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The legume-rhizobia symbioses lead to the formation of a novel adaptive complex organ, termed the root nodule,
which arises from cortical cell division and rhizobial infection in the root. Lipochitin oligos accarides, Nod-Factors (NFs)
secreted by rhizobia, are responsible for the onset of nodule development. Here we describe the characterization of Lotus
japonicas, Nod factor Signaling Pathway2 (LjNSP2) protein that belongs to the plant GRAS family of transcription factors.
Yeast two-hybrid analysis indicates that LjNSP2 alone has a transcription-stimulating ability and for this the SH2(src-
homology2)-like domain, vital for function of STAT proteins is required. The ADG4 (the activation domain of GAL4)-
LjNSP2 fusion coupled with BDG4 (the DNA binding domain of GAL4)-LjNSP2 increased the expression level, whereas the
ADG4-Ljnsp2-1 mutant fusion did not, indicating that LjNSP2 interacts with itself to form a homodimer and this depends
on the SH2-like domain. Based on the evidence, we discuss the action of LiNSP2, compared with that of the family of
animal-specific STAT transcription factors, which induce developmental programmes in response to external stimuli.

NFs induce a variety of responses in a host-specific manner,
including root hair curling and cortical cell division, during the
early steps of nodulation." NSP2 is a GRAS protein essential for
the NF signaling and lies downstream of the calcium spiking.*”
NSP2 has been shown to form a complex with NPS1 that is asso-
ciated with the promoters of early nodulin genes in Medicago
truncatula.® On the other hand, L. japonicas nsp2 mutants have
been isolated as Ljsym70 and Ljsym35 and characterized,®”’ but
the function of LjNSP2 remains to be elucidated at protein level.

To test the ability of LjNSP2 to activate transcription and to
form dimers, we used the yeast two-hybrid system; LiNSP2 was
fused to ADG4 (the activation domain of GAL4) or to BDG4
(the DNA binding domain of GAL4), and their interaction was
monitored by measuring the level of expression of the GAL4-
lacZ reporter. We also used a DNA fragment derived from
Linsp2-1 (Ljsym70) mutant that carries substitution mutation of
conserved V to E in the SH2 (src-homology2)-like domain, vital
for function of STAT protein.” Even in combination with the
unmodified ADG4, BDG4 fused with LjNSP2 increased lacZ
expression by 3-fold compared with the unmodified BDG4,
while BDG4 fused with Ljnsp2-1 induced no increase of the
expression (Fig. 1A). This indicates that LjNSP2 alone has a
transcription-stimulating ability and for this the SH2-like region
is required. The ADG4-LjNSP2 fusion coupled with BDG4-
LjNSP2 increased the expression level a further 50%, whereas
the ADG4-Ljnsp2-1 mutant fusion did not (Fig. 1A), indicating
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that LjNSP2 interacts with itself to form a homodimer and this
depends on the SH2-like domain.

To test if the Ljnsp2-1 mutant protein is unstable in yeast
cells, we probed yeast extract with an anti-GAL4 DNA binding
domain antibody. This showed that there were similar levels of
protein of both BDG4-Ljnsp2-1 and BDG4-LjNSP2 (Fig. 1B),
indicating that the loss of transcription-stimulation and homodi-
marisation are not due to instability of the protein.

These results suggest that the SH2-like domain is important
for the ability of LjNSP2 to activate transcription and to dimer-
ize, and that dimerization enhances transcription relative to the
monomer. These suggested functions of the LjNSP2 SH2-like
region for transcription activity and dimerization are equivalent
to the role of the SH2 domain in animal STAT proteins.'

An interesting character of LiNSP2 is the requirement of
SH2-like domain in LjNSP2 function. The Ljnsp2-1 missense
mutation in the SH2-like domain caused a complete lack of nod-
ulation equivalent to that seen with the Ljnsp2-2 null mutant,
although both mutants grew normally if supplemented with
nitrate. Similarly, missense or deletion mutations in the SH2-
like region of the other GRAS proteins, Arabidopsis RGA" and
rice SLR1," caused strong mutant phenotypes. Richards et al.
pointed out structural homology and conserved amino acids
between the plant GRAS proteins and animal STAT proteins
especially in the SH2 (-like) domains.”® In animals, its impor-
tance in dimerization and nuclear localization has been well
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Figure 1. Yeast-two hybrid analyses of LjNSP2 interactions and immunoblotting in yeast cells. (A) Transcription activity of LacZ (B-galactosidase) was
measured as the indicator of the interaction between 2 components fused with the prey (ADG4: activation domain of GAL4) and bait (BDG4: DNA bind-
ing domain of GAL4). However, an about 3-fold increase of the activity was seen with the combination BDG4-LjNSP2/ADG4 compared with control
combination BDG4/ADG4, while there was no increase with BDG4-Ljnsp2-1/ADG4, indicating the presence of a transcription activity of LjNSP2 alone
bound to the promoter of LacZ depending the function of the SH2-like domain. A further 50% of increase of the activity was seen in the combination
BDG4-LjNSP2/ADG4-LjNSP2, being consistent with the ability of LiNSP2 to form homodimer. This is also dependent on the SH2-like function because
this increase was not observed for the combination with ADG4-Ljnsp2-1. (B) Yeast transformants carrying pBD and pAD-LjNSP2, pBD-LjNSP2 and pAD-
LjNSP2, pBD-Ljnsp2-1, and pAD-LjNSP2 were grown in YPD medium to late-log phase at 30 °C, cell extracts were prepared and immunoblotted by
probing with anti-GAL4 (DBD) or anti-PSTAIRE antibody. The size of the detected proteins is consistent with a predicted pBD-LjNSP2 molecular mass of

characterized.” Here we have demonstrated that the LjNSP2
SH2-like domain plays an important role in transcription acti-
vation as seen in LacZ, and its homo-dimerization, as do ani-
mal STAT SH2 domains, along with in nodulation-signaling,
verifying Richards’ proposal.’® However, the interaction activity
between LjNSP2 proteins was not always high in yeast cells. In
the some cases of animal STAT proteins, 1 STAT interacts with
another. LjNSP2 also might form the heterodimer with other
GRAS proteins related to LiNSP2 as is the case in Medicago.®
STAT proteins can mediate the activation of cell surface recep-
tors in a direct manner after direct phosphorylation by a recep-
tor themselves or by non-receptor tyrosine kinases'’ (Levy and
Darnell, 2002); in nodulation, the pathway of NF signal trans-
duction seems to be more complicated with the participation of 2
kinds of NF receptors like NFR1, NFR5, with SYMRK another
kinase, nucleoporins, ion channels like CASTOR/POLLUX,

and then CCaMK.'"'¢ Furthermore, in animal systems, the

function of the STAT SH2 domain strongly depends on the
phosphorylation of a conserved Gly-Tyr (GY) motif between
the SH2-like domain and C-terminal transactivation domain
(Richards et al., 2000). This GY motif is present in LjNSP2 and
other GRAS proteins.®” Determining whether LiNSP2 is phos-
phorylated following NF activation of the signaling pathway is
an exciting challenge in the future.
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