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Research Note

GmNS56, a Novel Nodule-Specific cDNA from Soybean
Root Nodules Encodes a Protein Homologous to
Isopropylmalate Synthase and Homocitrate Synthase
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We have isolated a novel nodule-specific cDNA clone,
GmNS56, from soybean root nodules. The expression of
GmNS356 was induced almost concomitantly with the onset
of nitrogen fixation, together with leghemoglobin and
other late nodulin genes. In situ hybridization studies
demonstrated the localization of GmN56 mRNA in the
bacterial infected cells of mature nodules. The predicted
amino acid sequence of the GmN56 protein exhibits sig-
nificant homology to those of LeuA (isopropylmalate syn-
thase) of several microorganisms and NifV (putative
homocitrate synthase) of nitrogen-fixing bacteria, suggest-
ing that GmNS56 encodes an enzyme catalyzing a reaction
involving acetyl-CoA and o-keto acid as substrates.

Additional keywords: Glycine max, nodulins, nitrogen fixa-
tion, symbiosis.

The symbiotic interaction between legume plants and rhi-
zobia leads to the formation of root nodules in which the
intracellular bacteria are capable of fixing atmospheric nitrogen,
This interaction is accompanied by the specific expression of
sets of both plant and bacterial genes. The products of plant
genes induced exclusively in nodules are termed ‘nodulins’
(Van Kammen 1984). Nodulins are classified into early and
late nodulins according to the time of appearance of their
transcripts during the nodule developmental process. The
early nodulin genes are expressed at early stages of nodule
formation and are considered to be involved in the bacterial
infection process and/or nodule morphogenesis (Nap and
Bisseling 1990). On the other hand, late nodulins, which appear
after completion of nodule organogenesis and just before the
onset of nitrogen-fixation activity, play essential roles in sym-
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biotic functioning, i.e., nitrogen fixation and related pro-
cesses. They have been further divided into metabolic and
structural nodulins, according to defined or predicted func-
tions and their intracellular localization (Verma et al. 1989).
We previously isolated a set of nodulin cDNAs from soy-
bean nodules at different developmental stages and described
the characterization of several early nodulin genes (Kouchi
and Hata 1993). While screening for nodule-specific genes by
means of a subtractive cDNA hybridization technique, we
also identified several novel late nodulin cDNAs. In this re-
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Fig. 1. Accumulation of GmN56 mRNA during nodule development.
Poly(A*) RNA (1 pg) isolated at various times during nodule develop-
ment was separated by denaturing 1% agarose gel electrophoresis,
blotted onto nitrocellulose membranes, and then probed with cDNAs of
GmN56, leghemoglobin (Lb-a) and ubiquitin (UbQ, as a control), using
standard procedures (Sambrook er al. 1989). Lanes (1) uninfected roots;
(2) 4-day-old nodulated root segments; (3) 8-day; (4) 10-day; (5) 13-
day; (6) 17-day-old nodules.



19.3—

1.7 —
6.2—

4.2 —
3.5—

2.7 —

19—

T

1.6—

Fig. 2. Southern blot analysis of soybean genomic DNA with GmN56
cDNA as a probe. Soybean DNA (10 pg) was digested to completion
with EcoRI (E), HindIII (H) or Xbal (X), subjected to 0.8% agarose gel
electrophoresis, blotted onto a nitrocellulose membrane, and then
hybridized with **P-labeled GmN56 ¢DNA. Genomic DNA was isolated
from etiolated soybean hypocotyls as described (Rogers and Bendich
1988).

port, we describe the sequence analysis, temporal and spatial
expression, and some functional implications of one of these
cDNA clones, designated as GmNS56.

The strategy for the isolation of nodule-specific cDNAs
was described previously (Kouchi and Hata 1993). In brief,
32P-labeled first-strand cDNA was synthesized from nodule
poly(A)* RNA and then subjected to two cycles of subtractive
hybridization with a large excess of uninfected root poly(A)*
RNA. Unhybridized cDNA was selected by hydroxylapatite
column chromatography and used to screen nodule cDNA li-
braries. By this procedure, GmN56 was isolated from the
nodules of soybean plants (Glycine max L. *Akisengoku’) 21
days after sowing and inoculation of Bradyrhizobium japon-
icum (strain A1017).

Figure 1 shows the time course of accumulation of GmN56
mRNA, together with that of leghemoglobin (Lb) during
nodule development. Under our conditions of plant growth,
nodules were visible as small bumps 6-7 days after sowing
and inoculation, and nitrogen fixation (acetylene reduction)
activity first appeared at day 13 (Kouchi et al. 1989). GmN56
mRNA (approximately 2.4 kb) was first detected at day 13, at
the same time as leghemoglobin mRNA. Thus, GmN56 has
been assigned as a late nodulin gene. GmN56 mRNA was not
detected in either uninfected roots, stems, or leaves of soy-
bean seedlings (data not shown). GmN56 message is much
rarer than those of Lb and the peribacteroid membrane-related
nodulin genes tested, as judged by the comparison of the
intensities of hybridization signals. Soybean genomic DNA was
digested to completion with restriction enzymes and then
subjected to Southern blot analysis using the entire GmN56
cDNA as a probe (Fig. 2). Two or more major hybridization
bands and multiple weaker bands were observed even under
conditions of high stringency, suggesting that GmN56 com-
prises a small gene family. The GmN56 cDNA probe did not

Fig. 3. Localization of GmN56 mRNA in soybean nodules (16-day-old). Paraffin-embedded sections (7 um thick) were probed with *S-labeled
antisense RNA of GmNS56 according to the in situ hybridization procedure (Yang er al. 1993). Bright- (A) and dark- (B) field micrographs are shown.
Hybridization to the sense probe is also shown (C). Ic, infected cell; Uc, uninfected cell; C, cortex: V, vascular bundle. Bars represent 100 pm.
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Fig. 4. Comparison of the amino acid sequences of the GmN56 protein (deduced), isopropylmalate synthase of E. coli (LeuA), and the NifV protein of

A. vinelandii (NifV). Identical amino acids are boxed and similar amino acids are shaded. The gaps indicated by dashes were introduced to optimize the
cerevisiae are indicated by arrowheads (Evans et al. 1991). Two regions of high similarity between the NifV and LeuA proteins are shown by dashed un-

alignment. Conserved amino acids between the NifVs of A. vinelandii, A. chroococcum, and K. pneumoniae and LeuAs of S. typhimurium and S.
derlines (Meijer and Tabita 1992). The nucleotide sequence of GmN56 was determined on both strands by the dideoxy-chain termination method.
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hybridize to DNA of Bradyrhizobium (results not shown).

To localize GmN56 gene expression, we performed in situ
hybridization experiments on nodule sections (Fig. 3). The
hybridization signals were weak, probably due to the small
quantity of GmN56 mRNA, but signals significantly above
the background level were observed in the infected cells. The
inner and outer cortices, and uninfected cells in the central
part of the nodule showed no significant hybridization signal.
Therefore, we conclude that the GmN56 gene expression is
restricted to the infected cells.

The GmNS56 cDNA clone was sequenced entirely. It has an
insert of 2,407 bp and the longest open reading frame consists
of 565 amino acids. A protein database search revealed
significant homology of the deduced GmNS56 protein to the
LeuA protein (2-isopropylmalate synthase, EC 4.1.3.12) of
several microorganisms, and also to the NifV protein of Azo-
tobacter species and Klebsiella pneumoniae (Fig. 4). The
highest homology (40.6% identical over 478 amino acids)
was found to LeuA of Escherichia coli (Yura et al. 1992).
Similar levels of identity were found to LeuA of Salmonella
typhymurium (Ricca and Calvo 1990), and Lactococcus lactis
(Godon et al. 1992). The homology to the NifV protein of A.
vinelandii was 33% over 410 amino acids (53%, if conser-
vative amino acids are included).

The sequence homology between the NifV and LeuA pro-
teins has been well documented (Evans et al. 1991; Meijer
and Tabita 1992). Highly conserved amino acids or regions of
high similarity between the NifV and LeuA proteins are also
well conserved in the GmNS56 protein (Fig. 4). NifV is involved
in the synthesis of homocitrate, which is a component of the
Fe-Mo cofactor of nitrogenase (Hoover et al. 1989), and is
postulated to be a homocitrate synthase (EC 4.1.3.21). Al-
though the exact reaction catalyzed by NifV has yet to be
determined, it is most likely that NifV catalyzes the conden-
sation of acetyl-CoA and o-ketoglutarate to form homocitrate,
based on the analogy to a reaction catalyzed by LeuA that
forms isopropylmalate from acetyl-CoA and o-ketoisov-
alerate. In addition, homocitrate synthase involved in the o-
aminoadipate pathway of lysine biosynthesis has been dem-
onstrated to form homocitrate by the condensation of acetyl-
CoA and a-ketoglutarate (Jaklitsch and Kubicek 1990). Two
regions which are well conserved between the LeuA and
NifV proteins are postulated to be responsible for the binding
and/or condensation of acetyl-CoA and the o-keto group (Evans
et al. 1991). Thus, it is very likely that the GmNS56 protein
catalyzes a reaction involving acetyl-CoA and an o-keto acid
as substrates. In this connection, Meijer and Tabita (1992)
have suggested that these two well-conserved regions are re-
sponsible for the binding of the a-keto acid group rather than
the acetyl-CoA, based on the homologies of these two regions
with pyruvate carboxylase and oxaloacetate decarboxylase.

GmN56 mRNA is synthesized exclusively in mature nod-
ules. The timing and site of expression of GmN56 suggest
that it is involved in a process closely related to the nitrogen
fixation activity of the bacteroids. One of the most important
physiological features of the infected cell cytoplasm is the
production of large amounts of C,-dicarboxylates, which
serve as substrates for bacteroid respiration (Tajima and Kou-
chi 1990). Thus, taking into account the possible role of GmN56
protein in the catalysis of a reaction involving acetyl-CoA
and/or an o-keto acid, it is intriguing to hypothesize that

GmN56 has a function related to C,-dicarboxylate meta-
bolism in the infected cells.

An alternative, and even more intriguing hypothesis from
the view of functional symbiosis, might be that the GmN56
protein catalyzes the formation of homocitrate in the plant
cytosol. Although neither a structural nor functional homo-
logue of the nifV gene has yet been identified in Brady-
rhizobia, there is no doubt that Bradyrhizobium possesses the
complete machinery for synthesizing the Fe-Mo cofactor be-
cause an intact nitrogenase can be induced in the free-living
state under certain conditions. Nevertheless, the additional
supply of an essential component of the active center of nitro-
genase by the host plant might be necessary to meet the de-
mand of highly efficient and continuing synthesis of the
nitrogenase system in symbiotic bacteria. Obviously, further
enzymological investigations are now required to examine
these hypothesis and to address the question of the function
of GmN56.
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