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ABSTRACT

The plant gene enod40 is highly conserved among
legumes and also present in various non-legume
species. It is presumed to play a central regulatory
role in the Rhizobium-legume interaction, being
expressed well before the initiation of cortical cell
divisions resulting in nodule formation. Two small
peptides encoded by enod40 mRNA as well as its
secondary structure have been shown to be key
elements in the signalling processes underlying
nodule organogenesis. Here results concerning the
secondary structure of mRNA of enod40 in soybean
are presented. This study combined a theoretical
approach, involving structure prediction and com-
parison, as well as structure probing. Our study
indicates five conserved domains in enod40 mRNA
among numerous leguminous species. Structure
comparison suggests that some domains are also
conserved in non-leguminous species and that an
additional domain exists that was found only in
leguminous species developing indeterminate
nodules. Enzymatic and chemical probing data
support the structure for three of the domains, and
partially for the remaining two. The rest of the
molecule appears to be less structured. Some of the
domains include motifs, such as U-containing inter-
nal loops and bulges, which seem to be conserved.
Therefore, they might be involved in the regulatory
role of enod40 RNA.

INTRODUCTION

The highly specific plant—prokaryote symbiosis between
bacterial genera of the Rhizobiaceae family (Rhizobium,
Sinorhizobium,  Mesorhizobium,  Bradyrhizobium  and
Azorhizobium), also called rhizobia, and leguminous plants
(1) induces on the plant root new organs, called nodules. The
nodule essentially contains compartmentalised bacteria sur-
rounded by a plant membrane and provides an ideal environ-
ment for the microsymbionts to perform the reduction of

dinitrogen into ammonia, utilising in exchange plant-derived
carbon sources.

The initiation and development of the nodule structure as a
symbiotic organ is controlled at different levels. Highly
species-specific signalling involves (iso)flavonoids from the
plant side and a whole repertoire of B-1-4-linked-N-acetyl
glucosamine compounds carrying different structural modifi-
cations secreted by the bacteria (known also as Nod factors,
NFs), and these are the key molecules establishing the earliest
stages of the interaction (2). NF perception in epidermal root
hairs by a single or double component receptor (3,4) is
associated with downstream Ca* signalling (5,6) and possibly
small trimeric GTPases along with phospholipase C and
phosphoinosides (7,8). Phytohormone-mediated secondary
signalling involving auxin, cytokinin and ethylene (9-11) is
also suggested to be of major importance in nodule
organogenesis and positioning.

A number of plant genes have been identified so far, which
are co-ordinately induced or expressed in an enhanced manner
in the nodules, and their products (nodulins) are regulated both
temporally and spatially (2,12). Several results indicate that
one of them, enod40, has a regulatory function in nodule
initiation. enod40 is highly conserved among leguminous
plants and it has also been identified in the non-legumes
tobacco, rice and maize (13,14). In the legume roots, it is
expressed in the early stages of the interaction, specifically in
the pericycle adjacent to the protoxylem pole and well before
the initiation of cortical cell divisions that lead to nodule
formation (15,16). Furthermore, it is induced by NFs and
chitin pentamers (17,18) and the phytohormone cytokinin
(19). Overexpression of enod40 in Medicago truncatula
results in a considerable increase of cortical cell divisions
when plants are subjected to nitrogen-limiting conditions (20).
Interestingly, such plants infected by Sinorhizobium meliloti
nodulate faster and exhibit increased sensitivity to the Nod
signals upon treatment with purified Nod factors or inocula-
tion with S.meliloti mutants (21). In mature nodules, enod40 is
expressed in the pericycle of the vascular bundles (16,22) but
also in several non-symbiotic tissues (11,16,22-24). Studies
on rice enod40 suggest that legume and non-legume enod40
genes may share some common functions in differentiation
and/or functions of vascular bundles, where rice enod40 is
mostly accumulated (14).
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The lack of a common, long open reading frame (ORF) in
the otherwise conserved enod40 genes has always been an
intriguing aspect. Since the first isolation of the soybean
enod40 gene (16,22), several studies have focused on its
expression pattern during nodule development in different
legumes and in response to different stimuli, but also on the
functional analysis of the two peptides encoded by two short
ORFs (sORFI and sORFII). The polycistronic nature of
enod40 mRNA was recently demonstrated biochemically,
with in vitro translation in wheat germ extracts resulting in the
de novo synthesis of two peptides of 12 and 24 amino acid
residues, subsequently immunoprecipitated by antipeptide
antibodies (25). Additionally, these peptides were shown to
specifically bind sucrose synthase (SuSy), thus implicating
them in the regulation of SuSy activity and/or its intracellular
targeting (25). Sousa et al. (26) showed that in alfalfa, the
biological activity of enod40 is directly related to the proper
translation of sORFI and sORFII. The work of Crespi et al.
(27) and Sousa et al. (26) suggests a possible regulatory role
for RNA structure, indicated by an estimated low free energy
of folding in some regions of enod40. Indeed, some local
secondary structure elements in enod40 were predicted by
comparative analysis (26,28).

In order to contribute to our understanding of the molecular
mechanism(s) of enod40 action, we set out to study in detail
the secondary structure of the soybean enod40-1 RNA by
means of chemical and enzymatic probing. The data from this
analysis have been combined with computer-assisted studies,
thus allowing for an ameliorated RNA structure prediction.
Our studies reveal a number of particular characteristics of the
soybean enod40 RNA, such as, for example, the high amount
of uridines in bulges and loops. Also for the first time,
experimental data are provided for a strongly supported
secondary structure element (hairpin 1) in the inter-sORF
region.

MATERIALS AND METHODS
Prediction of RNA secondary structure

RNA secondary structures were predicted by folding simula-
tions using a genetic algorithm (29), implemented in the
package STAR (http://wwwbio.leidenuniv.nl/~batenburg/
STAR.html). The thermodynamic parameters used were
from version 2.3 of Turner et al. (http://www.bioinfo.rpi.e-
du/~zukerm/rna/energy/). Simulations were performed at
various lowered (10-25°C) temperatures in order to mimic
the conditions of the natural environment for the plant RNAs.
For the initial search of conserved hairpins, the option for
simulation of the folding during transcription was used. In
order to refine the phylogenetically conserved structure, the
conserved structures were ‘forced’ into the folding simulations
of full-length molecules, so that at the next round only
predictions containing these structures could be produced.
Possible alternative foldings in the interiors of forced domains
were also verified using predictions of optimal and suboptimal
structures by the mfold package (30,31). Probing data were
taken into account by forcing some regions of RNA to be
single stranded in the simulations.

The following enod40 sequences were used for the predic-
tions: Glycine max (accession no. X69154), Phaseolus

vulgaris (X86441), Vigna radiata (AF061818), Sesbania
rostrata (Y12714), Lotus japonicus (AJ271787, AJ271788),
Medicago truncatula (X80264), Medicago sativa (1.32806,
X80263), Trifolium repens (AJO00268), Pisum sativum
(X81064), Vicia sativa (X83683), Lupinus luteus
(AF352375), Nicotiana tabacum (X98716), Oryza sativa
(AB024054), Oryza branchyantha (AB024055), Hordeum
vulgare (AF542513) and Lolium perenne (AF538350). The
numbering used on the figures starts at the 5" end of the RNA
molecules or follows the numbering of the corresponding
database (L.japonicus).

RNA synthesis

DNA encoding the G.max enod40-1 gene was amplified by
PCR from a pBluescript-derived expression vector. This DNA
was cloned under the control of the T7 promoter into a plasmid
(pMP4800), and the expected sequence was verified. This
plasmid was called pMP4000. For the enzymatic and chemical
probing, Gmenod40-1 was amplified by PCR from pMP4000
using the primers T7trans (5 GGGCTAATACGACTCA-
CTATAGGC 3’) containing the T7 promoter and enod40rev
(5" GAAAAGGACTCTGGAAACTTTTG 3').

For technical reasons, the probing gels could not be read
around the 3" end. In order to study in more detail the structure
of the 3’ end of Gmenod40-1 RNA, probing of 3’-end-labelled
enod40 RNA was tried. PCR was done on pMP4000 using
T7trans and Gm403’-pExtRNA (5° GAAAGGACTCTGG-
AAACTTTTCTTTTTTTTTT 3’), so that the RNA would end
with a short poly(A) tail, which would make the labelling of
the 3’ end easier. However, structure probing on this 3’-end-
labelled enod40 RNA failed.

Transcription on the DNA fragments was performed using
the RiboMax kit (Promega). The RNA was isolated by 2-fold
phenol extraction and a single chloroform extraction followed
by isopropanol precipitation.

Enzymatic structure probing

RNA (1 pmol) was renatured at room temperature for 5 min in
a total volume of 6 Ul containing 50 mM sodium cacodylate
pH 7.5 and 10 mM MgCl,. Reactions were performed in this
mix (10 pl final volume) for 5 min at room temperature with
3 ug of bulk tRNA and 0.001, 0.0001 or 0.00001 U of RNase
T1 (Sankyo), 0.01, 0.005 or 0.001 U of RNase V1 (Pharmacia
Biotech), or 0.01, 0.001, or 0.0001 U of RNase T2 (Life
Technologies). Subsequently, reactions were stopped by
chilling on ice and adding 20 pl of buffer containing 0.4 M
sodium acetate pH 5.2, 2 mM EDTA and 0.2 pg/ul carrier
tRNA. The enzyme-cleaved RNA was subjected to phenol-
chloroform extraction, followed by ethanol precipitation prior
to primer extension analysis.

Chemical modification

RNA (1 pmol) was incubated at room temperature in 6 Ul of
50 mM Na borate pH 8.0 and 10 mM MgCl,. After addition of
3 ug of bulk tRNA, chemical modifications were performed in
a total volume of 10 pl containing 12.6 ug (reaction time of
5 min) or 126 ug (reaction time of 5 or 10 min) of CMCT
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[1-cyclohexyl-3-(2-morpholino-4-ethyl) carbodiimide metho-
tosylate] (Lancer) or 3.36 mg (reaction time of 6, 12 or 18 min)
of DEPC (diethyl pyrocarbonate) (Sigma). Reactions were
stopped and RNA purified following the method used for
enzyme-cleaved RNA.

Primer extension

Primerl (5 GAAAGGACTCTGGAAACTTT 3’, complemen-
tary to region 631-651 of Gmenod40-1 RNA), primer 2 (5’
ACACAAACAAGCATGGAAAA 3’, complementary to re-
gion 523-543 of Gmenod40-1 RNA), primer 3 (5
TGAGCACTACATAGCCATAG 3’, complementary to re-
gion 313-333 of Gmenod40-1 RNA) or primer 4 (5
GTGAGGAGTGAGCACCCTCT 3’, complementary to re-
gion 109-130 of Gmenod40-1 RNA) was 5 end labelled with
[v-32P]ATP using T4 polynucleotide kinase (Pharmacia).

Primer hybridisation was performed in a 4 pl reaction
volume containing 0.2 pmol of enzyme-cleaved or chemically
modified RNA, 1 pmol of labelled oligonucleotide, 50 mM
Tris—HCI, 60 mM KCI and 10 mM dithiothreitol (DTT).
Hybridisation was done by heating to 50°C and cooling down
at 37°C for 15 min. Primer extension was carried out by
adding 1 pl of ‘reverse transcription mixture’. Reverse
transcription mixture contains 2 U of enhanced AMV reverse
transcriptase (Promega) in 50 mM Tris—HCI, 30 mM KCl,
10 mM DTT and 15 mM MgCl,.

For the DNA sequencing reaction on pMP4000, the T7
sequencing kit (Pharmacia) was used in combination with the
primers mentioned above, and samples were analysed accord-
ing to standard protocols.

RESULTS

Prediction of phylogenetically conserved structures in
enod40 RNAs

The initial predictions of RNA secondary structures were
produced by the iterative process of integrating folding
simulations with sequence comparisons. At the first step, the
structures of enod40 RNAs from legume plants were predicted
by the option of a genetic algorithm that simulated the folding
during RNA transcription (see Materials and Methods) and
was especially effective in searching for the most likely fast
folding hairpins initiating structure formation. Using a com-
bination of published (partial) alignments (14,19,27) with
these predictions, the hairpins conserved in all sequences were
identified. These hairpins were used in the input for the next
predictions as ‘forced’ structures (see Materials and Methods)
in order to locate conserved more distant pairings. The
conserved long-range interactions were used to refine the
alignment and as an input for the next round of predictions and
so on until no conserved structures could be predicted.

Such an iterative process identified six conserved domains,
one of them being folded only in part of the enod40 RNAs
containing an insertion of ~75-130 nucleotides, absent in
G.max and some other sequences (Fig. 1E). The first stem—
loop structure (Fig. 1A), located 7—13 nucleotides downstream
of sORF1, is a hairpin of variable length, containing several
internal loops. In all sequences, the 5" half of the hairpin is
purine-rich, whereas the 3’ part is pyrimidine-rich, resulting
in possible ‘flipping’ of pairs. This structure, conserved in

Nucleic Acids Research, 2003, Vol. 31, No. 17 5005

non-legume enod40 RNAs, has also been predicted by Sousa
et al. (26) and Hofacker et al. (28).

At the distance of 4-13 nucleotides downstream of hairpin
1, a much extended conserved stem—loop structure 2 was
predicted (Fig. 1D). This domain, spanning 123-135 nucle-
otides (in G.max, positions 148-272), has a very peculiar
feature: despite some structural variation in the interior loops,
all structures contain multiple loops containing exclusively U
residues. Such loops are represented by both bulges and
symmetric or asymmetric interior loops. The top part of the
structure demonstrates much variety, both in sequence and in
possible alternative foldings. The existence of this structured
domain 2 is also supported by the following observation: in
L.japonicus, in spite of an insertion in the enod40-2 sequence
compared with enod40-1, the same terminal pairings are
predicted. The 3" terminus of domain 2 is located at the 5" part
of the so-called conserved region II (32).

The 3’-proximal part of this region II is folded into a small
hairpin 3 (Fig. 1B). It seems that the stem—loop structure 2 and
hairpin 3 could also be traced as the peaks in the ‘mountain
plots’ produced for a set of enod40 sequences by the program
RNAalifold for folding the aligned RNAs (28).

The enod40 sequences downstream of the conserved region
I are very variable in both sequence and length. In
M.truncatula, M.sativa and T.repens sequences, an extended
stem—loop structure can be predicted just downstream of the
hairpin 3 (Fig. 1E). With a remarkable similarity to domain 2,
this stem—loop structure (domain 4) is also characterised by a
conserved pattern of multiple U-containing loops and bulges,
while the top hairpin has a less conserved structure, with
possible alternative foldings. Figure 1E shows the most
conserved hairpin at the top, which corresponds to either the
lowest free energy configuration or the second (suboptimal)
folding of this domain, as predicted by the mfold package.
Indirect support for the existence of such a stem—loop
structure in these species could be derived from the fact that
in some other enod40 RNAs, including that of G.max, almost
the whole structure is deleted, suggesting that such a large
deletion (~5-130 nucleotides) could leave the remaining
structure unperturbed. Thus this structure is absent in the
enod40 RNA of G.max.

Further downstream, two conserved stem-loop structures
can be predicted in all legume enod40 sequences (structures 5
and 6, Fig. 1C and F, respectively). Despite some structural
variation in the interiors of these hairpins due to substitutions
and deletions, the terminal stems seem to be much conserved.

For all the domains, it is difficult to strictly define the
nucleotide covariations. It is remarkable, however, that the
predicted stem—loop conformations are conserved despite
considerable sequence variability. In domains where stems are
formed by conserved sequences, nucleotide substitutions and/
or deletions cluster around internal loops and bulges,
preserving an overall topology of alternating stems and
loops, therefore also being indirect support for the proposed
structural elements. In the small hairpin 3, formed by one of
the most conserved enod40 sequence regions, the substitutions
and deletions occur mostly in the hairpin loop (Fig. 1B). One
of the base pairs is also variable, being either U-G, U-A or C—
G, which can be the result of single mutations preserving the
pairing.
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Structural probing of the Gmenod40 RNA

The proposed secondary structure of Gmenod40 RNA pro-
vided by the STAR program and by sequence comparison
represents a rough indication of the folding of the RNA.
However, experimental data were needed to support and refine
our model. Therefore, structure probing was performed, using
both enzymatic digestion and chemical modification in
combination with primer extension.

First, DNA fragments containing the T7 promoter upstream
of the gene Gmenod40 were used as template to synthesise
Gmenod40 RNA. The RNA was treated by enzymatic
digestion or chemical modification followed by primer
extension using various radioactively labelled primers. Each

region of the predicted structure was re-evaluated by the
combination of the experimental data obtained with RNase
T1, T2 and V1 digestions, and with CMCT and DEPC
modifications. Most of these agents react in single-stranded
regions. In principle, RNase V1 cuts in double-stranded
regions, but results must be interpreted with care, since many
double-stranded regions may react only weakly or not at all
with RNase V1. The global results of probing are shown in
Figure 2.

Domains 1, 3 and 5. The loops at the top of the three predicted
hairpins of domains 1, 3 and 5 are strongly supported by
probing data (Fig. 3A, C and D, respectively): the nucleotides
present in these loops are highly reactive towards RNase T1
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Figure 3. Results of the probing shown on the phylogenetically predicted domains. Concerning the probing indications, see legend to Figure 2. (A) Domain
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and T2, CMCT and DEPC. Furthermore, most of the bulges
are also confirmed, e.g. DEPC strongly modifies A95 and A96
in hairpin 1, while CMCT strongly modifies U391 and U392 in
hairpin 5. Some stem structures are also supported by the low
reactivity of T1, T2, CMCT and DEPC in the corresponding
regions or just by digestion by V1 (stem of hairpin 5). Only the
very bottom of the stem in domain 1 is slightly more reactive
than expected to CMCT, but this can be explained by the
weakness of the G-U and A-U bonds present in that region.
Taken together, the hairpins of domains 1, 3 and 5 are quite
well supported by experimental data. The few discrepancies
(some unexpected cuts) are of weak intensity.

Domains 2 and 6. The phylogenetic studies predict a long
hairpin in domain 2 of Gmenod40 RNA. The very top of the
hairpin is not well defined by theoretical analysis which offers
different alternatives: one consists of a branched structure with
two small hairpins, supported by computer prediction, while
the second one shows a straight hairpin (not shown),
homologous to those from, for example, P.vulgaris or
V.radiata. Although the latter seems more supported by
phylogeny, the probing data (Fig. 3B) seem to confirm the
branched structure. The probing validates very well the loop at
the top of the structure, as in the hairpins of domains 1, 3 and
5. It also does so for some bulges, particularly for 166UU167,
177GA178, 198AA199 and 260C. The tetra-loop
218GGAA221 is also well confirmed by the probing, in
addition to the fact that it is a stable GNRA tetra-loop. The
bottom half of the predicted hairpin in domain 2 also looks

reliable, with expected low reactivity to the probes (region
157-176 paired with 264-244) except in the bulges
(166UU167, 260C). Only the very bottom is more reactive
than expected. The median regions of domain 2 fit the probing
less well. This is particularly the case for the region
181AACAAI18S, which is expected to be highly reactive to
most of the probes and which is not. On the contrary, the
region downstream of the stable tetra-loop reacts well with the
probes, although it is predicted to be part of a stem. The
probing results, however, are not very straightforward, since,
in this region, V1 also reacts quite well, which would tend to
confirm the stem structure. These mixed results can be
interpreted as a secondary structure of low stability, not
completely closed and probably containing non-canonical
base pairs in the internal loops.

According to phylogeny, domain 6 also folds into a
relatively long hairpin. Analysis of the probing (Fig. 3E)
confirms the bottom stem of the structure, with only very weak
cuts of the probes in most of the sequence, except on or close
to the two bulges 421A and 457UUU459. Probing results are
more contradictory to phylogeny in the top part of the
structure. Indeed there is no clear pattern indicating an
alternation of bulges and stem structures as expected. Also,
although the probing clearly indicates two unpaired regions
(436AGAAUUC442 and 445UU446) alternating with two
non-reactive regions (443CU444 and 447CUCUCUCAA455),
we were unable to fold the region 436—455 in a structure that
perfectly fits these observations. This situation is very
comparable with the hairpin present in domain 2, involving
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Figure 4. Proposed model for global folding of Gmenod40-1. The thick numbers from 1 to 6 indicate the corresponding different domains characterised by
phylogenetic studies and probing. The RNA sequence is numbered every 50 nucleotides by the thin numbers. The boxed nucleotides indicate the start and
stop codons for ORF A (thin boxes) and ORF B (thick boxes) discussed by Rohrig et al. (25).

a relatively strong stem bottom predicted by phylogeny and
confirmed by probing, and a weaker top region predicted by
phylogeny, partially contradicted by probing, but difficult to
fold in a more optimal way.

Domain 4. Domain 4 is actually almost completely deleted in
the enod40 RNA of G. max. The probing does not support any
particular structure in this region.

Global folding prediction

In order to produce a consistent model of Gmenod40 RNA,
phylogenetically conserved structures and probing data were
combined as an input to more refined folding simulations, as
described in Materials and Methods. Some regions were

selected for their high reactivity to at least two different probes
among T1, T2, CMCT and DEPC, which makes them
therefore reliable candidates as single-stranded regions. In
this way, the regions at positions 2631, 78-84, 332-337 and
355-366 were forced as single-stranded in a new simulation.
However, the folding simulations, taking into account the
single-strandedness of these regions and the formation
of conserved domains 1-5, still did not produce a
single prediction of RNA secondary structure. Thus,
with the described constraints, three runs of the genetic
algorithm simulations yielded three different predictions
with very close values of free energy (25°C): —232.9, —232.8
and —230.6 kcal/mol, suggesting the absence of a well-defined
global structure. The structure with the lowest free energy
(-232.9 kcal/mol) is shown in Figure 4.
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Figure 5. Phylogenetically predicted domains for enod40 mRNA of several non-leguminous plant species abbreviated as follows: Nt (Nicotiana tabacum), Os
(Oryza sativa), Ob (Oryza branchyantha), Hv (Hordeum vulgare) and Lp (Lolium perenne). (A) Domain 1; (B) domain 2; (C) domain 3.

DISCUSSION

The presented probing data, together with computer-assisted
predictions and structural comparisons, indicate the presence
of several structured regions in the soybean enod40 RNA. Five
domains of the G.max enod40 RNA secondary structure are
also conserved in other known leguminous enod40 sequences
(Fig. 1). The conservation of the domains points to their
possible role in enod40 RNA functioning. This is also
consistent with the data on Medicago enod40 RNA, which

show that deletion of the structure located in the non-
translated region, corresponding to domain 1 (Fig. 1A),
impairs biological activity (26).

Domain 1, represented by a stem—loop structure, is strongly
conserved in all leguminous plants (Fig. 1A) and also in non-
legumes (Fig. 5A), and is particularly well supported by
probing. This structure is very stable, and its presence has
already been suggested on the basis of a comparison of folding
free energies in the comparable region of related enod40
RNAs with statistically expected values (26), and detected by
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a program searching for conserved structures in related RNAs
(28). In all sequences, the stem—loop structure is characterised
by a purine-rich 5" half, whereas the 3" half is pyrimidine-rich,
leading to possible alternative pairings in stem interiors.

Domain 2 is also represented by a stem—loop structure, but
more extended in comparison with domain 1. Not well defined
by predictions and phylogeny, the structure of the top of the
hairpin can be better understood from the probing results.
Remarkably, the interior (which is the part of domain 2 best
supported by probing) exhibits an intriguing conserved
feature, namely multiple internal loops and bulges consisting
of U residues (Fig. 3B). Interestingly, only the locations of
these loops are conserved (Fig. 1D), whereas their dimensions
and symmetry vary due to deletions and/or insertions on both
sides of the loops. Thus, the UU/U loop of the G.max structure
(positions 166—167/254) has the same 2 X 1 symmetry at
S.rostrata, P.sativum and V.sativa homologous positions, but
2 X 2 topology is found at equivalent position in P.vulgaris
structure, 1 X 1in V.radiata, 3 X 2 in L.japonicus and 4 X 3 in
all three available Medicago sequences (Fig. 1D). Two
U-containing loops, separated by a single G-C pair can be
suggested in the homologous position of L.luteus enod40-1
RNA structure, one of them being a UUU-bulge, while another
is a symmetric UU/UU 2 X 2 loop (Fig. 1D). The same
diversity is observed for other loops, still consisting of
uridines only.

This conserved feature could be connected to the biological
activity of enod40 RNA. A similar pattern is observed in the
structure folded in the region representing a rather large
insertion in some legume sequences (domain 4), such as
Medicago, T.repens, P.sativum and V.sativa. Again, a global
topology of an extended stem—loop structure with duplexes
separated by U-containing loops is preserved, while the
dimensions of these loops are variable (Fig. 1E). Intriguingly,
these sequences represent the species with indeterminate
nodules. Indeterminate nodules are different in many ways
from determinate nodules that are formed by species such as
G.max, P.vulgaris, V.radiata and L.japonicus. The difference
is most obviously noted in their morphology and ontological
development: determinate nodules are round and lack a
persistent meristem, whereas indeterminate nodules are long
and continuously grow due to an apical meristem (1). If our
hypothesis about the functional role of the enod40 RNA U-
containing loops is true, it is tempting to speculate that the
presence of an additional stem—loop structure in the species
with indeterminate nodules plays some role in defining the
nodulation type.

Conserved patterns in internal loops, bulges and non-
Watson—Crick base pairs are frequently recognition motifs in
specific protein—RNA or RNA-RNA interactions, because, in
contrast to regular RNA A-form helix, they can expose a
variety of configurations of donor and acceptor groups,
creating specific binding sites (33-35). As far as U-containing
loops are concerned, one of the best studied examples of
recognition motifs are U-rich bulges in HIV-1 and BIV TAR
RNA hairpins, recognised by viral Tat proteins [reviewed by
Hermann and Patel (35)]. The U-U base pairs in RNA
helices are relatively stable (36) and can belong to
different isostericity families (37). Crystallographic studies
demonstrate that internal loops containing uracils can form

Nucleic Acids Research, 2003, Vol. 31, No. 17 5013

consecutive non-canonical U-U base pairs with unique
geometries of potential recognition sites (38,39).

Due to the diversity of the U-containing loops in domains 2
and 4 in enod40 RNAs (Fig. 1D and E), it is difficult to derive
a straightforward definition of a specific motif on the basis of
available data. It is known that asymmetry and adjacent (non-
canonical) base pairs are very important factors affecting both
geometry and thermodynamics of internal loops (40,41). In
addition to diversity of symmetric properties, described above,
the enod40 U-containing loops are also flanked by different
base pairs. On the other hand, possible formation of U-U pairs
within larger loops may constrain them, so that, for instance, 2
X 1 or 3 X 2 U-rich loops can be considered as a bulged U
with adjacent U-U pair(s). Moreover, U-U pairs were shown to
stabilise RNA internal 2 X 1 loops (42). Such a stabilising U-U
pair in a UU/U loop is observed in the crystal structure of the
large ribosomal subunit RNA from Haloarcula marismortui
(40,43).

Another conserved structure in enod40 RNA is the small
hairpin 3, located at the 3’-proximal part of the conserved
region II (Fig. 1B). Interestingly, this hairpin is also strongly
conserved in non-legume sequences. Domains 5 and 6 seem to
be conserved in all legume enod40 RNAs, but we failed to
recognise their equivalents in non-legume sequences.

The structure of the rest of the molecule is apparently less
defined; what is seen are somewhat contradictory results from
probing by various chemicals and enzymes. Sequence com-
parisons of available sequences also do not yield a consensus
model for the secondary structure in these regions. This is
consistent with our folding simulations predicting different
structures outside the conserved domains 1-5 with very close
free energies even when the simulations are constrained by
single-strandedness of some sequences as evidenced by
probing. Apparently, such structures can be characterised as
poorly defined and are less likely to be functional (44,45).

Some of the described domains are conserved in non-
legume enod40 RNA molecules (Fig. 5). Domains 1 and 3 can
be predicted in all known sequences. However, domain 2 is
apparently less conserved. While in N.tabacum this domain
folds very similarly to legume molecules, in both rice
sequences a possible equivalent stem—loop structure is
significantly shorter. Its existence in H.vulgare, L.perenne
and Zmays molecules is doubtful, because only relatively
weak structures (not shown), if any, are possible, but they are
not predicted by the folding algorithm and are not reliably
supported by sequence comparisons (not shown).

To summarise, one part of the enod40 RNA seems to be
folded in a number of well-defined domains, while the rest of
the RNA is poorly structured. Domains 1 and 3 are common to
legumes and non-legumes, as well as domain 2 to a lesser
extent. Domains 5 and 6 seem to exist only in leguminous
plants, at least in examples known so far. Among leguminous
plants from which enod40 was sequenced, domain 4 appears
well structured in plants known to produce indeterminate
nodules, whereas it is completely deleted in plants with
determinate nodulation, including G.max.

Well-defined structures of RNA are more likely to be
functional. In order to understand further the regulating role of
enod40 RNA, the structured domains 1-6 are therefore the
most promising to analyse, particularly domains 2 and 4 with
their U-containing loops. For instance, these loops can serve as
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specific recognition motifs for binding of proteins. It is
interesting to note that deletion of some of the structured part
of alfalfa enod40 decreases its activity, while expression of
two small ORFs is not affected (26), suggesting that the RNA
structure is important for some interactions rather than for
regulating translation. Furthermore, the expression of a 3’-
proximal region of Medicago enod40 RNA, lacking the
peptide-coding sequence, was shown to elicit cortical cell
division in transgenic plants at a frequency similar to that
observed with complete enod40 sequence (20). Thus the
enod40 RNA seems to have a rather unique combination of
features typical of structural RNA and protein-encoding
mRNA, because functional secondary structures in mRNAs
are usually only involved in regulation of gene expression,
while structural RNAs involved in other processes are mostly
represented by non-coding molecules. Since there are several
published bioassays for enod40 function (20,26,27,46), it
would be of interest to test in these assays enod40 deletion
mutants or recombinants based on domain swapping that are
designed on the basis of our structural analysis.
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