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The alternative, heterometal-free nitrogenase of Rhodobacter capsulatus is repressed by traces of molybde-
num in the medium. Strains carrying mutations located downstream of nifB copy II were able to express the
alternative nitrogenase even in the presence of high molybdate concentrations. DNA sequence analysis of a
5.5-kb fragment of this region revealed six open reading frames, designated mod4BCD, mopA, and mopB. The
gene products of modB and modC are homologous to Chl] and ChID of Escherichia coli and represent an
integral membrane protein and an ATP-binding protein typical of high-affinity transport systems, respectively.
ModA and ModD exhibited no homology to known proteins, but a leader peptide characteristic of proteins
cleaved during export to the periplasm is present in ModA, indicating that ModA might be a periplasmic
molybdate-binding protein. The MopA and MopB proteins showed a high degree of amino acid sequence
homology to each other. Both proteins contained a tandem repeat of a domain encompassing 70 amino acid
residues, which had significant sequence similarity to low-molecular-weight molybdenum-pterin-binding
proteins from Clostridium pasteurianum. Compared with that for the parental nifHDK deletion strain, the
molybdenum concentrations necessary to repress the alternative nitrogenase were increased 4-fold in a modD
mutant and 500-fold in mod4, modB, and modC mutants. No significant inhibition of the heterometal-free
nitrogenase by molybdate was observed for mop4 mopB double mutants. The uptake of molybdenum by mod
and mop mutants was estimated by measuring the activity of the conventional molybdenum-containing
nitrogenase. Molybdenum transport was not affected in a mopA mopB double mutant, whereas strains carrying

lesions in the binding-protein-dependent transport system were impaired in molybdenum uptake.

The process of N, fixation has been studied for many
years in a variety of different diazotrophs, and the conven-
tional molybdenum-containing nitrogenase has been well
characterized. However, it was not realized until recently
that some organisms harbor, in addition to the molybdenum
nitrogenase, other genetically distinct nitrogenase enzyme
complexes. These alternative nitrogenases have been best
characterized in the obligate aerobic soil bacterium Azoto-
bacter vinelandii, which contains three distinct nitrogenase
systems. The conventional nitrogenase (nitrogenase 1) in-
cludes a molybdenum cofactor, nitrogenase 2 is a vanadium
enzyme, and nitrogenase 3 is a heterometal-free enzyme
complex (for a review, see reference 5). The phototrophic
purple bacterium Rhodobacter capsulatus harbors two ni-
trogenase systems, corresponding to nitrogenase 1 and ni-
trogenase 3, whereas a vanadium-containing enzyme is
apparently not present (36). The expression of alternative
nitrogenases in both A. vinelandii and R. capsulatus is
repressed by extremely low molybdenum concentrations,
indicating that high-affinity systems are involved in gene
regulation.

Molybdenum, an essential trace element, is incorporated
not only into the iron-molybdenum cofactor of nitrogenase
but also into the molybdopterin cofactor of all other molyb-
doenzymes, including nitrate reductase. Genes encoding
nitrate reductase and enzymes involved in synthesis of the
molybdopterin cofactor as well as components for effective
molybdate transport were first analyzed in Escherichia coli
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mutants resistant to chlorate (for a review, see reference 45).
Partial DNA sequence and genetic analysis of the chlD locus
of E. coli indicated that these genes encode components of a
molybdate transport system (21, 37, 44). Recently, a new
genetic nomenclature has been adopted for genes involved in
molybdenum metabolism in E. coli and Salmonella typhimu-
rium (38). For example, genes in the chlD locus are now
designated mod. The chID (modC) gene encodes a protein
highly homologous to the ATP-binding proteins of different
periplasmic-binding-protein-dependent, active transport sys-
tems, and chl] (modB) codes for a protein with properties
characteristic of integral membrane proteins (21).

The structure and mechanism of bacterial periplasmic
transport systems have been characterized in detail for a
variety of systems (including transport of histidine, maltose,
oligopeptides, ribose, phosphate, and sulfate), and a general
picture of these complex, multicomponent permeases has
emerged (for reviews, see references 2, 11, and 40). These
transport systems consist in general of four proteins: a
soluble periplasmic protein that binds the substrate with high
affinity; two integral membrane proteins, which allow the
formation of an entry pathway; and an ATP-binding protein,
believed to couple ATP hydrolysis to the transport process.
The genes encoding these components of periplasmic-bind-
ing-protein-dependent transport systems are usually orga-
nized in one transcriptional unit, and the arrangement of
genes is identical for different transport systems. The gene
encoding the precursor of the binding protein that is cleaved
during transport to the periplasm is followed by two genes
encoding transmembrane proteins. The integral membrane
proteins of different transport systems show extensive sim-
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics f:fl;z;é:
R. capsulatus
B10S Spontaneous Sm" mutant of R. capsulatus B10 22
AnfA~ Derivative of R. capsulatus B10S carrying an anfA::Spc insertion K. Schiiddekopf
E. coli
JM83 Host for pUC and pSVB plasmids 49
S17-1 RP4-2 (Tc::Mu) (Km::Tn?) integrated in the chromosome 41
Plasmids
pHP45Q2 Ap" Spc* 30
pSUP202 Ap" Tc" Cm" mob 41
pSVB plasmids Ap’ Lac* 4
pTn5-B13 pBR325::Tn5-B13 42
pUC plasmids Ap* Lac* 49, 53
pUS320 AnifHDK::Km 36
pWKR56 Tc" Km' mob 22
pWKRI189 Ap’ Gm’ 27
pWKR279 A(nifAy;, nifBy)::Km (Fig. 1) 25
pKS36 Derivative of pUS320, AnifHDK::Spc” (Fig. 1) K. Schiiddekopf
pWKR339 Derivative of pSUP202 carrying a 2.1-kb HindIII fragment (Spc) from pHP45Q This work
pWKR380B 4.4-kb Sall-BamHI fragment of R. capsulatus cloned in pWKR339 (Fig. 1) This work
pWKR381 9.2-kb Clal-BamHI fragment of R. capsulatus cloned in pWKRS56 (Fig. 1) This work
pWKR392A 3.2-kb Sall-HindIII fragment of R. capsulatus cloned in pUC19 (Tc* mob)® (Fig. 1) This work
pWKR392C 1.2-kb HindIIl-BamHI fragment of R. capsulatus cloned in pUC19 (Tc" mob) (Fig. 1) This work
pWKR392G 3.0-kb PstI-BamHI fragment of R. capsulatus cloned in pUC19 (Tc' mob) (Fig. 1) This work
pWKR420E 7.3-kb Sall-EcoRI fragment of R. capsulatus cloned in pUC9 (Tc" mob) This work
pWKR423AI/TI¢ pWKR420E mopA::Gm (Fig. 3) This work
pWKR423BI/II pWKR420E mopB::Gm (Fig. 3) This work
pWKR423CI/11 pWKR420E A(mmopA mopB)::Gm (Fig. 3) This work
pWKR431 1.8-kb PstI-HindIII fragment of R. capsulatus cloned in pUCS8 (Tc" mob) This work
pWKR4321/11 pWKR431 modB::Gm (Fig. 3) This work
pWKR433 2.8-kb Sall-EcoRI fragment of R. capsulatus cloned in pSVB28 (Tc" mob) This work
pWKR434AI/11 pWKR433 modC::Gm (Fig. 3) This work
PWKR434BI/I1 pWKR433 modD::Gm (Fig. 3) This work
pWKR437 3.0-kb Pst1-BamHI fragment of R. capsulatus cloned in pSVB21 (Tc" mob) This work
pWKR438I/11 pWKR437 modA::Gm (Fig. 3) This work

2 A DNA fragment carrying Spc’ derived from pHP45(.
® A DNA fragment carrying Tc* and mob derived from pTn5-B13.
€ Roman numerals refer to the orientation of the interposon.

ilarities in secondary structure but only limited amino acid
sequence homologies. In contrast, the ATP-binding pro-
teins, which are encoded by the fourth gene of the corre-
sponding operons, exhibit a high degree of amino acid
sequence similarity regardless of the transport system with
which they are associated.

In this report, we present data on the DNA sequence and
mutational analysis of R. capsulatus genes encoding a bind-
ing-protein-dependent molybdate transport system. Accord-
ing to the new nomenclature, we called these genes modA4,
modB, modC, and modD. In addition, two genes (mopA and
mopB) which code for proteins containing domains homolo-
gous to molybdenum-pterin-binding proteins (Mop) were
analyzed. The possible functions of mod and mop gene
products in molybdenum repression of the alternative nitro-
genase and in molybdenum uptake are discussed.

MATERIALS AND METHODS

Strains. The bacterial strains and plasmids used are listed
in Table 1.

Media and growth conditions. The growth conditions,
media, and antibiotic concentrations used to cultivate E. coli
and R. capsulatus strains were described previously (22, 26,
27). To remove traces of molybdenum, the media were

treated with activated carbon as described by Schneider et
al. (35).

DNA sequencing. To determine an overlapping DNA se-
quence on both strands, appropriate restriction fragments
were cloned into pSVB plasmids, and nested deletion deriv-
atives were isolated with the exonuclease III deletion kit
(Pharmacia) in both directions. Sequencing was performed
by the chain termination method (34).

Construction of R. capsulatus insertion and deletion mu-
tants. To construct defined R. capsulatus mutants, the
wild-type DNA fragments listed in Table 1 and Fig. 3 were
cloned by standard methods (33) into mobilizable vector
plasmids, and suitable restriction sites (see Fig. 2) were used
to insert DNA fragments carrying appropriate antibiotic
resistance genes. The resulting hybrid plasmids (Table 1)
were mobilized from E. coli S17-1 into R. capsulatus by filter
matings (22), and the homogenotization of the corresponding
insertion or insertion-deletion mutations was selected by the
antibiotic resistance mediated by the interposon. Loss of the
vector-encoded antibiotic resistance was used to identify
strains carrying double cross-over events.

Complementation analysis. To complement the R. capsu-
latus nifHDK-nifAy/nifBy; double deletion mutant, different
restriction fragments (Fig. 1) were cloned into mobilizable
vector plasmids (Table 1) and conjugationally transferred
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FIG. 1. Mapping of R. capsulatus genes involved in molybdenum repression of the alternative nitrogenase. (A) Physical map of nif region
B (22) and locations of genes (open arrows). Interposon-induced deletions of nifHDK and a gene region encompassing nif4;; and nifB,; are
indicated by thin lines. The interposons mediating resistance to spectinomycin (Spc) and kanamycin (Km) are not drawn to scale. The
alternative nitrogenase of the double deletion mutant is not repressed by molybdenum (Mo phenotype). (B) Different restriction fragments
were used to complement the double mutant (for details, see Materials and Methods and Table 1), and the resulting phenotypes are shown
on the right (Mo™P, the alternative nitrogenase is completely repressed by molybdenum concentrations of 3 pM). Only restriction sites used
for cloning are given: BamHI (B), Bglll (G), Clal (C), HindIlI (H), PstI (P), and Sall (S).

from E. coli S17-1 to R. capsulatus. Since these constructs
are unable to replicate in R. capsulatus, integration of these
plasmids by single cross-over recombination via homology
to the R. capsulatus chromosome or to one of the inter-
posons present in the double-deletion mutant could be
selected by vector-encoded antibiotic resistances. The re-
sulting strains were tested for their ability to grow diaz-
otrophically in N-free medium containing 3 pM molybdate in
microtiter plates as described previously (22).

Nitrogenase assays in vivo. To determine the nitrogenase
activity, 3-ml cultures in medium containing serine and the
appropriate amount of molybdate were derepressed over-
night under an atmosphere of 13 ml of N,. Acetylene
reduction was determined with a Hewlett-Packard gas chro-
matograph (model 5890 II) with a Chrompack Alumina
column, which allowed separation of acetylene, ethylene,
and ethane. The formation of ethane was routinely moni-
tored as an indication of the activity of the alternative
nitrogenase.

RESULTS

Genes involved in molybdenum repression of the alternative
nitrogenase are located downstream of nifB copy II. The
alternative nitrogenase of R. capsulatus is repressed by
molybdenum concentrations of >50 nM (36). Therefore,
diazotrophic growth of a nifHDK deletion strain, which is
unable to express the conventional molybdenum nitroge-
nase, could be observed only on medium treated with
activated carbon to remove traces of molybdenum (35). In
contrast, an R. capsulatus double mutant carrying a nifHDK
deletion and also a deletion encompassing nifd/nifBy; and a
3-kb DNA fragment downstream of nifBy; (Fig. 1A) was able

to grow diazotrophically on medium containing 3 pM mo-
lybdate. This result demonstrated that either nifd/nifB;, or
genes located downstream of it are involved in molybdenum
repression of the alternative nitrogenase. To discriminate
between these two possibilities and to localize the genes
responsible for the molybdenum-independent, constitutive
expression of the alternative nitrogenase (Mo phenotype),
the double-mutant strain was complemented by plasmids
carrying different restriction fragments. As shown in Fig.
1B, molybdenum repression (Mo™P phenotype) could be
restored not only by a large Clal-BamHI fragment covering
the entire deleted region but also by a 4.4-kb Sall-BamHI
fragment carrying only the 3’ end of nifB;; and adjacent
regions. Therefore, genes located downstream of nifBy; are
responsible for molybdenum repression of the alternative
nitrogenase.

Genes encoding an active molybdenum transport system
and two gene products with homology to molybdenum-pterin-
binding proteins. The complete nucleotide sequence of a
5,520-bp DNA fragment downstream of nifBy; was deter-
mined and is presented in Fig. 2. The nucleotide sequence
data reported in this study will appear in the EMBL,
GenBank, and DDBJ nucleotide sequence data bases under
accession number 1.06254. According to the codon usage
preference of R. capsulatus, six open reading frames were
identified adjacent to nifBy; (Fig. 3B). Four of these coding
regions, designated modA, modB, modC, and modD, are
closely linked. Only 5 bp separated modA and modB, the
stop codon (TGA) of modB overlapped the start codon
(ATG) of modC, and there were 3 bp between modC and
modD. A larger distance, 34 bp, was found between mopA4
and modA, whereas 260 bp separated the divergently tran-
scribed open reading frames mopA and mopB. Sequence
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FIG. 2. Nucleotide sequence of a 5,520-bp DNA fragment located downstream of nifB copy II. The DNA sequence is given in the 5'—3’
direction, and the predicted amino acid sequences of modD, modC, modB, modA, mopA, and mopB are indicated in the single-letter code.
Two DNA sequence motifs in front of mopA and mopB that resemble RpoN-dependent promoters are underlined with arrows, and nucleotides
conforming to the —24/—12 consensus are marked by solid rectangles. Restriction sites used for the construction of insertion mutants (for

details, see Table 1 and Fig. 3) are boxed.
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GCTGGACCCGCCCTCCYTBCCGATCACCTGCGAATAGGCGACGAAACCCACCGGCGCATTGCCCGTCGCGGCGAATTCGTAAGCCTGGCTGATGCTTTTGCCGGTGACCAGCTTCGGTTC
S S6 6 EK 61V 0O SY AV FGVPANTGSBGTAAFTETYA ADGSTISHEKTEETVLKS?®P E

CAGCGTCTCGTAGACGC l TGCATCACCTCGATCGC6GCGGCGCCATAGGGGGCGEATTTCEGATCGECGATCGCCACATGTTCGAGATCGETTTTCAGCACCGCGCCCTTETC
L TEY VG LK OGMVY ETIAAAGBGYPASTIKTPRD DA ATIAVYHETULUDTZ KTLUVYATGEGTI KT D

ATCGACCCGGGCCGGATCGGCCGACCACAGCACCAGCTTGCCCACCGCATAGETGAAATCGC TECCCBEGACBECETATCCCTCTTCGACCGCCTTTTTCE66CGCEACGCATCGGCCGA
0O VRAPDASM HWHLUYLIKTG GV AYTFDSG 6PV AYGBG EEV AKTEKTPRTSA ADA AS

AAGAAAGACCTCGAACGGCGCCCCCTEEGTEATCTEGETETAGAACTGCCCLGAGGE6CCAAAGGCATAGGTGACGGTATGGCCEGTCTTTTCGGETGAAAAGGGCGCCGATTTCCTTGGC
LFVEFPAGGTTIAQ@TYFQQ@QGBG SPGF AY TV THGEBTI KTETTFTULA AGTITETKA

CGGTTCEGTGAAGTTCGCGGCGACGGCGGCGATCACCYCGCCCGCGGCGGCGGGCAGGGCAAGCCCCATCACGAGGGCAAGCGCGBTCGCACCTGCGCGCAGBGTCTGCGGGAACTGGGT
P ETFNAAYVY A AITVETGAAAPLALGMVYLALATAGARLTE GPTFGGT

CATGTCGGTGTCCTTTCGTTCAACGEGAGAAGCEEGTTCAGGGCATCGCCAGGATGACATGGCTGECCTTGAACAGCGCEGTEECE66CACGCCEEGE6CEAEGCCCAGCGCA TCGECEE
M  <— modA ¥ PM AL IV HSAKTFLATAPVGPALTGSGTULAUDA AS

TGGTATGGGTGATGACGGCGETGATCEATTTGCAATTGCCCAGATCCAGGATGATCTCGGTETTCACCE6GCCE TCEGTGCEGECGGCEACGATECCEGTCABCCEET TSCAGGCGEAAA
THTTIUVATTISI KT ECNIZGBLUDLTITIETNVPGEDODTRBRAAVTIGTLARANTEIASESII

TCCGGCCCGGATCGCCGCCCECEGCCAGCATCACGAAAC TEGCCTTGATCAGCGCGAAGACCTCEACCCCCEEG6CCAGGCCCATTTCGGTGGCCEAGCGTTCGETGATLACCGCGGTCA
R 6 P D6 6 AALMVYVYTF SAKTILAFUVEVGEGPALGSBGMETASATETTIVATL

GGCTGTEGCCATCEGTCABCECCAGTTCCACCTCEGCATTGACCGCGCCAAGGGTGACGCEE66TGACGGTGCAGCGCAGGGTGTTGCGETTCEAAGTGCGCATCGTCAGACTCCACAAGG
S H6 DTLALEVEANVAGLTVYARTVTCRLTNA ABNSTRMTLSWHWHNLT

TGTTGAGGECTTTTTCCEECECGCTGACGCCGCCTTCEAGCACGCCCAGCGCCTTEETCAGCGCGCCTTCCAGCAGACCGAACCCGGCAATCAGCECCTGCCCCECE TCGGTCACGCGE6
N L AKEPASV 6 EELV BELAKTLAGETLTLTSGTFTG GATILADGESBGATETUVAA

CATTBCCGCCEGTECE6CCCCCEEGCGCEGCCTCEACCAGCEECTGTTCGAACAGGTTGTTCAGCGTECCGACCGCATCCCAGGCGETCTTGTAGGACAGGCCCACTTCGCGCGCGECAC
N 6 6 TRG 6P A AEV LP@ETFULNNLTGV ADUMWATI KTYSLGV ERUAASTGE

CGGCEATGGTECCETEACGGECEATCGLTTCCABCAGCCGA TG TCECCGCCCACCCECGECECCCCCGLECETTECAGECTCAGGGCEGCGATGAGGEGCTGTTCGTTCATGGCAG
Al 7T 6 HRAIAELULAR RTIRBADTGSG GV RARPAGSGARTU OLSLAATILZPU GENM —

GGTCCGAAGGTGEATCGTTATATAGACCCGACTAATAGCGATGGTTTTTCCGGAAGGGCABAGGCTTETCEEACATGCGCEGCEGCETTATCACCCGCGECCTCATATCCCGTECCAAGT
GATGCGAAAACGGGCTGATTTCEGAACATTGCCCATGAATTGEGCGCCGCGCGAACGGATTTGCCGATTTCEGCGCGEATCATGAGTCGGCAAGACGCAAGCCECAGTGGCCCLCGCGCE
mpB —> M A A T K 0 6 6 6 D D6 ARC ARGV V L ERTTGARMSGAEWRUVALL

CGEGTTTECE6CCACAATGECEECAACGAAACAGGGAGGCGGCGATGACGGACGGTGTGCGCGGGGCETGETGCTGEAACGGACEG6CECGCGEATGGGGECGEAECEGGTGGCGCTGCTE

A A I R TG S I SAAAREVGLSYKAAMWDTEGEGV @ AMNNLLAAPUVYVYT
GCGGCBATCGEGCECACGGECTCEATATCGECE6CGECGCGCEAGGTCGEGCTGTCCTACAAGGCGGCCTEGGACGGGETGCAGGCGATGAACAACCTGCTGGCGGCGCCGGTCGTCACE

A AP 6E 6 K A 6 6 6 AV L TP AGEIKTULTIAAYGGATITEAGV A KTULLSSF EK
GCBGCGCCEGECEGCAAGECEGG666CE66C6CGETECTGACCCCTECCGECEAAAAGCTEATCGCCGCCTATGECGCGATCGAGGC6GGCGTGGCTAAGCTTTTEAGCAGCTTCGAGAAA

S LNLDPAEUVLRAGSGLSULATSARARNAMWATCLCIKVWS V A ADDVAAIOT VAR
AGCCTBAACCTTBATCCGECCGAGETGCTECEE66TCTETCCTTECGGACCTCE6CECGCAATGCCTGEGCCTECAAGGTCTGETCEGTE6CGGCCEATEACGTEGGCGECGCAGETECEE6

M R L 6 E 6 @8 DL TAVY I TARS AAEMABLAPGSTEIUVLALVKSNTFVLL
ATGCGGCTGG6CBAGEGGCAGGATCTGACGECGETEATCACCGLGLRE TCGGCGGCCGAGATGCGGCTGGCGCCAGGTGCTGGCGCTGGTGAAGTCGAACTTCG TCCTECTG

A G A GV P ERLSVANARYVYAGRARYIEA RTIUDODAPLSSEVYTLODULGEG 66 K T
GCGGEGGECGEECE6TECCEEAACEECTTTCGETEGCECAACCGCETELRCGECCGGGTGATCEAGCGGATCEACGCCCCCCTCTCAAGCEAGGTGACGCTEGATCTGEGCGGCEGCAAGACE

I T A TITRARDSAEMLUDULHPGVY ETTALTIIKSSHVYILALPH™
ATCACCGCCACGATCACCCGCGACAGCGCCGABATGECTGRATCTGCATCCCGGCE6TEGAGACGACTGCCCTGATCAAGTCGAGCCATETGATCCTGGCCCTGCCCTGAGAGCAGGGCCGE

FIG. 2—Continued.
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analysis of these two intergenic regions revealed no homol-
ogy to typical procaryotic —35/—10 promoter sequences.
Two sequences resembling RpoN-dependent promoters
were found in front of mopA and mopB (Fig. 2). However,
the sequence similarities of these putative promoter ele-
ments are restricted to the —24/—12 consensus sequence
GGNANGC, where N is any nucleotide, and no further
nucleotides common to RpoN-dependent promoters (28) are
conserved.

The modC gene encoded a polypeptide of 363 amino acid
residues, with a deduced molecular weight of 38,517. As
shown in Fig. 4A, the predicted amino acid sequence of R.
capsulatus ModC exhibits a high degree of homology to that

of ChlD (ModC), the ATP-binding component of the molyb-
date transport system of E. coli (21), and to ORF10, the gene
product of an open reading frame located in the major nif
cluster of A. vinelandii (20). A putative ATP-binding site
characterized by the conserved amino acid sequence G-X,-
G-K-S/T (13) is located in the N-terminal part of all three
proteins (Fig. 4A). In addition to this motif, ChlD of E. coli,
ORF10 of A. vinelandii, and ModC of R. capsulatus showed
extensive sequence similarities to the ATP-binding compo-
nents of a variety of periplasmic transport systems, including
OppD (oligopeptide transport [14]), HisP (histidine transport
[12]), and MalK (maltose transport [10]).

As shown in Fig. 4B, the gene product of R. capsulatus
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FIG. 3. Genetic organization and mutational analysis of the R. capsulatus mod/mop gene region. (A) The sequenced DNA fragment
located downstream of nifBy; is marked by a heavy line. (B) Detailed map of the sequenced region drawn at larger scale; locations of coding
regions, as deduced from the nucleotide sequence, are shown by open arrows. The leader peptide of ModA is marked by a hatched bar, and
the tandem repeats within MopA and MopB, which are homologous to molybdenum-pterin-binding proteins, are shown as solid arrows. (C)
Locations of interposon insertions. Construction details are given in Table 1. The direction of transcription of the gentamicin resistance gene
is shown with an arrow. The construction of the mopA mopB double deletion mutant is also shown. Interposons are not drawn to scale.
Abbreviations of restriction sites are the same as in Fig. 1, plus Bc/l (L) and EcoRI (E).

modB, a protein composed of 228 amino acid residues (M,
24,161), is homologous to ChlJ (ModB) of E. coli (21) and to
NifC of Clostridium pasteurianum (51). These three proteins
are characterized by several potential transmembrane seg-
ments. Using the method of Rao and Argos (31), we pre-
dicted five transmembrane helices for R. capsulatus ModB
(marked in Fig. 4B), six membrane-spanning regions for
NifC of C. pasteurianum, and four transmembrane elements
for the 200 C-terminal amino acids available for ChlJ of E.
coli. These secondary structures, including five or six poten-
tial membrane-spanning helices separated by short stretches
of hydrophilic sequences, are typical of the integral mem-
brane components of different transport systems (11). Al-
though only limited overall amino acid sequence homology
was found for the integral membrane proteins of different
transport systems, one of the hydrophilic domains is con-
served in many of these proteins (8). A high degree of
sequence similarity to this motif, believed to be the site of
interaction with the ATP-binding component (14), was also
found in the hydrophilic stretch separating predicted trans-
membrane segments 3 and 4 of R. capsulatus ModB (Fig.
4B).

R. capsulatus modA and modD, coding for polypeptides
of 252 amino acid residues (M, 26,620) and 259 amino acid
residues (M, 26,782), respectively, exhibit no homology to
sequences present in data bases. However, the N-terminal
part of ModA contained an amino acid sequence typical of
leader peptides, which are cleaved during translocation
across the membrane (50). As shown in Fig. 5, all structural
elements characteristic of leader sequences (two large polar
glutamine residues and one positively charged arginine res-

idue in the N-terminal region, followed by a sequence
enriched in hydrophobic amino acids and a more polar
C-terminal region which conforms to the ““—3/—1 rule”’ for
defining the cleavage site) are present in R. capsulatus
ModA. Therefore, it seems likely that ModA is a periplasmic
protein cleaved between the alanine and glycine residues at
position 27 and 28 (Fig. 5), resulting in a mature protein with
a calculated molecular weight of 23,953.

The deduced proteins encoded by mopA and mopB
showed a high degree of homology to each other. The total
number of amino acid residues (265 versus 270) and the
calculated molecular weights (27,119 versus 27,668) are
similar for MopA and MopB, and the predicted amino acid
sequences showed 50% identity (Fig. 4C). An interesting
feature of MopA and MopB is a tandem duplication of
homologous protein domains encompassing 70 amino acid
residues. As shown in Fig. 4C, these domains, located in the
C-terminal part of both R. capsulatus proteins, exhibited
extensive homologies to Mopl, one of three low-molecular-
weight (68 amino acid residues) molybdenum-pterin-binding
proteins of C. pasteurianum (15, 17).

Molybdenum repression of the alternative nitrogenase influ-
enced differently in mod and mop mutants. To determine the
role of R. capsulatus mod and mop genes in molybdenum
repression of the alternative nitrogenase in detail, interposon
mutations in all six coding regions identified by DNA se-
quence analysis were constructed (Table 1, Fig. 3C). Since
mopA and mopB showed a high degree of similarity to each
other, indicating homologous functions, a double mutant
was constructed by substituting a 0.9-kb BamHI fragment
with the Gm" interposon. This interposon was previously
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FIG. 4. Comparison of the deduced amino acid sequences of R. capsulatus ModC, ModB, MopA, and MopB with those of ChID and ChlJ
of E. coli, ORF10 of A. vinelandii, and NifC and Mopl of C. pasteurianum. (A and B) Amino acid residues identical to those in the
corresponding proteins of R. capsulatus are boxed. A putative ATP-binding site is marked by a heavy black bar. (B) The predicted
transmembrane helices of ChlJ, ModB, and NifC are underlined, and a motif found in the membrane components of a variety of different
transport systems (8) is marked by an open bar. (C) Amino acid residues that are identical in R. capsulatus MopA and MopB are boxed. To
emphasize the tandem repeats present in the C-terminal parts of MopA and MopB, amino acid residues which are present in at least three
of the four repeats are indicated by vertical lines. Asterisks mark amino acid residues identical to those in the molybdenum-pterin-binding
protein Mopl of C. pasteurianum.
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FIG. 5. Comparison of the N terminus of R. capsulatus (R.c.) ModA with leader sequences of the following proteins: the periplasmic
C,-dicarboxylate-binding protein (DctP) of R. capsulatus (39), cytochrome ¢, (CycA) of R. capsulatus (7) and the R. sphaeroides (R.s.) (9),
and the E. coli (E.c.) (18) Skp protein. Identical amino acid residues are boxed. Positively charged amino acids in the N-terminal part are
marked (+), and hydrophobic stretches of amino acid residues are shown in lowercase letters. The E. coli Skp protein and cytochrome c, of
R. sphaeroides were shown to be correctly cleaved by a signal peptidase of R. capsulatus (52). The cleavage site is indicated by an arrow.

shown to induce polar or nonpolar mutations, depend-
ing on its orientation (26). The resulting mutant strains
were tested for activity of the alternative nitrogenase by
measuring acetylene reduction in a nifHDK deletion back-
ground.

Six different types of inhibition were found, and represen-
tatives of these are shown in Fig. 6. The inhibition type and
the molybdenum concentration necessary to repress the
alternative nitrogenase to 50% of the activity on molybde-
num-free medium (ICs,) are given for all mutants in Table 2.
No difference from the parental nifHDK deletion strain was
found for mopB mutants; fourfold-higher concentrations of
molybdate were necessary to inhibit the activity of the
alternative nitrogenase for modD mutants, whereas an in-
crease of up to 500-fold was needed for modC, modB, and
modA mutants (Table 2). In contrast to these three types of

TABLE 2. Molybdenum repression of the alternative nitrogenase
in mod and mop mutants of R. capsulatus®

Relevant c Inhibition
Mutant characteristics® ICso type?

KS36 AnifHDK 10.1 = 3.2 nM I

R434 BI  AnifHDK modD::Gm b 39.1 £2.50M II

R434 BII AnifHDK modD::Gm 4 36.9 = 4.8 nM II
R434 A1  AnifHDK modC::Gm b 3.7+ 03 pM I
R434 AIl AnifHDK modC::Gm 4 43 + 04 pM I
R4321 AnifHDK modB::Gm b 3.5+ 04 pM it
R43211  AnifHDK modB::Gm 4 3.1 0.1 uM 111
R438 1 AnifHDK modA::Gm b 4.1 + 0.4 pM 111
R438 11  AnifHDK modA::Gm 4 4.1+ 0.1 pM 111
R279 AnifHDK AmodABCD 4.5 + 0.9 pM II1
R423 A1  AnifHDK mopA::Gm » 35.0 = 8.2nM v
R423 AIl AnifHDK mopA::Gm 4 11.1 = 0.7 uM \"
R423 BI  AnifHDK mopB::Gm » 10.1 = 3.3 nM I

R423 BII AnifHDK mopB::Gm 4 7.5 * 0.4 ntM I

R423 C1  AnifHDK (AmopAB)::Gm P >1mM VI
R423 CII AnifHDK (AmopAB)::Gm < >1 mM VI

¢ The interposon insertion sites are shown in Fig. 3.

® Arrowheads show the direction of transcription initiated on the Gm
interposon.

€ The ICso (molybdenum concentration needed to inhibit the alternative
nitrogenase to 50% of the activity in Mo-free medium) was determined from at
least three independent inhibition curves for each strain.

< Inhibition types I to VI are outlined in Fig. 6.

molybdenum inhibition (types I, II, and III in Fig. 6), which
still allowed complete repression of the alternative nitroge-
nase at sufficiently high molybdate concentrations, mopA
mutants and mopA mopB double mutants could not be
repressed completely (types IV, V, and VI in Fig. 6). An
ICsy of 35 nM was determined for the mopA insertion
mutant, able to drive expression of modABCD from a
promoter located on the interposon (inhibition type IV). In
contrast, an ICs, of 11 uM, which is a 1,000-fold increase
compared with the parental strain (Table 2), was found for
the opposite orientation of the interposon in mopA (type V).
Even an unphysiologically high concentration of molybdate
(1 mM), which had some toxic effects on R. capsulatus, was
unable to repress the alternative nitrogenase significantly in
mopA mopB double mutants (Table 2; inhibition type VI in
Fig. 6).

Proteins MopA and MopB are involved in neither molybde-
num transport nor synthesis of the iron-molybdenum cofactor
of nitrogenase. The data obtained from the DNA sequence
and analysis of molybdenum repression of the alternative
nitrogenase suggested that the gene products of modA,
modB, and modC are involved in molybdenum transport. To
test this hypothesis and to elucidate whether MopA and
MopB are also involved in molybdenum transport, the
activity of the conventional molybdenum-containing nitro-
genase was analyzed in modB and mopA mopB double
mutants (Fig. 7). To ensure that the observed nitrogenase
activities were not due to the alternative nitrogenase, these
two mutations were introduced into an anf4 mutant strain of
R. capsulatus, which is unable to express the alternative
nitrogenase. As shown in Fig. 7, molybdate concentrations
of >100 nM were sufficient for full activity of the molybde-
num nitrogenase for the parental anf4 mutant strain as well
as for the mopA mopB double mutant. Therefore, MopA and
MopB are not involved in the uptake of molybdenum or in
the processing of molybdenum into the cofactor of the
conventional molybdenum nitrogenase. In contrast, no ni-
trogenase activity was observed at 100 nM molybdate for the
modB mutant. Concentrations 500-fold higher were neces-
sary to restore full activity of the molybdenum nitrogenase in
the modB mutant, indicating that ModB participated in
high-affinity transport of molybdenum.
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FIG. 6. Effect of increasing molybdate concentrations on the activity of the alternative nitrogenase. Representatives of all six inhibition
types found for different mod and mop mutants of R. capsulatus (Table 2) are shown. The activity of the alternative nitrogenase was
determined by the reduction of acetylene to ethylene, assayed by gas chromatography, and is expressed as a percentage of the corresponding
control value in molybdenum-free medium. Type I (@) corresponds to the parental nifHDK deletion strain, type II (O) corresponds to a modD
mutant, type III (A) corresponds to a modB mutant, type IV (0O) and type V (W) correspond to mopA mutants carrying the interposon in
different orientations, and type VI () corresponds to a mopA mopB double deletion mutant (for details, see Table 2 and text).

DISCUSSION

DNA sequence and mutational analysis proved that at
least six R. capsulatus genes located immediately down-
stream of nifB copy II are involved in the repression by
molybdenum of the alternative nitrogenase. Two of these
genes, designated modB and modC, exhibited a high degree
of homology to chlJ and chlD, respectively, of E. coli. From
the predicted secondary structure and amino acid sequence
similarities to components of a variety of different transport
systems, Johann and Hinton (21) suggested that ChlJ is an
integral membrane protein of the molybdate transport sys-
tem and ChID is the membrane-associated ATP-binding
protein responsible for energy coupling to this high-affinity
transport system. Although modA4, which was located im-
mediately upstream of R. capsulatus modBC, exhibited no
homology to known sequences, it seems likely that this gene
encodes a periplasmic binding protein, the third component
characteristic of high-affinity transport systems. The R.
capsulatus ModA protein contained a leader sequence of 27
amino acid residues, which conformed to signal sequences of
other proteins that are cleaved during translocation to the
periplasm. A signal peptidase able to cleave the precursors

of the E. coli Skp protein and Rhodobacter sphaeroides
cytochrome c, at the authentic cleavage site was identified
recently in R. capsulatus (52). From the high degree of
structural and sequence similarities of the putative leader
peptide of R. capsulatus ModA to these proteins (Fig. 5), it
is likely that this signal peptidase is responsible for the
export of ModA.

The same arrangement of genes coding for periplasmic
binding proteins, integral membrane proteins, and ATP-
binding proteins as described here for modABC of R. cap-
sulatus was also found for the high-affinity phosphate and
sulfate transport systems of E. coli (1, 19, 43, 47, 48). In
contrast to the R. capsulatus molybdate transport system,
these two oxyanion transport systems contained two integral
membrane proteins, which exhibited significant sequence
similarities to each other (1, 43, 48). The formation of a
membrane complex composed of a pseudodimer of two
homologous proteins was also found for a variety of other
active transport systems, including the oligopeptide trans-
port system (14) and the histidine transport system of S.
typhimurium (12). No gene coding for a second transmem-
brane protein could be identified in the R. capsulatus mod-
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FIG. 7. Effect of increasing molybdate concentrations on the activity of the conventional molybdenum nitrogenase. The reduction of
acetylene was determined by gas chromatographic methods, and the activities of the molybdenum nitrogenase are expressed as a percentage
of the control value in Mo-sufficient medium. The activity of the parental anf4 mutant strain, which is unable to express the alternative
nitrogenase, is given as a control (@) and compared with the nitrogenase activities of the corresponding modB mutant (A) and a mop4 mopB

double mutant ().

ABC gene region. Therefore, it can be speculated that the
integral membrane complex of the R. capsulatus molybdate
transport system might consist of a ModB homodimer or that
a gene encoding the second component is located elsewhere
in the chromosome. To test this hypothesis, a modB-specific
probe was used in Southern hybridization experiments.
However, no evidence for a second copy of a modB-
homologous gene could be obtained (data not shown).

In addition to the integral membrane components, each
binding-protein-dependent transport system contains one or
two ATP-binding proteins. Two such proteins are required
for the oligopeptide transport system (14); a fusion protein
containing two ATP-binding domains was found for the
ribose transport system (6), whereas the transport systems
for phosphate (1, 48) and sulfate (43) need only one ATP-
binding protein, which is supposed to form a homodimer. If
the organization of the R. capsulatus molybdate transport
system conforms to the general concept emerging for active
transport systems, it seems likely that both the integral
membrane protein (ModB) and the ATP-binding protein
(ModC) function together as homodimers. This hypothesis is
corroborated by the overlapping stop and start codons of
modB and modC, indicating translational coupling, which
ensures equimolar amounts of both gene products (29). The
same arrangement of genes coding for a single integral
membrane protein and a single ATP-binding protein was
found for the sfudBC operon of Serratia marcescens, which
encodes a binding-protein-dependent iron transport system
(3)- However, the molecular weight of the membrane protein
SfuB is nearly twice that of proteins usually found in
binding-protein-dependent transport systems, and SfuB
might originate from two fused polypeptides.

The genes encoding the structural components of the
phosphate transport system are cotranscribed with phoU,
encoding a regulatory protein involved in dephosphorylation
of a transcriptional activator (for a review, see references 32
and 46), whereas the structural genes of sulfate transport are
followed by cysM, coding for an O-acetylserine sulfhydry-
lase, which participates in cysteine biosynthesis (23, 43).

The R. capsulatus modD gene, which is located at a com-
parable position downstream of modABC, exhibited no
homology to known genes, and therefore no function could
be predicted. However, it was shown (Fig. 6, Table 2) that,
compared with the wild type, fourfold-higher molybdenum
concentrations were necessary to repress the alternative
nitrogenase in modD mutants, indicating that ModD is
involved either in molybdenum transport or in signal trans-
duction.

Mutations in modA, modB, and modC resulted in identical
phenotypes. The molybdenum concentrations necessary to
inhibit the alternative nitrogenase are increased 500-fold in
these mutant strains. To prove the hypothesis that these
genes encode the structural components of a high-affinity
molybdate transport system, the activity of the conventional
molybdenum-containing nitrogenase was determined. Full
nitrogenase activities could be observed for mod4ABC mu-
tants only at molybdate concentrations of >50 pM, whereas
>100 nM was sufficient for the wild type. This result
indicated, first, that ModABC are involved in high-affinity
molybdenum transport and, second, that a low-affinity sys-
tem independent of mod4BC must also be present in R.
capsulatus. This low-affinity transport system might be
specific for molybdate, or more likely, other oxyanion
permeases might be used to import molybdate at high
concentrations. Lee et al. (24) presented data suggesting
that, in the absence of the high-affinity transport system, E.
coli utilizes sulfate transport systems for transporting mo-
lybdate. The assumption that modABC encode a high-affin-
ity, binding-protein-dependent molybdate transport system
would be in line with the finding that modABC mutants of R.
capsulatus are still able to repress the alternative nitroge-
nase completely in the presence of high molybdenum con-
centrations, conditions which are dependent only on a
low-affinity transport system. In addition, it could be con-
cluded from these data that it is not the extracellular molyb-
denum concentration, detected by a putative integral mem-
brane sensor molecule, that is responsible for molybdenum
repression of the alternative nitrogenase but instead either
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the intracellular molybdenum content or the activity of the
transport system itself.

The R. capsulatus modABCD gene region is preceded by
two divergently transcribed genes encoding proteins, which
also exhibited homology to gene products known to be
involved in molybdenum metabolism. Both MopA and
MopB, two proteins with high sequence similarity, con-
tained two domains homologous to the low-molecular-
weight molybdenum-pterin-binding proteins of C. pasteur-
ianum. The Mop proteins of C. pasteurianum, which are
encoded by a multigene family (17), were shown to contain
one molybdenum atom and a pterin-like compound per
molecule (16). The presence of two Mop equivalents in R.
capsulatus MopA and MopB might be an indication that
these proteins are able to coordinate two molybdenum atoms
and two pterins.

The expression of the alternative nitrogenase in a mopA
mopB double mutant was independent of the molybdenum
concentration (Fig. 6). This might be explained by an in-
volvement of MopA and MopB in both the high-affinity and
the low-affinity transport systems, preventing the uptake of
molybdate completely. However, analysis of molybdenum
uptake, measured indirectly via the activity of the conven-
tional molybdenum-containing nitrogenase, revealed no dif-
ferences between the wild type and a mopA mopB double
mutant (Fig. 7). The analysis of single mopA and mopB
mutants demonstrated that MopB can only partially substi-
tute for MopA, because complete repression of the alterna-
tive nitrogenase could be achieved only in a MopA™* back-
ground. This might be explained by the observed differences
in amino acid sequences of MopA and MopB, which may
account for different affinities for the substrates or for
differences in interaction with other proteins.

Further experiments are now necessary to identify the
components of the signal transduction pathway resulting in
the repression or activation of the alternative nitrogenase
and to analyze the transcriptional organization and regula-
tion of the R. capsulatus mod/mop gene region.
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