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The 46.8-kd NodC protein of Rhizobium meliloti is a
membrane protein, essential for nodule formation. Gene
fusions of nodC to a portion of the \ cI repressor gene
were used to define the membrane-anchor domain which
is necessary for membrane insertion of the NodC pro-
tein into the membrane. The transmembrane orientation
of NodC was confirmed by surface-specific radiolabel-
ling and proteolysis experiments. A highly hydrophobic
transmembrane-anchor domain was found near the car-
boxyl terminus, separating a large extracellular domain
which contains an unusual cysteine-rich cluster from a
short putative intracellular domain. Cross-linking studies
showed that the NodC protein exists in the membrane
probably as a dimer. The domain structure of the NodC
protein shows striking similiarities with cell surface recep-
tors. In nodules of various legumes a truncated form of
the NodC protein was detected. The processed NodC was
associated with the bacteroids and the amount of this pro-
tein increased during nodule development.
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Introduction

The common nodulation genes nodA, B and C are highly
conserved between different Rhizobium species and are re-
quired for the nodulation of legumes and non-legumes (Kon-
dorosi et al., 1984; Djordjevic et al., 1985; Downie et al.
198S; Fisher et al., 1985; Marvel et al., 1987). In Rhizobium
meliloti the expression of the nodABC operon can be induc-
ed by the flavone luteolin, which is present in plant exudate
(Peters et al., 1986). Previously, we provided evidence that
the nodA and B proteins are located in the cytoplasm of
R.meliloti (Schmidt et al., 1986, 1987), where NodC is a
transmembrane protein (John et al., 1985). When Rhizobium
wild-type strains were inoculated onto their host plants in
the presence of antibodies directed against the NodC pro-
tein, nodule formation was strongly inhibited (John ez al.,
1985). These experiments suggested that the NodC protein
is located on the cell surface of Rhizobium, so that extra-
cellular antibodies would be able to bind to it, thereby caus-
ing a reduction of nodulation. Because of its transmembrane
location, NodC may play an important role in the signal
transduction from bacterial to host plant. The function of
the highly conserved NodC protein is essential,
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because mutations within the nodC gene completely abolish
root hair curling and nodule formation (Kondorosi er al.,
1984; Schmidt et al., 1984).

We have recently shown that the NodC protein is also pre-
sent in mature nodules induced by R.meliloti on Medicago
sativa. During nodule development, the NodC protein ap-
pears to be processed to a smaller molecule (Schmidt ez al.
1986). In the current studies we have detected the process-
ed NodC in the nodules of various other legumes and we
have shown that the amount of this protein increases during
nodule development. To learn more about the structure and
possible function of the NodC protein, we have used gene
fusions to define the membrane-anchor domain which is
necessary for membrane insertion. We have determined the
direction in which the NodC protein is oriented within the
membrane by proteolysis experiments and vectorial label-
ling of intact cells. Finally, we have shown by cross-linking
experiments that the NodC protein in the membrane is prob-
ably a dimer.

Results

Identification of a membrane-spanning region at the
carboxyl terminus of the NodC protein

The amino acid sequence of the NodC transmembrane pro-
tein, which has been deduced from the nucleotide sequence,
shows two conspicuous hydrophobic regions (Torok et al.,
1984; Figure 1). A hydrophobic segment of ~20 amino acid
residues at the amino terminus may correspond to a signal
sequence for the initial steps of translocation (Sabatini ez al.
1982; Watson, 1984). To find out whether the large
hydrophobic segment near the carboxyl terminus of NodC
may serve as a membrane anchor, we fused the carboxy-
terminal 119 amino acid residues of NodC to a 17.7-kd por-
tion of the cytoplasmic CI repressor of phage \ (Figure 1).
To construct this gene fusion we used the tac promoter vec-

NH, COOH
- | e
46.8kDa
ci C-lem;‘inzlcpart of | Cl-NodC
o fusion
17.7kDa 13kDa o
NH, COOH
100aa

Fig. 1. Structure of the CI—NodC fusion protein. The black boxes,
shown in (a), indicate the two large hydrophobic regions of the NodC
protein. The C-terminal part of NodC, containing the major
hydrophobic region, was fused to the N-terminal portion of the A CI
repressor as indicated by the dotted lines (b). A scale is given in
amino acids (aa).
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Fig. 2. Cellular location of the N CI repressor in E.coli W3110
harbouring pEA305 (A) and the CI—NodC fusion protein synthesized
from plasmid pJS1008 in the same E.coli strain (B). Cytoplasmic and
membrane fractions were prepared as described in the text. Proteins
were analysed by SDS—PAGE, transferred to nitrocellulose and
labelled with anti-CI repressor antibodies. The position of the 26.3-kd
\ CI repressor and of the 30.7-kd CI—NodC fusion protein is
indicated by an arrowhead.

tor pEA305, which directs the synthesis of the X CI repressor
upon induction with isopropyl (§-p-thiogalactoside (IPTG;
Amann et al., 1983). The strategy was similar to that
reported for the construction of other cl-rod gene fusions
(John et al., 1985; Schmidt ef al., 1985; see Materials and
methods). The resulting plasmid pJS1008 was transformed
into the lac repressor-overproducing strain Escherichia coli
W3110 lacIiL8. The expression of the fusion protein from
pJS1008 had a remarkable effect on the growth rate of E. coli.
Approximately 2 min after induction with IPTG, bacterial
growth stopped completely, while the control plasmid
pEA305, which synthesized the complete A repressor without
fusion, showed normal cell growth (data not shown).
E.coli strains carrying plasmids pJS1008 and pEA305
respectively, were fractionated into cytosol and membrane
fractions, which were analysed by immunoblotting using
anti-CI repressor antibodies. The immunoblot in Figure 2A
showed that the N CI repressor was, as expected, in the
cytoplasm, while the hybrid protein was localized in the in-
ner and outer membrane fractions of E.coli (Figure 2B).
These data suggest that the hydrophobic segment near the
carboxyl terminus of the NodC protein is responsible and
sufficient for membrane insertion. In a previous experiment
we fused a larger carboxy-terminal portion of NodC con-
sisting of 287 amino acid residues to the 17.7-kd part of the
N CI repressor, and found this larger fusion protein to be
localized mainly in the outer membrane of E.coli (John et
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Fig. 3. Western blot analysis of NodC protein after treatment of
R.meliloti 1021 cells with chymotrypsin. Proteolysis of bacterial cells
was carried out as described in the text. Cell extracts were analysed
by SDS—PAGE, immunoblotting and autoradiography. Lane 1,
R.meliloti cells, not induced (control); lanes 2—5, induced cells after
protease treatment; lanes 6—8, cells without protease added (control).
Incubation periods (min) are indicated. Arrowhead marks the position
of NodC.

al., 1985). The presence of the shorter fusion protein both
in the inner and in the outer membranes (Figure 2) may be
due to the absence of sequences upstream from the large
hydrophobic segment (Figure 1), which are additionally
needed for proper routing of NodC to the outer membrane.

Orientation of NodC in the membrane

Since the NodC protein is present in Rhizobium in only tiny
amounts (John et al., 1985), we had to use polyclonal mono-
specific antibodies and radioiodination for the detection of
this protein in the following experiments. Additionally, we
used R.meliloti strain 1021, which expresses the NodC pro-
tein ~40 times more than strain AK631 used in previous
studies.

To determine the direction in which the NodC protein is
oriented within the membrane, we treated intact R. meliloti
cells with chymotrypsin (Figure 3), which cleaves the NodC
protein at 32 different sites. Due to its size chymotrypsin
cannot penetrate biological membranes, therefore the enzyme
will digest only those regions of the protein that are located
at the cell surface. The treatment of intact cells with pro-
tease for 90 min leads almost to a disappearance of the NodC
protein band (Figure 3, lanes 2—5). As deduced from a
hydrophilicity plot using the parameters described by Hopp
and Woods (1981), the possible antigenic determinants within
the NodC protein are located upstream of the membrane-
anchor domain (Figure 6). Apparently, protease treatment
destroyed all antigenic determinants against which the
polyclonal, anti-NodC antibodies were directed. This ex-
plains why no truncated forms of the NodC protein were
detected. These data indicate that the large amino-terminal
domain of the NodC protein (see Figure 6) is exposed to
the extracellular medium and is therefore sensitive to pro-
tease digestion.

In a further experiment we labelled the surface proteins
of induced and not-induced R.meliloti cells by lacto-
peroxidase-catalysed iodination. '°I-Surface-labelled cells
were subjected to immunoprecipitation and SDS —PAGE.
As shown in Figure 4, the NodC protein, which is present
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Fig. 4. Radioiodination of R.meliloti cells. Cell surface proteins were
iodinated as described in the text and the bacteria were lysed with
SDS. The '%I-labelled NodC protein was immunoprecipitated, and
samples were analysed by SDS—PAGE and autoradiography. Lane 1,
R.meliloti grown without inducer (—, control); lane 2, R.meliloti
induced with luteolin (+). Lane M, molecular size marker.
Arrowhead marks the position of the NodC protein.
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Fig. 5. Cross-linking of R.meliloti membranes. Membranes were
cross-linked with 50 uM BS? (Staros, 1982) and samples were
analysed in a 6% SDS —polyacrylamide gel followed by immuno-
blotting using anti-NodC antibodies and autoradiography. Lane 1,
membranes from R.meliloti grown without inducer (—, control); lane
2, membranes from induced R.meliloti cells (+). The positions of the
NodC monomer (1) and NodC dimer (2) are indicated.

in induced R.meliloti cells (lane 2), is reactive with extra-
cellular lactoperoxidase. This also demonstrates that the
NodC protein is indeed a cell surface protein that contains
an extracellular domain.

Cross-linking of membrane proteins

To find out whether NodC is an oligomeric protein we
treated R.meliloti membranes with BS®, which is a
hydrophilic, membrane-impermeant protein cross-linker
(Staros, 1982). Cross-linking of the membrane proteins with
50 uM BS? yielded only one major product, identified as
a dimer of the NodC protein (Figure 5, lane 2). When mem-
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Fig. 6. Proposed domain structure of the NodC protein. Anti-NodC
antibodies were raised against the major part of the NodC protein
(John et al., 1985). This portion is marked by the two arrowheads.
The dotted lines indicate possible antigenic sites as deduced by hydro-
philicity plotting (Hopp and Woods, 1981). Other characteristics are
discussed in the text.

branes were treated with increasing concentrations
(1-2 mM) of BS3, the NodC protein was cross-linked to
very large oligomers which could not appreciably enter the
6% polyacrylamide gel. These studies suggest that the NodC
protein exists in the membrane at least as a dimer.

Model of NodC as a cell-surface protein

Based on these results and the predicted amino acid sequence
(Torok et al., 1984) we propose the following structure of
the NodC protein. The protein contains a large hydrophobic
segment of ~ 65 amino acid residues near the carboxyl ter-
minus which anchors the protein in the membrane. This an-
chor domain separates an ~ 295-residue-long extracellular
domain, from a short intracellular carboxy-terminal domain
(Figure 6). The polyclonal antibodies used in these studies
are directed against a large portion of the extracellular do-
main, and this part includes a region which is highly con-
served in many rhizobial species. The extracellular domain
is further characterized by an unusual cysteine-rich cluster
(Figure 6). As discussed later, these structural features sug-
gest that the NodC protein may be a potential cell surface
receptor.

Characterization of the NodC protein in nodules

The R.meliloti NodC protein is also present in mature
nodules of M.sativa (Schmidt et al., 1986). In these nodules
the 46.8-kd NodC protein appears to be truncated and
migrates on a gel as a 34-kd protein band (Figure 7, lanes
2 and 3). We determined the relative amounts of processed
NodC in M.sativa nodules of different ages and found that
this protein increased 2- to 3-fold during the development
of the nodules (Figure 7, lanes 3—7). The same samples
were analysed for the presence of NodA and NodB proteins
using the appropriate antibodies. The immunoblots showed
that both proteins were present in the nodules in essentially
constant amounts during nodule development (data not
shown).
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Fig. 7. Analysis of NodC during nodule development. Equal amounts
of M.sativa nodules of different age were analysed by SDS—PAGE,
immunoblotting, autoradiography and laser densitometer scanning as
described by Schmidt er al. (1986). The arrowhead marks the position
of the processed NodC protein (34 kd). Lanes 1 and 2, R.meliloti
grown without and with inducer (control); lane 8, M.sativa roots
(control).
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Fig. 8. Detection of the processed NodC protein in nodules of various
legumes. Proteins were analysed as described in Figure 7. Arrowhead
marks positions of processed NodC proteins. The controls (lanes 1, 2
and §) were the same as in the previous figure.

The truncated 34-kd NodC protein was also detected in
bacteroids which were isolated from M.sativa nodules
(Figure 8, lane 4). Furthermore, truncated forms of the
NodC protein were found in the nodules of other legumes
infected with different rhizobia (lanes 6 —9). With the ex-
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ception of the processed NodC in Glycine nodules (lane 9),
all other truncated forms were of similar size. These data
suggest that the processing of NodC may play a general and
important role during nodule development.

No distinct protein band was observed with Sesbania
rostrata stem or root nodules (Figure 8, lanes 10 and 11).
Apparently, there is no relevant immunologic relationship
between the NodC protein of R.meliloti and Azorhizobium
caulinodans since the homology between the two proteins
is <50% (van den Eede er al., 1987).

Discussion

Several lines of evidence suggest that the NodC protein of
R.meliloti is a cell-surface protein. First, we treated intact
Rhizobium cells with proteases, and found the amount of
NodC to be significantly reduced (Figure 3). Since proteases
cannot penetrate biological membranes, they react only with
those regions of proteins that are exposed to the extracellular
medium. Another independent line of evidence is provided
by experiments in which cell-surface proteins of R. meliloti
were labelled by lactoperoxidase-catalysed iodination. It was
shown that NodC indeed reacts with extracellular lactoperox-
idase, which labels only proteins that are exposed on the cell
surface (Figure 4). This conclusion is also consistent with
our previous observations, showing that antibodies were able
to react with the NodC protein on the outer surface of intact
Rhizobium cells, and cause an inhibition of nodule forma-
tion (John et al., 1985).

A striking feature of the amino acid sequence of the NodC
protein is a stretch of ~65 mainly hydrophobic amino acids
near the carboxyl terminus. We have fused the carboxy-
terminal region of the NodC protein, containing the large
hydrophobic segment, to a portion of a cytoplasmic protein
(\ CI), and thus created a membrane-bound fusion protein
(Figure 2). This demonstrates that the carboxy-terminal
hydrophobic segment is necessary and sufficient for inser-
tion of NodC in the membrane. Other sequences upstream
of the membrane-anchor domain, including the putative
amino-terminal signal sequence, seem to be necessary for
proper targeting of the NodC protein to the outer bacterial
membrane, since previous experiments using a larger do-
main of the NodC protein, fused to the N CI repressor,
revealed association of the chimeric protein predominantly
with the outer membrane (John et al., 1985). The fact that
information which determines the final location of a mem-
brane protein is contained within the mature form of the pro-
tein has already been described by other authors (Moreno
et al., 1980; Hall er al., 1982; Tommassen et al., 1983;
Benson ez al., 1984).

As mentioned above, antibodies directed against some an-
tigenic determinants located upstream of the membrane-
anchor domain (Figure 6) reacted with the NodC protein
on the outer surface of intact Rhizobium cells. These recent
data, together with the protease digestion experiments shown
here, define the 295-residue-long amino-terminal region as
the extracellular domain (Figure 6).

A computer search of the Genbank and EMBL data
libraries revealed no significant homology of the NodC pro-
tein with other proteins. The structure of the NodC protein
proposed here includes a membrane-anchor domain near the
carboxyl terminus, a large extracellular domain and a short
carboxy-terminal intracellular domain (Figure 6). Such a do-



main structure shows striking similarities with various cell-
surface receptors (Pfeffer and Ullrich, 1985; Hynes, 1987).
Furthermore, it is interesting to note that the extracellular
domain of NodC contains an unusual cysteine-rich cluster.
Extracellular cysteine-rich clusters have been found in mam-
malian cell-surface receptors with very diverse functions
(Yamamoto et al., 1984; Pfeffer and Ullrich, 1985; Ullrich
et al., 1985; Hynes, 1987). It is therefore tempting to
speculate that the NodC protein is a potential cell-surface
receptor.

There is increasing evidence that the common rod genes
are involved in the production of a soluble factor which
changes the mode of growth of the plant roots resulting in
thick short roots (Tsr factor; van Brussel ez al., 1986; Zaat
et al., 1987). We have recently found that the cytoplasmic
proteins NodA and B are involved in the synthesis of a low
mol. wt diffusible factor which stimulates cell division of
plant protoplasts (J.Schmidt et al., unpublished). The signal-
ling molecule(s) have not yet been identified. We speculate
that the NodC protein, as a cell-surface receptor, may par-
ticipate in transducing the diffusible growth factors from the
bacterial to the plant cell.

In nodules of various legumes we detected a truncated
form of the NodC protein (Figure 8). This processed NodC
was associated with the bacteroids and increased during
nodule development (Figure 7). The role of the truncation
of this protein is unknown and needs further investigation.
Since some characteristic features of NodC are now known,
domain-specific anti-peptide antibodies can be prepared and
used to examine the processing of this protein. We also want
to find out whether NodC can bind to the growth factor pro-
vided by the NodA and B proteins or whether the peptide
liberated during processing of the NodC protein itself plays
a role as signal molecule.

Materials and methods

Bacterial strains and plasmids

In all experiments R.meliloti 1021 (Meade et al., 1982) was used, with the
exception of plant nodulation experiments where AK631, a compact col-
ony morphology variant of R.meliloti 41 was used. Azorhizobium caulinodans
ORS571 (Dreyfus and Dommergues, 1981), Bradyrhizobium japonicum
USDAI11 (Means et al., 1964), Rhizobium leguminosarum T83K3 (Johnston
et al., 1978), Rhizobium sp. strain MPIK3030 (Trinick, 1980) have been
described and were used for the production of nodules. R.trifolii Resh403
was provided by Z.Banfalvi. E.coli W3110lacIL8 (Brent and Ptashne,
1981) was used as a host for tac promoter-containing plasmids. Unless other-
wise stated, the E. coli and R.meliloti strains were grown in M9 salts (Miller,
1972) supplemented with 0.2% casamino acids and 0.4% glycerol. Other
Rhizobium strains were cultured in YTB medium (Orosz et al., 1973) or
GTS (Kiss et al., 1979). Plasmid pEA305 carries the fac promoter and the
cl gene of phage A (Amann et al., 1983), pJS209 contains the nodC gene
of R.meliloti AK631 (John et al., 1985).

Construction of cl—nodC hybrid gene

Recombinant DNA techniques were carried out essentially as described by
Maniatis et al. (1982). The tac promoter vector pEA305 (Amann et al.,
1983), which directs the synthesis of high levels of the A CI repressor, was
digested with HindIII and protruding ends were filled-in with the Klenow
fragment of DNA polymerase I. The 6-kb fragment was isolated and used
as vector (pEA305AHindIII-1; John er al., 1985).

In pJS209 the nodC gene is contained within a 1.8-kb EcoRI fragment
(John et al., 1985). Plasmid pJS209 was cut at its unique Clal and Tth1111
sites and the sticky ends were filled-in with the Klenow enzyme. A 0.52-kb
Clal—Tith1111 fragment was isolated which encodes the major hydrophobic
region of the NodC protein (Torok er al., 1984). Insertion of the nodC-
containing fragment into the filled-in HindII site of pEA305AHindIl-1 yield-
ed plasmid pJS1008. Plasmid pJS1008 was stably maintained in the lac
repressor overproducing strain E.coli W3110lacI9L8.

Transmembrane orientation of NodC

Antibodies

Polyclonal antibodies directed against the purified CI repressor of phage
X and a previously described NodC hybrid protein (John et al., 1985) were
raised in rabbits, and IgG fractions of each antibody were prepared by
purification on Protein A—Sepharose CL-4B. For the isolation of
monospecific antibodies an affinity matrix was prepared by coupling either
the X\ CI repressor or the NodC hybrid protein to CNBr-activated Sepharose
4B. Antigen affinity chromatography was carried out as described by De
Mey (1983).

Electrophoresis and immunoblotting

SDS —PAGE was performed in 12% polyacrylamide gels (Laemmli, 1970)
unless otherwise indicated. Proteins were electrophoretically transferred to
nitrocellulose (Towbin et al., 1979) and the membranes were incubated with
antibodies and washed as described previously (Schmidt ez al., 1986). Bound
antibodies were localized with '25I-labelled protein A (5 uCi, Amersham).

Radioiodination

R.meliloti cells were washed three times with cold phosphate-buffered saline
(PBS). Cells (2 ODg) were labelled in PBS containing glucose (5 mM)
and Na'?I (500 uCi/ml; Amersham). The reaction was initiated by the ad-
dition of lactoperoxidase (25 ug/ml; Calbiochem) and glucose oxidase
(2.5 U/ml; Boehringer) in order to generate hydrogen peroxide (Hynes,
1973). The reaction was allowed to proceed for 20 min at room temperature
and was stopped by washing the cells three times with PBS containing 10 mM
Nal and 2 mM phenylmethylsulphonyl fluoride (PMSF). The bacteria were
lysed with SDS and the labelled NodC protein was immunoprecipitated as
described (John er al., 1985).

Protein cross-linking

R.meliloti cells were fractionated into cytosol and total membranes (Schmidt
et al., 1986). The membranes were washed with 50 mM sodium phosphate
(pH 7.4) and resuspended in the same buffer. Aliquots were treated with
various concentrations of the hydrophilic, membrane-impermeant cross-linker
bis (sulphosuccinimidyl)suberate (BS®; Staros, 1982). After the suspensions
were incubated for 30 min at room temperature, the reactions were stop-
ped by the addition of one volume of 50 mM Tris—CI (pH 7.4) containing
20 mM N-ethylmaleimide (Staros, 1982). The membranes were washed once
in the same buffer, centrifuged and treated for 1 h at 37°C with elec-
trophoresis sample buffer (pH 7.4) containing 4% SDS and 7%
2-mercaptoethanol.

Protease treatment of bacterial cells

Induced Rhizobium cells (1 ODgyy) were washed three times with 50 mM
Tris—Cl (pH 8.0) containing 150 mM NaCl and 2 mM CaCl,. The
bacteria were resuspended in 1 ml of the same buffer and incubated at 25°C
in the absence or presence of chymotrypsin (9 U; Boehringer). Proteolysis
was stopped by the addition of 2 mM PMSF at the times indicated in Figure
4. Cells were collected by centrifugation and the samples were analysed
by SDS—PAGE and immunoblotting.

Other procedures

Seedlings of Glycine max, Medicago sativa, Pisum sativum, Phosphocar-
pus tetragonolobus, Sesbania rostrata and Trifolium pratense were grown
on nitrogen-free medium (Kondorosi et al., 1977) and were inoculated with
the appropriate Rhizobium strain. Glycine, Pisum and Sesbania nodules were
provided by Frans de Bruijn. Nodules were harvested 3 —4 weeks after in-
oculation and appropriate amounts were analysed by SDS—PAGE and
immunoblotting as described by Schmidt ez al. (1986). Bacteroids from alfalfa
nodules were isolated by the procedure of Corbin er al. (1983). R.meliloti
1021 was induced with 10 uM of luteolin (Roth, Karlsruhe, FRG) as describ-
ed by Schmidt ez al. (1986). Cytosol, inner and outer membrane fractions
of E.coli were prepared as described by Ito et al. (1977).
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