeieﬂ?gvﬁ?gﬁiﬁt;h?\ﬁlge:?;_m

was heated fo0 min at 95C in denaturing sample buffer with% bindi | d h bolic pl id
mercaptoethanol. (B)af*¥P]ATPase activity of supernatant and pellet inding-cassette transporter are located on the catabolic plasmi

obtained by centrifugation of 4 mg/ml MoeA sample incubated for PAO1 next to MoCo-dependent-enzyme genes required for nico-
60 min at 30C with 1 mM ATP and1 mM Mg?*. Lane1, control with- tine catabolism. Results showing that the expression of the

out MoeA; lane 2, 0.;ug MoeA in 20ul standard assay in the presencgpAO1 mol genes is induced by nicotine support the assumption
of Mg®*; lane 3, activity of supernatant fraction; lane 4, activity of pellethat the nicotine dehydrogenase genes and those of Mo uptake
fraction. (C) Formation of MoeA aggregates measured by the increagad MoCo synthesis form a regulatory and functional unit on
in absorbance at 380 nm in the presencé ofM Mg®" only (@), in the ,AQ1. The clustering ofnolgenes on pA® may reflect a selec-
presence of ATP, ADP or AMPA), or in the presence of ATP and 4y pressure on the plasmid genome during its evolution. The
Mg?* (H). . . O
increased level of MoCo-enzyme synthesis in the presence of
nicotine must be coordinated with the level of MoCo synthesis
to form functionally active holoenzymes. The increased demand
for MoCo may not be met by the constitutive expression of the
Mg?* showed that the fibres are replaced by a more amorphousromosomally encoded genes and therefore may require the
aggregated form of MoeA (Fig. 3). MoeA gels formed at 2 mg/ coexpression of the plasmid genes. The presenicE’df IS
ml in the elution buffer of the Ni -chelate-affinity chromatogra- (Menendez et al.,1997) between thedh genes and the MoCo-
phy were immediately transformed into sol upon addition of synthesis and Mo-transporter gene cluster may indicate that this
1 mM ATP and1 mM Mg?* to the sample. This change wasarrangement resulted from a translocation event.
associated with the formation of MoeA aggregates as demon- The ATP-binding-cassette Mo transportet pfessts
strated by SDS/PAGE. Fig. 5 shows the analysis of samplesly one membrane-spanning-protein gem@dB in agreement
taken at increasing times after addition of Mg ATP to the with other ATP-binding-cassette Mo transporters (Johann and
MoeA sample. At 20, 40 and 60 min aliquots of the reactioklinton, 1987; Luque et al.1993; Wang et al.1993). It is pro-
assay were centrifuged. The supernatants and the pellets were posed that the poresfotrffecation is formed by a ho-
incubated for 2 min at 98C in SDS/PAGE sample buffer and modimer of ModB, which presents five membrane-spanning do-
applied to SDS/PAGE on an 8% gel. An increasing depletion mains/subunit (Maupin-Furlow ¢9%B). Each transporter
of MoeA from the supernatant was observed (Fig. 5A). MoeAystem has two ATP-binding domains, which in many cases are
appeared in its two monomeric forms, probably according to identical and coded by the same gene (H8gfihsThis

0.0

TIME (min)
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seems to be the situation in tie nicotinovorangpAO1 system 6-hydroxy-D-nicotine oxidase gene @frthrobacter oxidansMol.
since no other ORF displaying ATPase motifs was found on the Microbiol. 6, 1809—-1820.

pCM2218 insert. The complementation of tie coli modCmu- ~ Berthold, H., Scanarini, M., Abney, C. C., Frorath, B. & Northemann,
tant by theArthrobacterpAO1 modCgene indicates a function- W. (1992) Purification of recombinant antigenic epitopes o the hu-

. . . man 68-kDa (U) ribonucleoprotein antigen using the expression
ally correct interaction of ModB and ModC in these two organ- system pH6EX3 followed by metal chelating affinity chromatogra-

ISms. phy, Protein Expr. Purif. 3 50—56.

The moaA moeA moaCand moaEgene products may be gperwein, H., Gries, F. A. & Decker, K1961) |. Uber den Abbau des
responsible for essential steps in MoCo biosynthesis and wereNicotins durch Bakterienenzyme. II. Isolierung und Charakterisie-
therefore acquired with the Mo transporter by the plasmid. Of rung eines Nicotinabbauenden Bodenbakteriunsppe-Seyler's Z.
the gene products encoded by the plA@ol genes, only the Physiol. Chem. 323236-48.
function of MoaE, which with MoaD forms the molybdopterinGonnet, G. H., Cohen, M. A. & Benner, S. Al992) Exhaustive match-
synthase, is known. The high degreee of evolutionary conserva-ing of the entire protein sequence databaSeience 2561443~
tion of MoeA throughout all kingdoms of life is remarkable. In 445.

: P . rether-Beck, S., Igloi, G. L., Pust, S., Schilz, E., Decker, K. &
mammals the C-terminal part of the two-domain protein gephy- Brandsch, R.1994) Structural analysis and molybdenum-dependent

rin, which is similar to MoeA, is responsible for the anchorage gypression of the pAGencoded nicotine dehydrogenase genes of
and positioning of thef subunit of the glycin receptor to the  Arthrobacter nicotinovoransMol. Microbiol 13, 929-936.

tubulin cytoskeleton of spinal cord neurons. A structural funddiggins, C. F. (992) ABC transporters: from microorganisms to man,
tion of MoeA is suggested bin vitro analysis of its properties.  Annu. Rev. Cell Biol. 867—113.

The MoeA gel is formed by a network of MoeA fibers as showrfamdar, K. P., Shelton, M. E. & Finnerty, V1994) The Drosophila

in the TEM. According to the glutaraldehyde cross-linking data Molybdenum cofactor gene cinnamon is homologous to thssée-
the basic subunits appear to represent MoeA dimers and/or tri- richia coli cofactor proteins and to the rat protein gephyfgnetics

C . o 137, 791—-801.
mers. Similarly to other cytoskeleton proteins, MoeA e‘Xh'b'tﬁirsch, J., Wolters, I., Triller, A. & Betz, H.1993) Gephyrin antisense

nucleotidase activity and changes its aggregation state in the gjigonucieotides prevent glycine receptor clustering in spinal neu-

presence of nucleotides. The change in structure apparently doesons, Nature 366 745—748.

not require ATP hydrolysis since it can be induced by ATP, ADRretzer, A., Fruntzke, K. & Andreesen, J. R993) Catabolism of isoni-

or AMP in the absence of Mg, an observation also made re- cotinate byMycobacterium spINA1: extended description of the

cently with the chaperonin heat-shock protein 60Soifolobus pathway and purification of the molybdoenzyme isonicotinate dehy-

shibatae(Trent et al.,1997). A hint for a structural function of ~ drogenase). Gen. Microbiol. 1392763-2772.

the protein may come from its sequence similaritieEtacoli  -udue. F., Mitchenall, L. A, Chapman, M., Christine, R. & Pau, R. N.

FtsZ and the affinitv for tubulin. The hiaher affinitv to depoli- (1993) Characterlzatlon"of genes |n\{olved in molybdenum transport
. . Yy . gn y L P in Azotobacter vinelandiiMol. Microbiol. 7, 447—459.

merized tubulin may reflect the interaction of tubulin dimer§ya,pin-Furiow, J. A., Rosentel, J. K., Lee, J. H., Deppenmeier, U., Gun-

with the MoeA fibers. Attempts to establish an interaction be- sajus, R. P. & Shanmugam, K. T1995) Genetic analysis of the

tween MoeA and Ftsi vitro were non-conclusive. Efforts will modABCD(molybdate transport) operon &scherichia coli J. Bac-
have to be undertaken to establish the structural featoreiso teriol. 177, 4851 —4856. o
of MoeA and its intracellular protein partners. McCarty, J. S., Buchberger, A., Reinstein, J. & Bukau, B295) The

How may the characteristics of MoeA relate to its function role of A'I_'P in the functional cycle of the DnaK chaperone system,
in MoCo synthesis? We propose that MoeA plays the role of g J: Mol. Biol. 249126-137.

- . . enadez, C., Igloi, G. L. & Brandsch, R.1997) IS1473, a putative
scaffold on which the last steps in the synthesis of MoCo ta insertion sequence identified in the plasmid pi@m Arthrobacter

place. Its assembly appears regulated by ATP hydrolysi$, Ca pjcotinovorans isolation, characterization and distribution among
and the presence of MGQ The molybdate taken up by the  ArthrobacterspeciesPlasmid 37 35-41.

bacterium has to be protected from unspecific interactions wilenendez, C., Henninger, H. & Brandsch, R995) A pAOl-encoded
cellular components and directed to the specific insertion into molybdopterin cofactor genempaA of Arthrobacter nicotinovo-

the precursor Z. MoeA may yield the structural frame for the rans: characterization and site-directed mutagenesis of the encoded
interaction with the molybdate-uptake system, the channelling Protein,Arch. Microbiol. 164 142—151.

of the metal to the organic moiety of the cofactor and the if¥lenédez, C., Siebert, D. & Brandsch, R996) MoaA ofArthrobacter

. - o . . . _nicotinovoranspAO1 involved in Mo-pterin cofactor biosynthesis is
teraction with additional protein factors involved in MoCo syn an Fe-S proteinEEBS Lett. 391101103,

thesis. As suggested for gephyrin (Prior _et abp2; .K'rSCh Et_ Nielsen, H., Engelbrecht, J., Brunak, S. & von Heijne, 897) Identifi-

al., 1993), MoeA could be more generally involved in regulating ' cation of prokaryotic and eukaryotic signal peptides and prediction

the cell-surface distribution of ion-channel proteins. of their cleavage sitef®rotein Eng. 101—6.

Pitterle, D. M., Johnson, J. L. & Rajagopalan, K. \1903) In vitro

synthesis of molybdopterin from precursor Z using purified convert-
ing factor,J. Biol. Chem. 26813506—13509.

a\%rior, P., Schmitt, B., Grenningloh, G., Pribila, G., Multhaup, G., Bey-
reuther, K., Maulet, Y., Werner, P., Langosch, D., Kirsch, J. & Betz,
H. (1992) Primary structure and alternative splice variants of ge-
phyrin, a putative glycine receptor-tubulin linker protelguron 8
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