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Lipochitooligosaccharides (LCOs) synthesized by Azorhi-
zobium caulinodans ORS571 are substituted at the nonre-
ducing-terminal residue with a 6-O-carbamoyl group.
LCO biosynthesis in A. caulinodans is dependent on the
nodABCSUIJZnoeC operon. Until now, the role of the
nodulation protein NodU in the synthesis of azorhizobial
LCOs remained unclear. Based on sequence similarities
and structural analysis of LCOs produced by a nodU mu-
tant, a complemented nodU mutant, and Escherichia coli
DH5α expressing the nodABCSU genes, NodU was shown
to be involved in the carbamoylation step.

Nodulation of leguminous plants by Azorhizobium, Brady-
rhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium,
collectively called rhizobia, is controlled by bacterial signals
called Nod factors (reviewed by Heidstra and Bisseling 1996;
Long 1996; Spaink 1996; Mergaert et al. 1997c). The synthe-
sis of Nod factors is dependent on nodulation (nod, nol, noe)
genes that are induced by flavonoids, phenolic compounds
exuded by the plant, and a bacterial transcription activator,
NodD (reviewed by Schultze et al. 1994). Nod factors are
lipochitooligosaccharides (LCOs) consisting of a chitin back-
bone that is N-acylated at the nonreducing-terminal residue.
The two terminal residues may contain strain-specific substi-
tutions, some of which contribute to host range specificity
(reviewed by Kamst et al. 1998). Methyl, carbamoyl, and
acetyl residues are often found at the nonreducing-terminal
residue, and sulfate and acetylated or methylated fucosyl
groups belong to the major modifications at the reduc-
ing-terminal residue. The LCO backbone is synthesized by the
cooperative action of the nodulation proteins NodA, NodB,
and NodC. NodA is an acyl transferase that transfers an acyl
group to chitooligosaccharides synthesized by NodC and
deacetylated at the nonreducing-terminal residue by NodB
(reviewed by Mergaert et al. 1997c; Kamst et al. 1998). Modi-
fications at the nonreducing- and reducing-terminal residues
are mediated by other nodulation proteins. For example,
Bloemberg et al. (1995) proved that NodL of Rhizobium le-

guminosarum is an acetyl transferase that prefers chitooligo-
saccharide substrates, which are de-N-acetylated at the nonre-
ducing-terminal residue.

LCOs synthesized by Azorhizobium caulinodans ORS571, a
microsymbiont of Sesbania rostrata, are mainly pentamers
carrying vaccenic, palmitic, or stearic acid (Mergaert et al.
1997a). The nonreducing-terminal residue of the LCOs is
N-methylated and 6-O-carbamoylated (Mergaert et al. 1993).
The reducing N-acetylglucosamine can be D-arabinosylated,
L-fucosylated, or D-arabinosylated and L-fucosylated
(Mergaert et al. 1997a). The synthesis of azorhizobial LCOs is
dependent on the nodABCSUIJZnoeC operon and the nolK
operon. NodS is a methyl transferase involved in the methyla-
tion of the nonreducing-terminal residue (Geelen et al. 1995).
NolK is implicated in the synthesis of GDP-fucose, utilized by
the fucosyl transferase NodZ as a fucosyl donor (Mergaert et
al. 1996, 1997b). Here, we extend the characterization of
azorhizobial nod genes and show that the presence of a car-
bamoyl group at the nonreducing-terminal residue of LCOs
produced by A. caulinodans is correlated with the presence of
the nodU gene.

Previously, NodU of A. caulinodans (Fig. 1) has been
shown to have a high similarity with NodU proteins of Rhizo-
bium fredii, R. tropici, and Bradyrhizobium japonicum
(Waelkens et al. 1995) and with NolO of B. japonicum (Luka
et al. 1993). Upon re-examination of the azorhizobial NodU
sequence, we confirmed these results, but, in addition, a sig-
nificant similarity was found with NodU (54%) and NolO
(25%) of Rhizobium sp. strain NGR234 (Freiberg et al. 1997)
and with CmcH (34%) of Nocardia lactamdurans (Coque et
al. 1995; Fig. 2). CmcH is involved in the conversion of
deacetylcephalosporin C into cephamicin C, a carbamoylated
β-lactam antibiotic. By an in vitro assay, CmcH was shown to
be a carbamoyl transferase (Coque et al. 1995). Because of
this similarity, NodU of A. caulinodans seemed to be a good
candidate to carry out the carbamoylation of azorhizobial Nod
factors. Moreover, analysis of Nod factors produced by mutant
and complemented mutant strains of Rhizobium sp. strain
NGR234 showed that nodU of this strain was involved in the
6-O-carbamoylation (Jabbouri et al. 1995) and that nolO was
required for the 3- or 4-O-carbamoylation of the nonreduc-
ing-terminal residue (Jabbouri et al. 1998).
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nodU belongs to the nodABCSUIJZnoeC operon (Fig. 1)
and its transcription is controlled by the flavonoid-inducible
nodA promoter (Geelen et al. 1993). To obtain evidence for
the proposed function of NodU, a chromosomal Tn5 inser-
tion mutant, ORS571-1.31U, was constructed (Geelen et al.
1993). To ensure that an effect on the LCO synthesis is
caused by the mutation in nodU rather than by a polar influ-
ence of the Tn5 insertion on the downstream-located genes,
ORS571-1.31U was complemented with nodU. nodU was
cloned behind the lacZ promoter in the plasmid pBBR1MCS
(Kovach et al. 1994) by ligation of a 1,850-bp XhoI-PshAI
fragment (Fig. 1) in a vector digested with XhoI-SmaI. This
plasmid, pBBRNU, was introduced into ORS571-1.31U by
triparental mating (Ditta et al. 1980) resulting in the strain
ORS571-1.31U (pBBRNU). Nod factors of both strains
were prepared and purified as described by Mergaert et al.
(1997a). The vaccenoylated (C18:1) and palmitoylated
(C16:0) LCOs were separated from the stearoylated (C18:0)
LCOs and analyzed by fast atom bombardment-mass spec-
trometry (FAB-MS).

A FAB-MS spectrum of the first fraction produced by
ORS571-1.31U and ORS571-1.31U(pBBRNU) is shown in
Figure 3A and B, respectively. The stearoylated fraction con-
tained the same Nod factor population but the masses were
two units higher (data not shown). The spectrum of LCOs
synthesized by ORS571-1.31U(pBBRNU) showed three mo-
lecular ions with m/z 1287, 1313, and 1459 (Fig. 3B) corre-
sponding also to LCOs produced by the wild-type strain
(Mergaert et al. 1997a). The LCOs all carry a methyl and a
carbamoyl group at the nonreducing-terminal residue and they
are palmitoylated (m/z = 1287) or vaccenoylated (m/z = 1313
and 1459). The reducing-terminal residue contained no sub-
stitutions (m/z = 1287 and 1313) or an L-fucosyl residue (m/z
= 1459) (Mergaert et al. 1997a). Ions at m/z 1092, 889, 686,
and 483 are characteristic fragments originating from the
cleavage of glycosidic bonds. The first fragmentation resulting
in the ion with m/z = 1092 is caused by the loss of

GlcNAc-OH and three other consecutive losses of GlcNAc
led to the peaks with m/z 889, 686, and 483 (Fig. 3B). The
mass of the latter molecule corresponded to the nonreduc-
ing-terminal residue that carries an N-methyl, a 6-O-carba-
moyl, and a vaccenoyl group (Mergaert et al. 1993, 1997a).
The FAB-MS spectrum of LCOs produced by ORS571-1.31U
(Fig. 3A) is similar to that of ORS571-1.31U(pBBRNU) (Fig.
3B). Three major molecular ions were observed with m/z
1244, 1270, and 1416 (Fig. 3A). However, the m/z values of
these three molecular ions were 43 mass units lower than
those of the corresponding ions of ORS571-1.31U(pBBRNU).
This mass difference is due to the absence of a carbamoyl
residue, which suggested that ORS571-1.31U cannot synthe-
size carbamoylated LCOs. Cleavage of glycosidic bonds of
molecular ions with m/z 1270 and 1416 led to the fragments
with m/z 1049, 846, 643, and 440 (Fig. 3A). As the mass of
the nonreducing-terminal residue is 43 units lower than the
mass of a similar nonreducing-terminal residue, but substi-
tuted with a 6-O-carbamoyl residue, it is obvious that LCOs
synthesized by ORS571-1.31U lack the carbamoyl group. In-
troduction of pBBRNU into the nodU mutant restored the car-
bamoylation completely, indicating that nodU rather than
other downstream-located genes are involved in the car-
bamoylation. The results regarding the role of NodU in LCO
synthesis in A. caulinodans confirmed the results reported for
a nodU mutant of Rhizobium sp. strain NGR234 (Jabbouri et
al. 1995).

ORS571-1.31U as well as ORS571-1.31U(pBBRNU) could
not produce arabinosylated LCOs (m/z = 1445 and 1591) (Fig.
3A and B) and the amount of fucosylated LCOs was signifi-
cantly lower than in the wild-type strain (Fig. 3A and B; Mer-
gaert et al. 1997a). This is due to a polar effect of the Tn5 in-
sertion on the downstream-located genes, which are involved
in the fucosylation and/or arabinosylation (Mergaert et al.
1996). However, a minor fraction was still fucosylated, which
may be explained by a household fucosyl transferase activity
(Mergaert et al. 1996).

Fig. 1. Physical map of the nodABCSUIJZnoeC operon of Azorhizobium caulinodans. Genes nodABCSUIJZ and noeC are presented as boxes with ar-
rowheads showing transcription direction. Black vertical box, upstream of the nodA gene, corresponds to the nod box promoter region. DNA regions
present in plasmids constructed during this study are indicated. Position of the Tn5 insertion introduced into nodU is designated by Tn5-31. B, BamHI;
E, EcoRI; P, PshAI; X, XhoI.
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As CmcH had been shown to be a carbamoyl transferase
that uses carbamoyl phosphate as a carbamoyl donor, we tried
to complement ORS571-1.31U with the cmcH gene of N.
lactamdurans. A 2,600-bp PstI fragment was cloned in a
PstI-digested pBBR1MCS vector, resulting in the plasmid
pBBRCMCH. This plasmid was introduced into
ORS571-1.31U by triparental mating. The FAB-MS spectra of
LCOs produced by ORS571-1.31U(pBBRCMCH) and
ORS571- 1.31U were identical (data not shown), indicating
that cmcH cannot complement an azorhizobial nodU mutant.
This observation suggests that carbamoylation in A. cauli-
nodans demands a specialized carbamoyl transferase with a

high substrate specificity. Such a substrate specificity has been
described, for example, for NodL, an acetyl transferase
(Bloemberg et al. 1995), and for NodS, a methyl transferase
(Geelen et al. 1995), that both preferentially use end-de-N-
acetylated chitooligosaccharides as a substrate (Bloemberg et
al. 1995; Geelen et al. 1995).

Additional evidence was obtained from the analysis of LCOs
produced by derivatives of Escherichia coli DH5α that carry
different combinations of azorhizobial nod genes. Previously,
DH5α(pUCNABCS), which expresses the nodABCS genes of
ORS571, has been shown to produce methylated LCOs that
carry acyl chains varying in length between C14 and C18

Fig. 2. Alignment between NodU and NolO proteins of different rhizobia and CmcH of Nocardia lactamdurans. The NodU sequences from Azorhizo-
bium caulinodans (ACNodU), Bradyrhizobium japonicum (BJNodU), Rhizobium sp. strain NGR234 (RNNodU), R. fredii (RFNodU), and R. trifolii
(RTNodU), of NolO from B. japonicum (BJNolO) and Rhizobium sp. strain NGR234 (RNNolO), and the sequence of CmcH of N. lactamdurans
(NLCmcH) were aligned with the Wisconsin Package version 9.1 (Genetics Computer Group [GCG], Madison, Wisc.). Below the protein sequence
alignment, a consensus line (>50%) is integrated (Cons.). Dots indicate gaps introduced to allow a better alignment.

Continued on next page.
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(Mergaert et al. 1995). A plasmid, pUCNABCSU, was con-
structed by cloning of a 5,300-bp PshAI fragment, covering the
nodABCSU genes (Fig. 1), into pUC18 digested with SmaI
(Fernández-López et al. 1996). LCOs produced by
DH5α(pUCNABCSU) were prepared, purified, and analyzed by
FAB-MS (Fig. 3C) and collision-induced dissociation
(CID)-MS (Fig. 3D) as described by Mergaert et al. (1995). The
fraction, the FAB-MS spectrum of which is presented in Figure
3C, contained LCOs with m/z 1244, 1270, 1287, and 1313. The
former two molecular ions, corresponding to products of
ORS571- 1.31U (Fig. 3A), are methylated LCOs carrying a
palmitoyl or a vaccenoyl chain, respectively, and were also pro-
duced by DH5α(pUCNABCS) (Mergaert et al. 1995). However,
the latter two molecular ions corresponded to products of
ORS571-1.31U(pBBRNU) and were 43 mass units higher,
which is indicative for the presence of a carbamoyl group. Char-
acteristic fragments originating from the molecular ions with
m/z = 1244 are indicated with m/z 1023, 820, 617, and 414 and
show the Nod factor nature of these products (Fig. 3C). That
only part of the total amount of the LCOs is carbamoylated
could be due to a deficiency of carbamoyl donor in E. coli.

The CID-MS spectrum of the molecular ion with m/z =
1287 of LCOs produced by DH5α(pUCNABCSU) showed
fragments with m/z 1066, 863, 660, and 457 (Fig. 3D). The
fragment with m/z = 1066 was caused by the loss of
GlcNAc-OH and the other fragments formed a series sepa-
rated by 203 mass units ending at m/z 457. This m/z corre-
sponded to the mass of the nonreducing-terminal residue of
the chitooligosaccharide that is N-methylated, N-acylated by
palmitic acid, and 6-O-carbamoylated (Mergaert et al. 1997a).
So, indeed, DH5α(pUCNABCSU) is able to synthesize car-
bamoylated LCOs in contrast to DH5α(pUCNABCS)
(Mergaert et al. 1995), which supports the previously men-
tioned predictions about the function of NodU.

The NodU protein is 61.8 kDa in size and has three poten-
tially transmembrane α-helices as predicted by the TMpred
program (Hofmann and Stoffel 1993; Fig. 4). With the PSORT
software (Nakai and Kanehisa 1991), it was predicted that
NodU would lack a leader peptide. Together., these observa-
tions suggest that the protein may appear in the cytoplasm,
probably associated with the inner membrane. These charac-
teristics were also found for the azorhizobial NodZ protein
(Mergaert et al. 1996) and support the hypothesis that LCOs
might be synthesized in a “Nod factor factory” consisting of a
multienzyme complex anchored in the inner membrane, as
postulated by Mergaert et al. (1997c).

In an attempt to show in vitro carbamoyl transferase activ-
ity, nodU was cloned in pGEX-3X (Pharmacia, Uppsala,
Sweden), resulting in pGEX-3XU. In this plasmid, the nodU
open reading frame is fused to the upstream-located glu-
tathione-S-transferase (GST) open reading frame. Protein ex-
tracts of E. coli cultures were prepared as described by Geelen
et al. (1995). The NodU-GST fusion protein remained in the
membrane fraction (data not shown), in agreement with the
putative membranal localization. In vitro assays were carried
out with crude extracts of the membrane fraction and with
partially purified fusion protein as enzyme source, and car-
bamoyl phosphate as a carbamoyl donor. Analogous to the
substrate of the acetyl transferase NodL and the methyl trans-
ferase NodS, deacetylated chitopentaoses were used, but also
chitopentaose and noncarbamoylated LCOs were included in
the assay as substrates. In none of the assays that were carried
out in different conditions could any in vitro carbamoyl trans-
ferase activity be detected (data not shown). This result may
indicate that NodU functions only in very specific conditions,
or that the NodU protein is very unstable or not correctly
folded, or that it only functions in a “Nod factor factory” pro-
tein complex. In conclusion, sequence similarities, mutant and

Fig. 2. Continued from previous page.
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complementation analysis in A. caulinodans, and LCO pro-
duction in E. coli provided strong support for a role of NodU
in Nod factor carbamoylation.
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